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Tight junctions (TJs) are essential components of intestinal barrier integrity and protect the
epithelium against passive paracellular flux and microbial translocation. Dysfunctional TJ
leads to leaky gut, a condition associated with diseases including inflammatory bowel
disease (IBD). Sulfate-Reducing Bacteria (SRB) are minor residents of the gut. An
increased number of Desulfovibrio, the most predominant SRB, is observed in IBD and
other diseases associated with leaky gut. However, it is not known whether Desulfovibrio
contributes to leaky gut. We tested the hypothesis that Desulfovibrio vulgaris (DSV) may
induce intestinal permeability in vitro. Snail, a transcription factor, disrupts barrier function
by affecting TJ proteins such as occludin. Intestinal alkaline phosphatase (IAP), a host
defense protein, protects epithelial barrier integrity. We tested whether DSV induced
permeability in polarized Caco-2 cells via snail and if this effect was inhibited by IAP. Barrier
integrity was assessed by measuring transepithelial electric resistance (TEER) and by
4kDa FITC-Dextran flux to determine paracellular permeability. We found that DSV
reduced TEER, increased FITC-flux, upregulated snail protein expression, caused
nuclear translocation of snail, and disrupted occludin staining at the junctions. DSV-
induced permeability effects were inhibited in cells knocked down for snail. Pre-treatment
of cells with IAP inhibited DSV-induced FITC flux and snail expression and DSV-mediated
disruption of occludin staining. These data show that DSV, a resident commensal
bacterium, can contribute to leaky gut and that snail may serve as a novel therapeutic
target to mitigate DSV-induced effects. Taken together, our study suggests a novel
underlying mechanism of association of Desulfovibrio bloom with diseases with increased
intestinal permeability. Our study also underscores IAP as a novel therapeutic intervention
for correcting SRB-induced leaky gut via inhibition of snail.
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INTRODUCTION

Intestinal epithelium is a formidable barrier that protects the
host against luminal bacteria, harmful molecules, as well as
pathogens. Barrier integrity is mainly dependent on tight
junctions (TJs) that include proteins such as claudins,
occludin, zonula occludens, adheren junctions (AJs) composed
of cadherins and catenins, desmosomes comprised of
desmogleins and desmocollins, and gap junctions. Together,
these junctions play an important role in preventing
paracellular flux and microbial translocation (Wells et al.,
2017). Dysfunction of barrier integrity with increased intestinal
permeability (leaky gut) has been linked to many diseases
associated with gut microbial dysbiosis such as IBD,
Parkinson’s disease, and metabolic syndrome (Degruttola et al.,
2016; Yu, 2018; Metta et al., 2021). Sulfate reducing bacteria
(SRB) are residents of the gut found mainly in the colon in
humans and in animals (Nava et al., 2012). SRB are usually
minor members of the gut but are often found in increased
numbers (bloom) in several conditions associated with leaky gut
such as IBD. Among SRB, Desulfovibrio is the most prominent
genus (Loubinoux et al., 2002). Desulfovibrio spp. have been
reported to increase in number in various intestinal and
extraintestinal diseases such as IBD, pouchitis, periodontitis,
and Parkinson’s disease (Singh and Lin, 2015; Murros et al.,
2021). While the pathological role of Desulfovibrio spp. has been
studied mainly in the context of their effect on inflammatory
pathways (Weglarz et al., 2003; Kushkevych et al., 2019; Singh
et al., 2021), whether these bacteria induce leaky gut is not known
even though leaky gut is associated with several diseases related
to DSV bloom (Loubinoux et al., 2002). Snail is a transcription
factor responsible for increased intestinal permeability (Forsyth
et al., 2011; Elamin et al., 2014; Liu et al., 2020) by negatively
regulating TJ proteins such as occludin, claudins, ZO-1 as well as
AJ proteins such as E-cadherin (Cano et al., 2000; Martinez-
Estrada et al., 2006). SiRNA against snail was shown to inhibit
tight junction permeability induced by various experimental
stimuli (Elamin et al., 2014; Zhou et al., 2018; Liu et al., 2020).
Snail expression has been reported to be upregulated by
pathogens such as Salmonella, Group B Streptococcus (Kim
et al., 2015) and H. pylori (Marques et al., 2018; Liu et al.,
2020) but the effect of resident commensal bacteria such as
Desulfovibrio on snail is not known. Intestinal alkaline
phosphatase (IAP) is a host defense protein produced by
enterocytes in the small intestine and is secreted into the
intestinal lumen, blood, and stool. Several protective functions
have been attributed to IAP including lipopolysaccharide (LPS)
detoxification, regulation of bicarbonate secretion in the small
intestine, regulation of gut microbiome, dephosphorylation of
proinflammatory nucleotides (Fawley and Gourlay, 2016; Bilski
et al., 2017; Lalles, 2019), and induction of anti-inflammatory
autophagy (Singh et al., 2020). IAP has also been reported to
regulate tight junction proteins and to protect against LPS-
induced barrier dysfunction (Liu et al., 2016). In this study, we
tested the hypothesis that DSV may induce intestinal
permeability in Caco-2 cells in a snail-dependent manner and
this effect may be reversed by IAP.
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MATERIALS AND METHODS

Cell Culture and Treatments
Human colonic epithelial cells Caco-2 were purchased from
ATCC (Manassas, VA). Cells were grown in DMEM+20%
FBS+ Penicillin and Streptomycin (Thermo Fisher Scientific,
Waltham, MA). Cells were grown at 37°C in a humidified
incubator with 5% CO2. To allow polarization and
differentiation, cells were seeded at a density of 5x105 cells/well
in 12-well 0.4 mm trans-well inserts for 3 weeks. Medium was
replaced every 2-3 days. Twenty-four hours before infection,
growth medium was replaced with colorless medium (DMEM
+20% FBS) without antibiotics. Cells were treated with DSV at
various multiplicity of infection (MOI) for 24 hours. DSV was
added to the apical surface. For IAP treatment, cells were
incubated with 500U/ml of IAP (Sigma-Aldrich, St. Louis,
MO) or vehicle alone (solution in which IAP was supplied) at
the apical and at basolateral surface for 24 hours prior to
DSV challenge.

Desulfovibrio vulgaris (DSV) Growth
Desulfovibrio vulgaris Hildenborough (ATCC 29579, Manassas,
VA) was grown anaerobically in Hungate tubes using Postgate’s
organic liquid medium. Media composition: 10.56 mM Na2SO4,
13.29 mM MgSO4, 4.12 mM L-Cysteine, 0.4% sodium lactate
(60% syrup), 0.4% yeast extract, and 0.5% tryptone. Cultures
were grown for ~24 hours in 5 ml aliquots at 37°C. Bacteria were
counted using Quantom Tx cell counter (Logos Biosystems,
South Korea) and a Petroff Hausser counting chamber
(Hausser Scientific). Before infection, bacteria were pelleted
(6000 rpm for 5 mins) and resuspended in sterile phosphate
buffered saline solution (PBS). For heat-killed bacteria (HK),
DSV was autoclaved and the volume equivalent to the original
count was used for infections. For obtaining bacterial culture
supernatant, live DSV were centrifuged and the supernatant was
filtered through a 0.2 mm filter to remove any remaining bacteria.
100 ml of this supernatant was added to Caco-2. As a control for
this, 100 ml of Postgate’s medium was added to the cells. Cells
were infected with live, HK, or supernatant for 24 hours.

