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Abstract: Acute diarrheal disease (ADD) caused by rotavirus (RV) contributes significantly to mor-
bidity and mortality in children under five years of age. Currently, there are no specific drugs for
the treatment of RV infections. Previously, we reported the anti-rotaviral activity of the protein
metabolites derived from Bifidobacterium adolescentis. In this study, our aim was to assess the impact
of B. adolescentis-secreted proteins (BaSP), with anti-rotaviral activity on the human intestinal C2BBe1
cell line. We initiated the production of BaSP and subsequently confirmed its anti-rotaviral activity
by counting the infectious foci using immunocytochemistry. We then exposed the C2BBe1 cells to
various concentrations of BaSP (≤250 µg/mL) for 72 h. Cell viability was assessed using the MTT
assay, cell monolayer integrity was monitored through transepithelial electrical resistance (TEER),
and cytoskeleton architecture and tight junctions (TJs) were examined using confocal microscopy
with F-actin and occludin staining. Finally, we utilized a commercial kit to detect markers of apoptosis
and necrosis after 24 h of treatment. The results demonstrated that BaSP does not have adverse effects
on C2BBe1 cells. These findings confirm that BaSP inhibits rotavirus infectivity and has the potential
to strengthen intestinal defense against viral and bacterial infections via the paracellular route.

Keywords: Bifidobacteria; Bifidobacterium adolescentis; anti-rotavirus; in vitro toxicity testing

1. Introduction

Acute diarrheal disease (ADD) is a public health problem worldwide and is the second
leading cause of death in children under five years of age [1]. The primary infectious
agent of ADD is rotavirus (RV); however, other microorganisms such as Escherichia coli,
Shigella spp, and Cryptosporidium also play an important role [1,2]. Each year, ADD reaches
approximately 1.7 billion cases and causes the death of about 525,000 children under five
years of age [1]. ADD caused by RV is characterized by symptoms such as mild to severe
diarrhea, vomiting, and varying degrees of dehydration. Fever, when present, is typically
mild. Vomiting often precedes diarrhea and is of shorter duration, while diarrhea can
persist for several days. Dehydration, often severe, is a common complication and can lead
to significant electrolyte imbalances [3]. Although live-attenuated RV vaccines are available,
they are not accessible to 40% of the worldwide child population. In addition, new RVs
have emerged through genetic reassortment, which can generate antigenic variability [4,5].

The recommended treatment for ADD is administering oral rehydration solutions to
replace lost fluids [1,6]; however, this is not a specific therapy for RV infection. In recent
years, probiotics have emerged as a therapeutic alternative for combatting RV infection
and have shown positive effects in managing RV diarrhea [7,8]. The use of some species,
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such as L. rhamnosus, S. boulardii, L. acidophilus, B. longum, B. lactis, and B. adolescentis, has
resulted in a significant reduction in the length and severity of rotavirus diarrhea, as well as
in the incidence of RV infection, and has been shown to modulate the immune response of
affected children [9–14]. Some in vitro studies have shown that the activity of B. adolescentis
against several DNA and RNA viruses is mediated by different mechanisms, such as the
regulation of gene expression, possible hindrance of viral adsorption, and production
of metabolites (postbiotics) with direct antiviral effects [15–19]. Our research group has
compared the antirotaviral effects of several probiotics belonging to the Bifidobacterium and
Lactobacillus genera [20,21]. The results obtained indicate that the effective antirotaviral
activity of B. adolescentis is attributed to direct interactions between the bacterial secretome
proteins and the infectious rotavirus particles.

Thus, B. adolescentis-secreted proteins (BaSP) represent a possible alternative for pre-
venting and treating rotavirus infection. However, studies on the potential use of these
proteins in humans must include toxicity testing to determine their potential adverse effects
on the intestinal epithelial cells (IECs) [22]. IECs constitute the intestinal epithelial barrier,
the first and largest protective barrier against exogenous molecules [23]. This barrier plays
an essential role in the integrity of the host intestinal mucosa [19] by maintaining intestinal
homeostasis and an effective immune response [20]. Any effect of exogenous compounds
that compromise the integrity of IECs can lead to different disorders, such as inflammatory
bowel disease, necrotizing enterocolitis, and irritable bowel syndrome [24].