TEER and FITC Flux
Tight junction barrier integrity in 21- day old polarized Caco-2
cells grown in 12-well trans-well plates was assessed via
transepithelial electric resistance (TEER) using EVOM meter
(WPI, Sarasota, FL). Cells with TEER >450 W were used in the
experiments. Paracellular permeability was quantified by
measuring FITC-Dextran flux. Fluorescein isothiocyanate–
dextran 4000 (FITC-Dextran) FD-4 was procured from Sigma-
Aldrich. A solution of 25 mg/ml of FD-4 was made in sterile PBS.
40ml of this solution was added apically to the cells post infection.
After 1 hr. of incubation, 100 ml of the basolateral medium was
collected and analyzed for the presence of FITC fluorescence.
Fluorescence was measured at the wavelengths of excitation and
emission at 485 and 520 nm, respectively using a Synergy HTX
Multi-Mode Reader (Biotek, Winooski, VT). All the tests were
carried out in triplicates.
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siRNA Transfection
SiRNA#1 ID was s13185 Ref Seq NM_005985.39 (siRNA location
1211). SiRNA#2 ID was s13186 Ref Seq NM_005985.3(siRNA
location 832). Cells were transfected with either control scrambled
(Scr) or with Snail silencer select siRNAs (35nM) with
Lipofectamine RNAiMax using the manufacturer’s instructions.
Briefly, cells (1 × 105/well) were seeded into a 12-well trans-well
plate and grown for 21 days. siRNAs mixed with lipofectamine
RNAiMAX in OptiMEM medium were added to the apical surface
of the trans-well for 48 hours. First, transfection efficiency was
measured by using two different siRNAs against snail, either alone
or in combination. Transfection efficiency was measured by western
blotting to assess the levels of snail protein. After 48 hours, cells were
infected with DSV (MOI20) for 24 hours. Permeability was assessed
by measuring FITC-Dextran flux. Cells were lysed and analyzed for
snail expression by western blot.

Western Blot
Cells were lysed in Lysis buffer (Thermo Fisher Scientific: #87787)
containing protease and phosphatase inhibitors (Thermo Fisher
Scientific: #1861281) for 30 mins at 4°C with shaking. Lysates were
centrifuged at 12,000 rpm for 5 mins at 4°C and supernatants were
collected. Protein concentration in the supernatants was determined
with Bradford reagent (Bio-Rad Laboratories, Hercules, CA). 50 µg
of protein samples were run on SDS-PAGE (4-20% tris-glycine) and
transferred to nitrocellulose membranes. Membranes were blocked
in 5% milk in PBS-T (0.1%Tween 20) for 30 mins followed by
overnight incubation in antibodies against Actin (Cell Signaling
Technology: 4970) and snail (Cell Signaling Technology: #3879)
Antibodies were diluted as recommended by the manufacturer.
Blots were incubated with secondary antibodies (Cell Signaling
Technology: #7074) at room temperature for 1 hour (dilution of
1:2000) and developed using enhanced Chemiluminescence HRP
signal (Thermo Fisher Scientific: #34577).

Immunofluorescence
Polarized Caco-2 cells were fixed with 4% paraformaldehyde for
15 mins. Trans-wells were then washed apically and basolaterally
with PBS 3 times for 5 mins each. Cells were blocked in a
blocking solution consisting of 5% FBS and 0.3% Triton-X 100
for 1 hour. This was followed by incubation of both apical and
basolateral surface of the trans-wells with primary antibody
against snail1 or occludin (Cell Signaling Technology: 91131)
at 4°C. Cells were then washed with PBS followed by incubation
with secondary anti-rabbit antibody (Thermo Fisher Scientific:
#A21206) for 2 hours at room temperature. Imaging was done
with Olympus confocal microscope using Z-stacks. Final images
were presented as compressed Z-stack images to represent the
entire depth of the monolayer for an unbiased view of the
tight junctions.

Statistical Analysis
All graphs were generated using GraphPad Prism 8 (GraphPad
Software, San Diego, CA). Data represents Mean ± SEM from at
least three independent experiments. Values were normalized to
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control and presented as the percent of change relative to
Control set at 100%. Three or more groups were compared
with one-way ANOVA. Two groups were compared with
students t-test for statistical analysis. P values <0.05 were
considered statistically significant.
RESULTS

DSV Decreased TEER and Increased
Paracellular Permeability in Polarized
Caco-2 Cells
We first tested whether DSV induced increased intestinal
permeability in Caco-2 cells by measuring transepithelial
electrical resistance (TEER) and FITC-Dextran flux. Polarized
Caco-2 cells were treated with DSV using different multiplicity of
infection (MOI) for 24 hours (Figure 1). We found that DSV
challenge caused a significant reduction in TEER as % TEER at
MOI 20 (27.88±8.26) and at MOI 50 (13.17±0.87) when
compared to control uninfected cells (96.99±1.84, p<0.001)
(Figure 1A). Next, we measured paracellular permeability by
monitoring the flux of 4 kDa FITC-Dextran through the trans-
well as a percentage relative to control. We found that MOI 20
(2418±979.9, p<0.05) and MOI 50 (4553±447.5, p<0.001) caused
a significant increase in FITC-flux when compared to control
cells (100.0±25.19)(Figure 1B). As MOI 20 was the lowest dose
of DSV that caused significant increase in permeability, we used
this dose for all subsequent experiments.

We further tested the effect of other bacteria such as those
representing the most predominant phyla in the gut with gram
negative Bacteroidetes (B. fragilis) and gram positive Firmicutes
(L. reuteri) in comparison to DSV, on Caco-2 permeability by
measuring FITC-Dextran flux. We found that DSV (5477±3083,
p<0.05) but not L. reuteri or B. fragilis, even at a higher MOI 50,
caused a significant increase in permeability compared to control
(95.58±4.02)(Figure 1C). Thus, induction of intestinal
permeability is not a universal feature of commensals and may
be caused by selected opportunistic bacteria or pathobionts such
as DSV that are found to bloom in various diseases.

Next, we tested whether increase in permeability was the
property of live DSV or if it could also be induced by dead
bacteria or by a secretory factor of these bacteria in the culture
supernatant. Heat-killed DSV (HK) were added to Caco-2 cells
(comparable to MOI 20 of live bacteria) for 24 hours. To obtain
bacterial culture supernatant, live bacteria were pelleted and the
supernatant was passed through a 0.2 mm filter to remove any
bacteria in the supernatant. Cells were incubated with either the
filtered supernatant (DSV Sup) or DSV growth medium alone as
a control (Medium) for 24 hours. We found that only live DSV
(1772±197.5, p<0.05) but not HK (100.1±3.32, p>0.05) or DSV
Sup (94.91±1.88) increased the FITC-flux when compared to
control (100±1.71) (Figure 1D) suggesting that induction of
permeability could only be caused by live bacteria and was not a
structural property of the bacteria or due to bacterial secretory
product(s).
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DSV Induced Changes in the Localization
of TJ Protein Occludin
We next investigated the mechanism of DSV-induced
permeability. We first analyzed the protein expression of tight
junction proteins such as occludin and claudin-2. However,
western blot analysis did not show a downregulation of these
proteins in response to DSV (data not shown). We therefore
analyzed changes in localization by immunofluorescence and
found that while DSV did not inhibit protein expression of
occludin, it caused a remarkable shift in the localization of this
protein (Figure 2) from a distinct and sharp staining of
paracellular spaces to a loss of this localization with
disorganized displacement to the cytoplasm. Thus, loss of
discrete localization of occludin from the paracellular space
explains the increased permeability that represents impaired
barrier function. Increase in TJ permeability by DSV was
unlikely due to cell death, as we did not detect a decrease in
total protein concentration in cells treated with DSV at 24 hours
when compared to control cells, as measured by Bradford protein
estimation assay. In addition, we found that AJ protein
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
E-cadherin did not show any changes in protein expression or
localization in response to DSV(data not shown). These findings
argue away from the possibility of cell death by DSV.

DSV Induced Snail Protein Expression
Snail is a transcription factor that disrupts barrier integrity by
downregulating the expression of tight junction proteins such as
occludin in addition to its role in affecting adheren junction
proteins such as E-cadherin. We tested whether DSV induced
snail protein expression in Caco-2 cells. Compared to control
cells, DSV-treated cells had a significant upregulation of snail
protein expression (DSV: 2.62 ± 0.48 vs control: 1:00; p<.0.05)
(Figures 3A, B). We also analyzed the nuclear translocation of
snail in cells infected with DSV. We found that all control cells
displayed a diffuse cytoplasmic snail staining and no nuclear
staining (Figure 3C). However, after DSV infection, in ~50%
cells, a strong nuclear staining of snail could be observed. In
other DSV infected cells, we observed a faint signal in the nuclear
snail. Thus, DSV induced snail protein expression and promoted
its nuclear translocation.
A B

DC

FIGURE 1 | DSV decreased TEER and increased permeability in polarized Caco-2 cells. Polarized Caco-2 cells were treated with DSV with various MOIs for 24
hours. (A) TEER was measured using EVOM ohmmeter by inserting electrodes into the trans-wells. (B) Cells were incubated for 1hr with 40ml 4kDa FITC-Dextran
(25mg/ml) added to the apical surface. After 1 hr. 100ml of the medium from basolateral side was removed and analyzed for FITC fluorescence, using excitation and
emission at 485nm and 520nm, respectively. (C) FITC-Dextran flux was monitored in cells infected with L.reuteri, B.fragilis, or DSV for 24 with different MOIs.
(D) FITC-dextran flux in cells were infected with live, heat killed (HK), bacterial Postgate’s culture medium alone, or with filtered culture supernatant of live DSV
bacteria. Graph in all panels represent Mean ± SEM from at least 3 independent experiments. *p<0.05, ***p<0.001.
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A B

C

FIGURE 3 | DSV induced snail protein expression. Polarized cells were treated with DSV (MOI 20) for 24 hours. (A, B) snail detection by Western blot in Control and
DSV-treated cells. Actin was used a loading control. Graph represents Mean ± SEM from at least 3 independent experiments. *p<0.05.(C) Immunofluorescence of
cells infected with or without DSV. Cells were fixed with 4% paraformaldehyde and stained with anti-snail antibody followed by secondary antibody labeled with Alexa
Flour–488. Cells were visualized with Olympus Fluoview FV1200 confocal microscope. Scale bar=20 µm.
FIGURE 2 | DSV induced changes in the localization of Occludin. Polarized Caco-2 cells were infected with DSV (MOI 20) for 24 hours. Cells were then fixed with
4% paraformaldehyde. After blocking in solution containing 5% FBS, 0.3% TritonX-100 in PBS, cells were incubated with anti-occludin antibody (in 1% BSA with
0.1% TritonX-100 in PBS) overnight at 4˚C. Cells were washed with PBS and incubated further with secondary anti-rabbit Alexa Flour-488 antibody for 2 hours at
room temperature. Cells were washed and mounted using Prolong Gold (Thermo Fisher). Cells were visualized with Olympus Fluoview FV1200 confocal microscope.
Z-stacks were performed for each image and the final images were collected after compressing the z-stacks together.
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DSV Induced Barrier Permeability in a
Snail-Dependent Fashion
As DSV caused an increase in snail protein expression and its
nuclear translocation, we tested whether DSV-induced
permeability was dependent on snail. For this, cells were first
transfected with either scrambled siRNA (Scr) as control or with
siRNA against Snail for 48 hours. To get the optimal transfection
efficiency, we tested 2 siRNAs against snail independently or in
combination (Figure 4A). We found that the best efficiency was
obtained in the combined siRNA group. Based on these results,
we used combination of 2 siRNAs to knock down snail in
subsequent experiments (referred to as siSnail). Forty-eight
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
hours after transfection, cells were infected with DSV for 24
hours. DSV induced marked increase in FITC-Dextran flux in
cells transfected with Scr siRNA (DSV Scr: 1980±122.4 vs
Control Scr: 100±4.02) (Figure 4B). However, in cells
transfected with snail siRNA, we observed a significant
decrease in FITC-Dextran flux after DSV infection when
compared to DSV Scr infected cells (DSV+Scr:1980±122.4 vs
DSV+siSnail: 1179± 60.42, p<0.001). Similarly, we also observed
a significant reduction in snail expression in response to DSV in
siSnail cells (4.52±1.96) when compared to DSV-infected Scr
cells (12.78±3.65, p<0.05)(Figures 4C, D). Finally, we asked
whether inhibition of snail could prevent disruption of
A B

D

E

C

FIGURE 4 | DSV induced permeability in snail-dependent fashion. Polarized Caco-2 cells were transfected with either scrambled control (Scr) siRNA or siRNA against
snail (siSnail) for 48 hours. (A) transfection efficiency was determined by Western blotting in cells transfected with two siRNAs against snail alone or in combination.
(B) Transfected cells were infected with DSV for further 24 hours. After 24 hours, FITC-Dextran was added on the apical side of the cells for 1 hr following which 100 ml
of medium from the basolateral surface was collected and analyzed for FITC-flux. ***p < 0.001. (C) Snail expression was monitored by Western blotting in transfected
cells challenged with DSV. (D) Graph represents Mean ± SEM from at least 3 independent experiments. *p<0.05. (E) Polarized Caco-2 cells were transfected with either
Scr or Snail siRNA for 48 hours. This was followed by DSV infection for 24 hours. Cells were then fixed with 4% paraformaldehyde and probed by immunofluorescence
for occludin staining as described in Materials and Methods. Images were collected as Z-stacks that were compressed at the end to generate the final images. Scale
bar=20 µm.
May 2022 | Volume 12 | Article 882498

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Singh et al. IAP Inhibits SRB-Induced Barrier Permeability
occludin localization in response to DSV. Compared to Control
+Scr cells, DSV+Scr cells had an obvious change in the staining
of occludin from uniform cellular junction to a disorganized
cytoplasmic staining (Figure 4E). However, in cells transfected
with Snail siRNA, there was an inhibition in the disruption of
paracellular staining of occludin in response to DSV when
compared to DSV+Scr cells. Taken together, these results
suggest that DSV-induced barrier permeability occurs in a
snail-dependent manner.