Determining the potentially toxic effects of substances on human IECs requires using
tumor cell lines, of which the most commonly used is HT-29 as well as Caco-2 and their
clones [25]. These cell lines are very diverse in terms of type and differentiation status,
proliferation potential, and metabolic properties; some exhibit characteristics of differenti-
ated enterocytes or mucosal cells [25,26]. C2BBe1 cells, which are subclones derived from
the human colon adenocarcinoma cell line Caco2, are commonly employed due to their
resemblance to human IECs [27]. C2BBe1 cells exhibit characteristics of differentiated ente-
rocytes, have an apical brush border like human intestinal cells, form polarized monolayers
in culture [27], and can synthesize tight junction proteins [28]. Strong tight junctions (TJs)
prevent the paracellular diffusion of microorganisms, antigens, and xenobiotics across the
epithelial barrier [29,30]. The use of cells that mimic human physiology also allows the
study of substances that induce cellular stress markers, such as ROS, DNA fragmentation,
and changes in the cytoskeleton structure, among others [31,32]. Considering that BaSP
represents an alternative for the prevention and treatment of diarrhea caused by rotavirus,
it is important to predict the potential effects they may have in an in vitro intestinal model,
such as the C2BBe1 cell line.

2. Materials and Methods
2.1. Production of the BaSP Pool

Bifidobacterium adolescentis was purchased from the German Collection of Microorgan-
isms and Cell Cultures GmbH (DSMZ GmbH). The lyophilized bacteria were resuspended
in 1 mL of MRS broth (Man–Rogosa–Sharpe, Oxoid, Basingstoke, UK) and incubated at
37 ◦C for 48 h under anaerobic conditions (activation phase). After this period, 0.1 mL of
B. adolescentis was transferred in triplicate to a solid MRS medium and incubated under the
same conditions for 48 h to count the colony-forming units per milliliter (CFU/mL). Finally,
the identity and purity of the culture were verified using the commercial BBL™ Crys-
tal™ ANR ID System (Becton Dickinson, Sparks, MD, USA) following the manufacturer’s
instructions and using Gram staining.

To characterize the growth of B. adolescentis and determine the logarithmic phase in
a 500 mL batch, the bacteria were initially cultured on a solid MRS medium as described.
Subsequently, several colonies were resuspended in 10 mL of phosphate-buffered saline
(1× PBS) to achieve a concentration equivalent to the McFarland standard tube #1. Fol-
lowing this, they were inoculated into 500 mL of MRS broth and incubated for 48 h under
the same conditions. Optical density measurements were taken at a wavelength of 540 nm
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every 6 h for a total duration of 48 h. In total, two batches of the bacteria culture were
produced, and the averages of the results were graphed and analyzed using GraphPad
Prism 6.0b software for Windows 10 (GraphPad, San Diego, CA, USA).

Once the logarithmic phase was determined, the bacteria were cultured again for an
incubation period of 30 h. After this time, the culture was centrifuged at 730× g for 30 min
at 4 ◦C. The supernatant containing the primary metabolites produced was recovered
and filtered using a 0.22 µm pore size filter (TPP®) to remove residual bacteria. Next, the
metabolites were separated and concentrated by molecular size through ultrafiltration us-
ing a Millipore Masterflex peristaltic pump (Millipore, Bedford, MA, USA) with a Pellicon®

XL 50 ultrafiltration cassette (Merck KGaA, Darmstadt, Germany) that had a 1 kDa cutoff.
The retained metabolites were then mixed with polyethylene glycol (PEG 8000) at a concen-
tration of 10% w/v to precipitate the proteins [33,34]. This mixture was left overnight (16 h)
under constant stirring at 4 ◦C. After this period, the mixture was centrifuged at 16,000× g
for 30 min at 4 ◦C. The supernatant was carefully removed, and the pellet was resuspended
in 25 mL of 1× PBS. The concentrated metabolite pool was stored at 4 ◦C until use.

The final protein concentration was quantified using the Pierce™ BCA Protein Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer’s instruc-
tions. In addition, protein presence was confirmed using polyacrylamide gel electrophoresis
(PAGE) under native conditions rather than denaturing conditions, as problems stemming
from the interaction between PEG and sodium dodecyl sulfate (SDS) in SDS-PAGE [35]
have been reported. Finally, the proteins were detected with silver staining.

2.2. Verification of the Anti-Rotaviral Activity of the BaSP

Before assessing the anti-rotaviral activity of the BaSP pool, the maximum non-toxic
concentration (MNTC: maximum concentration determining cell viability ≥ 95%) was
defined using the MA-104 cells. For this, the MA-104 cells were cultured in 96-well
plates with Advanced DMEM (Dulbecco’s Modified Eagle Medium, Invitrogen™; Grand
Island, NY, USA) supplemented with 5% fetal bovine serum (FBS), 2 mM L-glutamine,
and antibiotics/antimycotic for 48 h at 37 ◦C and 5% CO2 atmosphere. Cells were then
exposed independently to different concentrations of the BaSP pool from Batch 1, which
had the highest concentration, ranging from 0.03 µg/mL to 250 µg/mL (2×-serial dilutions
in culture medium without FBS) for 24 h. Cell viability was determined using the MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium; (Sigma Aldrich Co., Ltd.; St, Louis, MO,
USA) colorimetric assay (30 µL of 1 mg/mL MTT per well) according to the manufacturer’s
instructions. The MA-104 cells that were unexposed to the BaSP pool (cell control: CC)
and were instead exposed to 1 mM H2O2 (cytotoxicity control) were cultured in parallel.
Additionally, an abiotic control was included that consisted of the treatment of MA-104
cells with B. adolescentis-free MRS medium proteins (MRS-P), precipitated with PEG 8000
using the same evaluated concentrations of the BaSP. The abs at 540 nm were read using
a MultisKan™ FC Microplate Photometer (Thermo Scientific™). The entire experiment
was carried out in triplicate and repeated three times. The percentage of cell viability was
calculated using the following equation:

% of cell viability = [100 × (mean Abs of the sample)/(mean Abs of cell control)] (1)

Once the MNTC and the non-cytotoxic concentrations of the BaSP and the MRS-P
pools were determined, their anti-rotaviral activity was evaluated.

For this purpose, the rotavirus (Rhesus Rotavirus: RRV) particles were initially acti-
vated with 10 µg/mL trypsin for 1 h at 37 ◦C, and then the trypsin was neutralized with
trypsin inhibitor (Gibco® Life Technologies, Grand Island, NY, USA) for 5 min at room
temperature (RT). The infectious RVs were then mixed at a final multiplicity of infection
(MOI) of 0.1 with the non-cytotoxic concentrations of the BaSP pool and incubated for 1 h at
37 ◦C. These mixtures were added in triplicate to the MA-104 cells grown in 96-well plates
as described above and incubated for 1 h at 37 ◦C in a 5% CO2 atmosphere. In addition, the
cells infected with RRV (positive infectivity control), the cells not infected with RRV (mock
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control), and the cells exposed to the infectious RVs previously mixed and incubated for
1 h at 37 ◦C with the MNTC of the MRS-P were cultured in parallel. Subsequently, inocula
were removed, two washes with 1× PBS were carried out, and fresh medium without
FBS was added. Cells were incubated for an additional 9 h and immunocytochemically
stained for RV TLPs, as described by Tellez in 2015 [36]. Next, focus-forming units (FFU)
(positive for RV TLPs) were counted using an Olympus CKX41 microscope (Olympus
Instruments, Tokyo, Japan) with a 20× objective. The percentage of viral infectivity was
calculated in relation to the positive infectivity control. Micrographs were captured with a
10× objective using a Moticam 10+ camera (Motic®; Kowloon, Hong Kong) coupled to an
Olympus CKX41 microscope (Olympus Instruments, Tokyo, Japan). The entire experiment
was repeated three times.

2.3. Evaluation of the Effects of BaSP on Viability, Structure, and Expression of Death Markers of
the Human Intestinal C2BBe1 Cell Line
2.3.1. Evaluation of Cell Viability

C2BBe1 cells (ATCC 2102™, Manassas, VA, USA) were grown in 96-well plates in Ad-
vanced DMEM supplemented with 5% FBS, 2 mM L-glutamine, and antibiotics/antimycotic
for 72 h up to 90% of confluence at 37 ◦C in a 5% CO2 atmosphere. These cell cultures
were then exposed independently to different concentrations of the BaSP pool, ranging
from 0.03 µg/mL to 250 µg/mL (2×-serial dilutions in advanced DMEM without FBS) for
72 h. Cell viability was determined by the MTT assay (50 µL of 1 mg/mL MTT per well)
according to the manufacturer’s instructions. Cells unexposed to the BaSP pool in medium
without FBS (cell control: CC) and cells exposed to 50 mM H2O2 (positive cytotoxicity
control) were cultured in parallel. The entire experiment was carried out in triplicate and
repeated three times. The percentage of cell viability was calculated as described above.

2.3.2. Transepithelial Electrical Resistance (TEER)

C2BBe1 cells (1 × 104 per well) were seeded and cultured, as described above, in
Transwell® 12-well permeable supports (Costar®, Washington, DC, USA; Cat # 3401). The
culture medium was changed every 4 days. TEER was measured with a Millicell®-ERS
(Millipore, Bedford, MA, USA) until it reached a value of 300 Ω/cm2 (14–21 days) to confirm
the differentiation, polarization, and integrity of cell monolayers [37]. Subsequently, cells
were washed with Advanced DMEM without FBS and independently exposed to different
concentrations of the BaSP pool ranging from 0.98 µg/mL to 250 µg/mL (4×-serial dilutions
in Advanced DMEM without FBS) for 72 h. TEER values were measured every 24 h. The
entire experiment was carried out in triplicate and repeated three times.