IAP Reversed DSV-Induced Permeability
by Inhibiting Snail
IAP is an important host defense protein secreted by the small
intestinal cells and has a protective role in many diseases (Fawley
and Gourlay, 2016). In addition to its other known protective
functions, IAP has also been shown to protect the intestinal
barrier via its effect on tight junction proteins such as occludin
(Liu et al., 2016). We therefore tested whether IAP protected
against DSV-induced permeability and whether it was through
inhibition of snail. Cells were pre-treated with IAP (500U/ml) or
with vehicle alone for 24 hours before infection with DSV
(Figure 5A). We found that treatment of cells with IAP
inhibited DSV-induced FITC-Dextran flux when compared to
DSV+Veh treatment (DSV+IAP500: 770±115.8 vs DSV+Veh:
1697±276.7, p<0.01). Next, we analyzed induction of snail
protein expression by DSV in the presence of IAP. Compared
to DSV+Veh-treated cells (7.06 ± 1.98), there was a significant
reduction in snail expression in cells pre-treated with IAP (DSV
+IAP 500: 2.82 ± 0.42; p<0.05)(Figures 5B, C). We also analyzed
nuclear localization of snail in response to DSV in the presence
or absence of IAP (Figure 5D). Compared to DSV+Veh (59.45 ±
6.42), there was a significant reduction in the percentage of cells
with nuclear snail in DSV+IAP treated cells (34.26 ± 4.06,
p<0.05). Control cells had no nuclear snail staining. These
results suggest that IAP inhibited DSV-induced snail
expression and its nuclear localization. Finally, we analyzed the
immunolocalization of occludin in DSV-treated cells in the
absence or presence of IAP. We found that in DSV+Veh cells,
there was a disruption in the cellular junction staining of
occludin to a more cytoplasmic and diffuse staining pattern
when compared to Control+Veh cells. However, in the
presence of IAP, occludin staining appeared comparable to
control, more at the junctions in DSV+IAP cells when
compared to DSV+Veh cells (Figure 5E). Together, these data
suggest that IAP inhibited DSV-induced permeability by
inhibiting snail.
DISCUSSION

In this study, we report that Desulfovibrio vulgaris (DSV)
induced increased barrier permeability in polarized Caco-2
cells. DSV belongs to the most abundant genus Desulfovibrio
among SRB that is reported to overgrow in conditions associated
with gut microbial dysbiosis such as IBD (Loubinoux et al.,
2002). Recently, a few studies have shown that SRB may be the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
driving factors of adverse outcomes such as increased
inflammation (Weglarz et al., 2003; Jia et al., 2017; Liu et al.,
2020). Our group previously showed that administering DSV
into the gut of mice caused impaired memory (Ritz et al., 2016)
and slowed intestinal transit (Ritz et al., 2017). Recently, we
showed that DSV induced Notch signaling pathway which, in
turn, upregulated precursors of proinflammatory cascade (Singh
et al., 2021). A recent report showed that a proinflammatory SRB
Fusobacterium nucleatum induced increased intestinal
permeability (Liu et al., 2020) suggesting that SRB may
contribute to disease development by disrupting barrier
function. Thus, there is a need to better understand the
underlying mechanisms by which these bacteria act on the
host. Such information may enable us to identify novel targets
to control diseases associated with SRB bloom. In this study, we
found that DSV increased barrier permeability via a novel
mechanism of inducing the expression and nuclear
translocation of the transcription factor snail. In addition, we
showed that treatment with the host defense protein intestinal
alkaline phosphatase (IAP) prevented DSV-induced barrier
dysfunction by inhibiting snail induction by DSV. Depending
upon their classification, resident commensal bacteria may affect
barrier integrity differently. Studies have reported protective
effects of probiotics such as Lactobacillus spp. by enhancing
tight junction barrier (Han et al., 2019; Li et al., 2019). Similarly,
bacteria such as F. prausnitzii, R. intestinalis, and B. faecalis have
been shown to improve barrier function (Mohebali et al., 2020).
In contrast, pathogens such as Salmonella and opportunistic
commensals such as E. coli K12 (Bhat et al., 2019) induce
intestinal permeability. Among SRB, F. nucleatum , a
proinflammatory bacterium associated with various diseases
such as periodontitis (Chaushu et al., 2012), cancer (Yang
et al., 2017), and colitis (Liu et al., 2019), was found to induce
barrier permeability in vivo and in vitro (Liu et al., 2020). F.
nucleatum also inhibited the expression of ZO-1 and occludin in
the colon and affected their distribution. In Caco-2 cells, F.
nucleatum induced permeability as assessed by increased FITC-
Dextran flux as well as by a loss of TEER. Our data of DSV-
induced permeability extend these findings. Thus, SRB can cause
harmful effects on the host intestinal barrier function in the
setting of dysbiosis where SRB bloom is observed. We further
dissected out the underlying mechanism of the adverse effect of
DSV on barrier integrity and showed that DSV increased
permeability by causing upregulation and nuclear translocation
of the nuclear transcription factor snail. We also found that
inhibition of snail by siRNA blocked DSV-induced permeability.
Various studies have shown an increase in snail expression under
experimental conditions in response to various harmful stimuli.
Snail was found to be required for acetaldehyde-induced barrier
disruption as well as redistribution of tight junction proteins ZO-
1 and occludin (Elamin et al., 2014). LPS upregulated snail in
several studies (Hong et al., 2015; Abdulkareem et al., 2018;
Tavakolian et al., 2019). Snail expression is also upregulated by
cytokines such as TGF- b (Valdes et al., 2002). In addition,
inhibition of snail reversed alcohol-induced permeability in
Caco-2 cells (Forsyth et al., 2011). Others studies have shown
May 2022 | Volume 12 | Article 882498
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that infection with pathogenicbacteria increased snail expression
and caused disruption of TJ proteins (Kim et al., 2015; Yang
et al., 2016). In a study, Group B streptococcus (GBS) induced
snail expression and disrupted occludin and ZO-1 in brain
endothelium. There was also redistribution of TJPs at
intercellular junctions, an effect not observed with heat-killed
GBS. Expression of snail has been shown to be upregulated by
Salmonella typhimurium where snail mediated downregulation
of apical junction proteins E-cadherin and ZO-1 during infection
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
(Liu et al., 2020). Overexpression of snail induced disruption of
TJs and induced permeability in MDCK cells. Cells
overexpressing snail also showed a decreased protein
expression of E-cadherin and claudin-1 and redistribution of
ZO-1 without affecting its protein expression (Martinez-Estrada
et al., 2006). Redistribution of ZO-1 in the absence of change in
protein expression is similar to our findings that DSV caused
redistribution of occludin but did not affect its protein expression
by Western blot. How DSV induces snail expression remains to
A B

D

E

C

FIGURE 5 | Intestinal Alkaline Phosphatase inhibits DSV-induced permeability by inhibiting snail. Polarized Caco-2 cells were pre-treated with IAP (500 U/ml) at the apical
and the basolateral surface for 24 hours prior to challenge with DSV. (A) FITC-Dextran was added to the cells apically after 24 hours infection with DSV. Fluorescence
was measured by taking out 100 ml medium from the basolateral surface after 1 hr. incubation. Graph represents Mean ± SEM of % FITC-flux compared to uninfected
control cells from at least 3 independent experiments. **p < 0.01. (B) Snail protein expression was analyzed by Western blotting in cells pre-treated with or without IAP
followed by infection with DSV. The solution in which IAP was supplied was used as a Vehicle control. Actin was used as a loading control. (C) Quantification of Western
blot for detection of snail. Graph represents Mean ± SEM of ratio of Snail/Actin and values were normalized to control from at least 3 independent experiments. *p < 0.05.
(D) Cells were pre-treated with or without IAP followed by infection with DSV. Cells were fixed with 4% paraformaldehyde and probed by immunofluorescence for snail
staining as described in Materials and Methods. Graph represents quantification of % cells showing nuclear staining of snail in control, DSV or DSV+IAP treated groups.
Values represent Mean ± SEM from three independent experiments. *p < 0.05. (E) Cells were pre-treated with or without IAP followed by infection with DSV. Cells were
fixed with 4% paraformaldehyde and probed by immunofluorescence for occludin staining as described above. Images were collected as Z-stacks that were compressed at
the end to generate the final images. Scale bar=20µm.
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be investigated. Pathways such as MAPK and TLR2/4 have been
implicated in snail induction (Clarke et al., 2011), (Kim et al.,
2015). Identification of bacterial factor(s) responsible for
inducing permeability remains the subject of future studies.

We found that DSV caused disruption in the staining of
occludin from the cellular junction to a more cytoplasmic and
diffuse staining pattern without affecting its total protein
expression as measured by western blot. A possible mechanism
by which DSV may cause disruption of occludin localization at
the junction is by potentially causing internalization of occludin
by endocytosis mediated by clathrin-coated pits, caveolae, or via
macropinocytosis. It was shown that occludin was endocytosed
viamacropinocytosis-like pathway as the underlying mechanism
of barrier disruption in mouse model of alcoholic steatohepatitis
in vivo and in vitro (Wang et al., 2019). In another study, IFN g
caused endocytosis of occludin by macropinocytosis in epithelial
cells (Utech et al., 2005). Moreover, Escherichia coli cytotoxic
necrotizing factor-1 (CNF-1) cause caveolae-mediated
internalization of occludin in T84 epithelial cells, without
affecting its protein expression (Hopkins et al., 2003). Using
inhibitors of these three forms of endocytosis would shed light on
whether DSV causes internalization of occludin via endocytosis.
While the redistribution of occludin by DSV may occur
independent of changes in its protein expression, it is possible
that changes in protein expression of occludin can occur at a
time later than 24 hours, downstream of changes in its
redistribution by DSV. Further studies will be aimed at
analyzing these possibilities.

As a potential treatment of DSV-induced barrier permeability,
we tested whether IAP inhibited DSV-induced permeability. IAP is
a host defense protein with many protective functions (Estaki et al.,
2014; Lalles, 2014; Bilski et al., 2017) including its role in
maintaining barrier integrity. Mouse embryonic fibroblasts
derived from IAP-KO mice had lower levels of tight junction
proteins (TJPs) ZO-1, ZO-2, and occludin and Caco-2 and T84
cells overexpressing IAP had elevated levels of the TJPs (Liu et al.,
2016). In a study, IAP supplementation was found to reduce
intestinal permeability and suppress gut bacterial translocation in
the blood stream, liver, and lung in a mouse model of peritonitis,
and also enhance transepithelial resistance and decrease claudin-2
expression in Caco-2 cells (Wang et al., 2015). Treatment with IAP
also reversed the increased permeability in the small intestine in a
CLP mouse model (Plaeke et al., 2020). Oral supplementation with
IAP prevented alcohol-induced gut barrier dysfunction and TJ
protein loss (Hamarneh et al., 2017). IAP-KO mice had increased
gut permeability and decreased levels of TJ proteins ZO-1, ZO-2,
occludin, and claudin1 when compared to WT mice (Hamarneh
et al., 2014). IAPwas also found to protect intestinal barrier function
in aged mice (Kuhn et al., 2020). Thus, abundant evidence supports
the role of IAP in protecting the barrier and thereby preventing the
translocation of bacteria, among other harmful effects. In this study,
we tested a previously used dose of IAP (500U/ml) in Caco-2 cells in
a study where IAP prevented down-regulation and mis-localization
of TJ proteins such as occludin in response to LPS and prevented
LPS-induced barrier dysfunction (Liu et al., 2016). In accordance
with these findings, we observed that IAP reversed DSV-induced
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
barrier dysfunction. In addition, we demonstrated that IAP
inhibited DSV-induced increase in snail protein expression and
its nuclear translocation. IAP also corrected the mis-localization of
occludin caused by DSV. How IAP inhibits DSV-induced snail
remains to be investigated. In our previous study, we reported that
IAP induced autophagy in epithelial cells (Singh et al., 2020). As
autophagy protects the barrier function (Nighot et al., 2015; Nighot
and Ma, 2016) and also targets snail for degradation (Grassi et al.,
2015; Zou et al., 2017; Zada et al., 2019), it is possible that protective
effects of IAP are mediated through autophagy. Future studies will
be aimed at understanding the underlying mechanism of how IAP
protects against DSV-induced snail expression as well as DSV-
induced permeability.

Limitations of our study are that we do not have in vivo data
to extend our in vitro findings and we did not examine other
members of TJ proteins such as claudin1 that has been shown to
be inhibited by snail (Martinez-Estrada et al., 2006). Subsequent
studies will include expansion of our findings into in vivomodels
and examination of other TJ proteins inhibited by snail to better
understand the mechanisms of DSV-induced tight junction
permeability. In addition, while IAP inhibited DSV-induced
snail expression and localization and also inhibited DSV-
induced permeability (Figure 5), further studies are needed to
unequivocally prove that protective effects of IAP on DSV-
induced permeability are mediated via its inhibition of snail.
Future studies will also focus on the kinetics of snail
translocation to the nucleus as well as the redistribution and
mechanism of occludin localization in response to DSV.

In conclusion, our study demonstrates that DSV induced a
loss of epithelial barrier integrity and caused an aberrant
localization of TJ protein occludin in a snail-dependent
manner. IAP prevented DSV-induced permeability, prevented
induction of snail expression and its nuclear translocation by
DSV, and corrected the localization of occludin. Thus, our study
identifies DSV as a contributor to the disease phenotype of leaky
gut and identifies snail as a novel therapeutic target of DSV-
induced barrier permeability. Our study also underscores IAP as
a novel therapeutic intervention for correcting SRB-induced
leaky gut via inhibition of snail. As many inflammatory
diseases are linked to SRB overgrowth and leaky gut, it would
be worthwhile to test whether IAP intervention would correct the
phenotypes of leaky gut associated with SRB bloom.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.
AUTHOR CONTRIBUTIONS

SS designed and performed experiments, analyzed the data, and
wrote the manuscript; CC and MV performed the experiments;
May 2022 | Volume 12 | Article 882498

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Singh et al. IAP Inhibits SRB-Induced Barrier Permeability
AC-P and CB helped with experimental design and setup and;
HL conceptualized and designed the study and edited the
manuscript. All authors contributed to the article and
approved the submitted version.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
FUNDING

This study was funded by the Winkler Bacterial Overgrowth
Research Fund: BRINM-217.
REFERENCES
Abdulkareem, A. A., Shelton, R. M., Landini, G., Cooper, P. R., and Milward, M. R.

(2018). Periodontal Pathogens Promote Epithelial-Mesenchymal Transition in
Oral Squamous Carcinoma Cells In Vitro. Cell Adh. Migr. 12, 127–137. doi:
10.1080/19336918.2017.1322253

Bhat, M. I., Sowmya, K., Kapila, S., and Kapila, R. (2019). Escherichia Coli K12: An
Evolving Opportunistic Commensal Gut Microbe Distorts Barrier Integrity in
Human Intestinal Cells. Microb. Pathog. 133, 103545. doi: 10.1016/
j.micpath.2019.103545

Bilski, J., Mazur-Bialy, A., Wojcik, D., Zahradnik-Bilska, J., Brzozowski, B.,
Magierowski, M., et al. (2017). The Role of Intestinal Alkaline Phosphatase
in Inflammatory Disorders of Gastrointestinal Tract. Mediators Inflammation
2017, 9074601. doi: 10.1155/2017/9074601

Cano, A., Perez-Moreno, M. A., Rodrigo, I., Locascio, A., Blanco, M. J., Del Barrio,
M. G., et al. (2000). The Transcription Factor Snail Controls Epithelial-
Mesenchymal Transitions by Repressing E-Cadherin Expression. Nat. Cell
Biol. 2, 76–83. doi: 10.1038/35000025

Chaushu, S., Wilensky, A., Gur, C., Shapira, L., Elboim, M., Halftek, G., et al.
(2012). Direct Recognition of Fusobacterium Nucleatum by the NK Cell
Natural Cytotoxicity Receptor NKp46 Aggravates Periodontal Disease. PloS
Pathog. 8, e1002601. doi: 10.1371/journal.ppat.1002601

Clarke, T. B., Francella, N., Huegel, A., and Weiser, J. N. (2011). Invasive Bacterial
Pathogens Exploit TLR-Mediated Downregulation of Tight Junction
Components to Facilitate Translocation Across the Epithelium. Cell Host
Microbe 9, 404–414. doi: 10.1016/j.chom.2011.04.012

Degruttola, A. K., Low, D., Mizoguchi, A., and Mizoguchi, E. (2016). Current
Understanding of Dysbiosis in Disease in Human and Animal Models.
Inflammation Bowel Dis. 22, 1137–1150. doi: 10.1097/MIB.0000000000000750

Elamin, E., Masclee, A., Troost, F., Dekker, J., and Jonkers, D. (2014). Activation of
the Epithelial-to-Mesenchymal Transition Factor Snail Mediates
Acetaldehyde-Induced Intestinal Epithelial Barrier Disruption. Alcohol Clin.
Exp. Res. 38, 344–353. doi: 10.1111/acer.12234

Estaki, M., Decoffe, D., and Gibson, D. L. (2014). Interplay Between Intestinal
Alkaline Phosphatase, Diet, Gut Microbes and Immunity. World J.
Gastroenterol. 20, 15650–15656. doi: 10.3748/wjg.v20.i42.15650

Fawley, J., and Gourlay, D. M. (2016). Intestinal Alkaline Phosphatase: A
Summary of its Role in Clinical Disease. J. Surg. Res. 202, 225–234. doi:
10.1016/j.jss.2015.12.008

Forsyth, C. B., Tang, Y., Shaikh, M., Zhang, L., and Keshavarzian, A. (2011). Role
of Snail Activation in Alcohol-Induced iNOS-Mediated Disruption of
Intestinal Epithelial Cell Permeability. Alcohol Clin. Exp. Res. 35, 1635–1643.
doi: 10.1111/j.1530-0277.2011.01510.x

Grassi, G., Di Caprio, G., Santangelo, L., Fimia, G. M., Cozzolino, A. M., Komatsu,
M., et al. (2015). Autophagy Regulates Hepatocyte Identity and Epithelial-to-
Mesenchymal and Mesenchymal-to-Epithelial Transitions Promoting Snail
Degradation. Cell Death Dis. 6, e1880. doi: 10.1038/cddis.2015.249

Hamarneh, S. R., Kim, B. M., Kaliannan, K., Morrison, S. A., Tantillo, T. J., Tao,
Q., et al. (2017). Intestinal Alkaline Phosphatase Attenuates Alcohol-Induced
Hepatosteatosis in Mice.Dig. Dis. Sci. 62, 2021–2034. doi: 10.1007/s10620-017-
4576-0

Hamarneh, S. R., Mohamed, M. M., Economopoulos, K. P., Morrison, S. A.,
Phupitakphol, T., Tantillo, T. J., et al. (2014). A Novel Approach to Maintain
Gut Mucosal Integrity Using an Oral Enzyme Supplement. Ann. Surg. 260,
706–14; discussion 714-5. doi: 10.1097/SLA.0000000000000916

Han, X., Lee, A., Huang, S., Gao, J., Spence, J. R., and Owyang, C. (2019).
Lactobacillus Rhamnosus GG Prevents Epithelial Barrier Dysfunction Induced
by Interferon-Gamma and Fecal Supernatants From Irritable Bowel Syndrome
Patients in Human Intestinal Enteroids and Colonoids. Gut Microbes 10, 59–
76. doi: 10.1080/19490976.2018.1479625
Hong, D., Jang, S. Y., Jang, E. H., Jung, B., Cho, I. H., Park, M. J., et al. (2015).
Shikonin as an Inhibitor of the LPS-Induced Epithelial-to-Mesenchymal
Transition in Human Breast Cancer Cells. Int. J. Mol. Med. 36, 1601–1606.
doi: 10.3892/ijmm.2015.2373

Hopkins, A. M., Walsh, S. V., Verkade, P., Boquet, P., and Nusrat, A. (2003).
Constitutive Activation of Rho Proteins by CNF-1 Influences Tight Junction
Structure and Epithelial Barrier Function. J. Cell Sci. 116, 725–742. doi:
10.1242/jcs.00300

Jia, Y. P., Wang, K., Zhang, Z. J., Tong, Y. N., Han, D., Hu, C. Y., et al. (2017).
TLR2/TLR4 Activation Induces Tregs and Suppresses Intestinal Inflammation
Caused by Fusobacterium Nucleatum In Vivo. PloS One 12, e0186179. doi:
10.1371/journal.pone.0186179

Kim, B. J., Hancock, B. M., Bermudez, A., Del Cid, N., Reyes, E., Van Sorge, N. M.,
et al. (2015). Bacterial Induction of Snail1 Contributes to Blood-Brain Barrier
Disruption. J. Clin. Invest. 125, 2473–2483. doi: 10.1172/JCI74159

Kuhn, F., Adiliaghdam, F., Cavallaro, P. M., Hamarneh, S. R., Tsurumi, A., Hoda,
R. S., et al. (2020). Intestinal Alkaline Phosphatase Targets the Gut Barrier to
Prevent Aging. JCI Insight 5(6):e134049. doi: 10.1172/jci.insight.134049

Kushkevych, I., Lescanova, O., Dordevic, D., Jancikova, S., Hosek, J., Vitezova, M.,
et al. (2019). The Sulfate-Reducing Microbial Communities and Meta-Analysis
of Their Occurrence During Diseases of Small-Large Intestine Axis. J. Clin.
Med. 8(10):1656. doi: 10.3390/jcm8101656

Lalles, J. P. (2014). Intestinal Alkaline Phosphatase: Novel Functions and
Protective Effects. Nutr. Rev. 72, 82–94. doi: 10.1111/nure.12082

Lalles, J. P. (2019). Recent Advances in Intestinal Alkaline Phosphatase,
Inflammation, and Nutrition. Nutr. Rev. 77, 710–724. doi: 10.1093/nutrit/
nuz015

Li, S., QI, C., Zhu, H., Yu, R., Xie, C., Peng, Y., et al. (2019). Lactobacillus Reuteri
Improves Gut Barrier Function and Affects Diurnal Variation of the Gut
Microbiota in Mice Fed a High-Fat Diet. Food Funct. 10, 4705–4715. doi:
10.1039/C9FO00417C

Liu, H., Hong, X. L., Sun, T. T., Huang, X. W., Wang, J. L., and Xiong, H. (2020).
Fusobacterium Nucleatum Exacerbates Colitis by Damaging Epithelial Barriers
and Inducing Aberrant Inflammation. J. Dig. Dis. 21, 385–398. doi: 10.1111/
1751-2980.12909

Liu, W., Hu, D., Huo, H., Zhang, W., Adiliaghdam, F., Morrison, S., et al. (2016).
Intestinal Alkaline Phosphatase Regulates Tight Junction Protein Levels. J. Am.
Coll. Surg. 222, 1009–1017. doi: 10.1016/j.jamcollsurg.2015.12.006

Liu, L., Liang, L., Liang, H., Wang, M., Lu, B., Xue, M., et al. (2019). Fusobacterium
Nucleatum Aggravates the Progression of Colitis by Regulating M1
Macrophage Polarization via AKT2 Pathway. Front. Immunol. 10, 1324. doi:
10.3389/fimmu.2019.01324

Liu, W., Ruan, T., Ji, X., Ran, D., Sun, J., Shi, H., et al. (2020). The Gli1-Snail Axis
Contributes to Salmonella Typhimurium-Induced Disruption of Intercellular
Junctions of Intestinal Epithelial Cells. Cell Microbiol. 22, e13211. doi: 10.1111/
cmi.13211

Loubinoux, J., Bronowicki, J. P., Pereira, I. A., Mougenel, J. L., and Faou, A. E.
(2002). Sulfate-Reducing Bacteria in Human Feces and Their Association With
Inflammatory Bowel Diseases. FEMS Microbiol. Ecol. 40, 107–112. doi:
10.1111/j.1574-6941.2002.tb00942.x

Marques, M. S., Melo, J., Cavadas, B., Mendes, N., Pereira, L., Carneiro, F., et al.
(2018). Afadin Downregulation by Helicobacter Pylori Induces Epithelial to
Mesenchymal Transition in Gastric Cells. Front. Microbiol. 9, 2712. doi:
10.3389/fmicb.2018.02712

Martinez-Estrada, O. M., Culleres, A., Soriano, F. X., Peinado, H., Bolos, V.,
Martinez, F. O., et al. (2006). The Transcription Factors Slug and Snail Act as
Repressors of Claudin-1 Expression in Epithelial Cells. Biochem. J. 394, 449–
457. doi: 10.1042/BJ20050591

Metta, V., Leta, V., Mrudula, K. R., Prashanth, L. K., Goyal, V., Borgohain, R., et al.
(2021). Gastrointestinal Dysfunction in Parkinson's Disease: Molecular
May 2022 | Volume 12 | Article 882498

https://doi.org/10.1080/19336918.2017.1322253
https://doi.org/10.1016/j.micpath.2019.103545
https://doi.org/10.1016/j.micpath.2019.103545
https://doi.org/10.1155/2017/9074601
https://doi.org/10.1038/35000025
https://doi.org/10.1371/journal.ppat.1002601
https://doi.org/10.1016/j.chom.2011.04.012
https://doi.org/10.1097/MIB.0000000000000750
https://doi.org/10.1111/acer.12234
https://doi.org/10.3748/wjg.v20.i42.15650
https://doi.org/10.1016/j.jss.2015.12.008
https://doi.org/10.1111/j.1530-0277.2011.01510.x
https://doi.org/10.1038/cddis.2015.249
https://doi.org/10.1007/s10620-017-4576-0
https://doi.org/10.1007/s10620-017-4576-0
https://doi.org/10.1097/SLA.0000000000000916
https://doi.org/10.1080/19490976.2018.1479625
https://doi.org/10.3892/ijmm.2015.2373
https://doi.org/10.1242/jcs.00300
https://doi.org/10.1371/journal.pone.0186179
https://doi.org/10.1172/JCI74159
https://doi.org/10.1172/jci.insight.134049
https://doi.org/10.3390/jcm8101656
https://doi.org/10.1111/nure.12082
https://doi.org/10.1093/nutrit/nuz015
https://doi.org/10.1093/nutrit/nuz015
https://doi.org/10.1039/C9FO00417C
https://doi.org/10.1111/1751-2980.12909
https://doi.org/10.1111/1751-2980.12909
https://doi.org/10.1016/j.jamcollsurg.2015.12.006
https://doi.org/10.3389/fimmu.2019.01324
https://doi.org/10.1111/cmi.13211
https://doi.org/10.1111/cmi.13211
https://doi.org/10.1111/j.1574-6941.2002.tb00942.x
https://doi.org/10.3389/fmicb.2018.02712
https://doi.org/10.1042/BJ20050591
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Singh et al. IAP Inhibits SRB-Induced Barrier Permeability
Pathology and Implications of Gut Microbiome, Probiotics, and Fecal
Microbiota Transplantation. J. Neurol 269(3):1154–63.

Mohebali, N., Ekat, K., Kreikemeyer, B., and Breitruck, A. (2020). Barrier
Protection and Recovery Effects of Gut Commensal Bacteria on
Differentiated Intestinal Epithelial Cells In Vitro. Nutrients 12(8):2251. doi:
10.3390/nu12082251

Murros, K. E., Huynh, V. A., Takala, T. M., and Saris, P. E. J. (2021). Desulfovibrio
Bacteria Are Associated With Parkinson's Disease. Front. Cell Infect. Microbiol.
11, 652617. doi: 10.3389/fcimb.2021.652617

Nava, G. M., Carbonero, F., Croix, J. A., Greenberg, E., and Gaskins, H. R. (2012).
Abundance and Diversity of Mucosa-Associated Hydrogenotrophic Microbes
in the Healthy Human Colon. ISME J. 6, 57–70. doi: 10.1038/ismej.2011.90

Nighot, P. K., Hu, C. A., and Ma, T. Y. (2015). Autophagy Enhances Intestinal
Epithelial Tight Junction Barrier Function by Targeting Claudin-2 Protein
Degradation. J. Biol. Chem. 290, 7234–7246. doi: 10.1074/jbc.M114.597492

Nighot, P., and Ma, T. (2016). Role of Autophagy in the Regulation of Epithelial Cell
Junctions. Tissue Barriers 4, e1171284. doi: 10.1080/21688370.2016.1171284

Plaeke, P., De Man, J. G., Smet, A., Malhotra-Kumar, S., Pintelon, I., Timmermans,
J. P., et al. (2020). Effects of Intestinal Alkaline Phosphatase on Intestinal
Barrier Function in a Cecal Ligation and Puncture (CLP)-Induced Mouse
Model for Sepsis. Neurogastroenterol. Motil. 32, e13754. doi: 10.1111/
nmo.13754

Ritz, N. L., Burnett, B. J., Setty, P., Reinhart, K. M., Wilson, M. R., Alcock, J., et al.
(2016). Sulfate-Reducing Bacteria Impairs Working Memory in Mice. Physiol.
Behav. 157, 281–287. doi: 10.1016/j.physbeh.2016.01.023

Ritz, N. L., Lin, D. M., Wilson, M. R., Barton, L. L., and Lin, H. C. (2017). Sulfate-
Reducing Bacteria Slow Intestinal Transit in a Bismuth-Reversible Fashion in
Mice. Neurogastroenterol. Motil. 29(1). doi: 10.1111/nmo.12907

Singh, S. B., Carroll-Portillo, A., Coffman, C., Ritz, N. L., and Lin, H. C. (2020).
Intestinal Alkaline Phosphatase Exerts Anti-Inflammatory Effects Against
Lipopolysaccharide by Inducing Autophagy. Sci. Rep. 10, 3107. doi: 10.1038/
s41598-020-59474-6

Singh, S. B., Coffman, C. N., Carroll-Portillo, A., Varga, M. G., and Lin, H. C.
(2021). Notch Signaling Pathway Is Activated by Sulfate Reducing Bacteria.
Front. Cell Infect. Microbiol. 11, 695299. doi: 10.3389/fcimb.2021.695299

Singh, S. B., and Lin, H. C. (2015). Hydrogen Sulfide in Physiology and Diseases of
the Digestive Tract. Microorganisms 3, 866–889. doi: 10.3390/
microorganisms3040866

Tavakolian, S., Goudarzi, H., Eslami, G., and Faghihloo, E. (2019). Transcriptional
Regulation of Epithelial to Mesenchymal Transition Related Genes by
Lipopolysaccharide in Human Cervical Cancer Cell Line HeLa. Asian Pac. J.
Cancer Prev. 20, 2455–2461. doi: 10.31557/APJCP.2019.20.8.2455

Utech,M., Ivanov, A. I., Samarin, S. N., Bruewer, M., Turner, J. R., Mrsny, R. J., et al.
(2005). Mechanism of IFN-Gamma-Induced Endocytosis of Tight Junction
Proteins: Myosin II-Dependent Vacuolarization of the Apical Plasma
Membrane. Mol. Biol. Cell 16, 5040–5052. doi: 10.1091/mbc.e05-03-0193

Valdes, F., Alvarez, A. M., Locascio, A., Vega, S., Herrera, B., Fernandez, M., et al.
(2002). The Epithelial Mesenchymal Transition Confers Resistance to the
Apoptotic Effects of Transforming Growth Factor Beta in Fetal Rat
Hepatocytes. Mol. Cancer Res. 1, 68–78.

Wang, W., Chen, S. W., Zhu, J., Zuo, S., Ma, Y. Y., Chen, Z. Y., et al. (2015).
Intestinal Alkaline Phosphatase Inhibits the Translocation of Bacteria of Gut-
Origin in Mice With Peritonitis: Mechanism of Action. PloS One 10, e0124835.
doi: 10.1371/journal.pone.0124835
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11
Wang, H. Y., Chi, C., Xu, Y. Q., Wang, C., Wang, T. Y., Lv, D., et al. (2019).
Occludin Endocytosis is Involved in the Disruption of the Intestinal Epithelial
Barrier in a Mouse Model of Alcoholic Steatohepatitis. J. Dig. Dis. 20, 476–485.
doi: 10.1111/1751-2980.12800

Weglarz, L., Dzierzewicz, Z., Skop, B., Orchel, A., Parfiniewicz, B., Wisniowska, B.,
et al. (2003). Desulfovibrio Desulfuricans Lipopolysaccharides Induce
Endothelial Cell IL-6 and IL-8 Secretion and E-Selectin and VCAM-1
Expression. Cell Mol. Biol. Lett. 8, 991–1003.

Wells, J. M., Brummer, R. J., Derrien, M., Macdonald, T. T., Troost, F., Cani, P. D.,
et al. (2017). Homeostasis of the Gut Barrier and Potential Biomarkers. Am. J.
Physiol. Gastrointest. Liver Physiol. 312, G171–G193. doi: 10.1152/
ajpgi.00048.2015

Yang, R., Liu, W., Miao, L., Yang, X., Fu, J., Dou, B., et al. (2016). Induction of
VEGFA and Snail-1 by Meningitic Escherichia Coli Mediates Disruption of the
Blood-Brain Barrier. Oncotarget 7, 63839–63855. doi: 10.18632/oncotarget.
11696

Yang, Y., Weng, W., Peng, J., Hong, L., Yang, L., Toiyama, Y., et al. (2017).
Fusobacterium Nucleatum Increases Proliferation of Colorectal Cancer Cells
and Tumor Development in Mice by Activating Toll-Like Receptor 4 Signaling
to Nuclear Factor-Kappab, and Up-Regulating Expression of MicroRNA-21.
Gastroenterology 152, 851–866 e24. doi: 10.1053/j.gastro.2016.11.018

Yu, L. C. (2018). Microbiota Dysbiosis and Barrier Dysfunction in Inflammatory
Bowel Disease and Colorectal Cancers: Exploring a Common Ground
Hypothesis. J. BioMed. Sci. 25, 79. doi: 10.1186/s12929-018-0483-8

Zada, S., Hwang, J. S., Ahmed, M., Lai, T. H., Pham, T. M., and Kim, D. R. (2019).
Control of the Epithelial-To-Mesenchymal Transition and Cancer Metastasis
by Autophagy-Dependent SNAI1 Degradation. Cells 8(2):129. doi: 10.3390/
cells8020129

Zhou, Y., Geng, X., Chen, Y., Shi, H., Yang, Y., Zhu, C., et al. (2018). Essential
Roles of Akt/Snail Pathway in Microcystin-LR-Induced Tight Junction
Toxicity in Sertoli Cell. Food Chem. Toxicol. 112, 290–298. doi: 10.1016/
j.fct.2018.01.004

Zou, J., Liu, Y., Li, B., Zheng, Z., Ke, X., Hao, Y., et al. (2017). Autophagy
Attenuates Endothelial-to-Mesenchymal Transition by Promoting Snail
Degradation in Human Cardiac Microvascular Endothelial Cells. Biosci. Rep.
37(5):BSR20171049. doi: 10.1042/BSR20171049

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Singh, Coffman, Varga, Carroll-Portillo, Braun and Lin. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
May 2022 | Volume 12 | Article 882498

https://doi.org/10.3390/nu12082251
https://doi.org/10.3389/fcimb.2021.652617
https://doi.org/10.1038/ismej.2011.90
https://doi.org/10.1074/jbc.M114.597492
https://doi.org/10.1080/21688370.2016.1171284
https://doi.org/10.1111/nmo.13754
https://doi.org/10.1111/nmo.13754
https://doi.org/10.1016/j.physbeh.2016.01.023
https://doi.org/10.1111/nmo.12907
https://doi.org/10.1038/s41598-020-59474-6
https://doi.org/10.1038/s41598-020-59474-6
https://doi.org/10.3389/fcimb.2021.695299
https://doi.org/10.3390/microorganisms3040866
https://doi.org/10.3390/microorganisms3040866
https://doi.org/10.31557/APJCP.2019.20.8.2455
https://doi.org/10.1091/mbc.e05-03-0193
https://doi.org/10.1371/journal.pone.0124835
https://doi.org/10.1111/1751-2980.12800
https://doi.org/10.1152/ajpgi.00048.2015
https://doi.org/10.1152/ajpgi.00048.2015
https://doi.org/10.18632/oncotarget.11696
https://doi.org/10.18632/oncotarget.11696
https://doi.org/10.1053/j.gastro.2016.11.018
https://doi.org/10.1186/s12929-018-0483-8
https://doi.org/10.3390/cells8020129
https://doi.org/10.3390/cells8020129
https://doi.org/10.1016/j.fct.2018.01.004
https://doi.org/10.1016/j.fct.2018.01.004
https://doi.org/10.1042/BSR20171049
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Intestinal Alkaline Phosphatase Prevents Sulfate Reducing Bacteria-Induced Increased Tight Junction Permeability by Inhibiting Snail Pathway
	Introduction
	Materials and Methods
	Cell Culture and Treatments
	Desulfovibrio vulgaris (DSV) Growth
	TEER and FITC Flux
	siRNA Transfection
	Western Blot
	Immunofluorescence
	Statistical Analysis

	Results
	DSV Decreased TEER and Increased Paracellular Permeability in Polarized Caco-2 Cells
	DSV Induced Changes in the Localization of TJ Protein Occludin
	DSV Induced Snail Protein Expression
	DSV Induced Barrier Permeability in a Snail-Dependent Fashion
	IAP Reversed DSV-Induced Permeability by Inhibiting Snail

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