2.3.3. Architecture of the Cytoskeleton and Tight Junctions

The confluent C2BBe1 cell monolayers from the above assay were stained with Alexa
Fluor®® 594-conjugated anti-occludin mAb (OC-3F10; Thermo Fisher Cat # 331594) and
Alexa Fluor®® 488-conjugated phalloidin (Molecular Probes™ Cat # 12379, Eugene, OR,
USA) for F-actin detection, according to the respective manufacturer’s instructions. Briefly,
the cell monolayers were washed twice with 1× PBS and fixed with 2% paraformaldehyde
in 1× PBS for 15 m at room temperature (RT). Next, cells were incubated with 1% bovine
serum albumin (BSA) in 1× PBS (30 m at RT), permeabilized with 0.03% Triton ×-100 in
1× PBS (5 m), stained with Alexa Fluor®® 594-conjugated anti-occludin mAb (1 µg/mL
in 1% BSA in 1× PBS) (3 h at RT) and with Alexa Fluor®® 488-conjugated phalloidin
prepared according to the manufacturer’s instructions, and then diluted in 1% BSA in
1× PBS (30 m at RT). Each step was followed by two washes with 1× PBS, except after
incubation with phalloidin, which was followed by three washes. ProLong™ Gold Antifade
Mountant (Thermo Fisher, Cat # P36930) was added. Confocal fluorescent images (saved as
640 × 640 resolution bitmaps for later analyses) were captured using an Olympus FV 1000
confocal microscope (Olympus, Tokyo, Japan) equipped with lasers providing excitations
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at 488 nm (for F-actin) and 543 nm (for occludin). The images were captured using a
UPLSAPO, 60 × NA 1.35. For the Z-series, 0.15-µm slice spacing was used.

2.3.4. Detection of Cell Death Markers: Apoptosis and Necrosis

Cell death was assessed using the commercial ApoDETECT™ Annexin V-FITC Kit
(Invitrogen™; Cat # 331200) following the manufacturer’s instructions and quantifying
fluorescence by fluorometry. Thus, the C2BBe1 cells (1 × 104 per well) were cultured in
96-well black bottom plates (Costar®, Cat # 3603), as described above, for 14 days until
polarization. On day 14, the cells were exposed to different concentrations of the BaSP
pool ranging from 0.98 µg/mL to 250 µg/mL (4×-serial dilutions in advanced DMEM
without FBS) for 24 h. After three washes with 1× PBS and following the manufacturer’s
instructions, the cells were incubated with the kit reagents, i.e., FITC-conjugated Annexin V
and propidium iodide (20 µg/mL), in darkness. The fluorescence was quantified as rela-
tive fluorescence units (RFU) using a FLUOStar® Omega Plate Reader (BMG LABTECH,
Ortenberg, Germany) equipped with 488 nm and 617 nm filters. The entire experiment was
carried out in triplicate and repeated three times.

2.3.5. Statistics

Data were analyzed using GraphPad Prism 6.0b software for Windows 10 (GraphPad,
San Diego, CA, USA). For significance testing, the distributions were determined using
Shapiro-Wilk normality tests. Analyzes of all assays were performed using the nonpara-
metric Mann-Whitney U test to determine the differences between different concentrations
of the BaSP or MRS-P and the cellular control or infectivity control.

3. Results
3.1. BaSP Pool Production

The concentration of BaSP obtained from the ultrafiltration and precipitation processes
of the two batches of B. adolescentis culture was quantified, resulting in 3898 µg/mL
for Batch 1 and 2048 µg/mL for Batch 2. The concentration factor was 20, resulting in
a final volume of 25 mL. In addition, the presence of BaSP was confirmed with 7.5%
polyacrylamide gel electrophoresis (PAGE) under native conditions. Figure 1 shows the
detection of BaSP from Batch 1 and MRS-P (abiotic control), with which the subsequent
experiments were carried out.

Figure 1. Polyacrylamide gel electrophoresis under native conditions (7.5% PAGE) to confirm the
presence of B. adolescentis-secreted proteins (BaSP). From right to left, molecular weight protein
marker (M), B. adolescentis-free MRS medium proteins (MRS-P), and BaSP from Batch 1. 100 ng of
each protein pool was loaded in each lane. Proteins were stained with silver nitrate.

3.2. Anti-Rotaviral Activity of BaSP

Before assessing the anti-rotaviral activity of the BaSP pool (Batch 1), its MNTC was de-
termined using MA-104 cells. None of the concentrations tested (0.03 µg/mL to 250 µg/mL)
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decreased the percentage of cell viability; therefore, 250 µg/mL was considered the MNTC
of the BaSP pool (Figure 2). Furthermore, the percentage of cell viability observed in most
concentrations of the BaSP pool was significantly higher than the 100% viability in the cell
control. In the case of MRS-P, concentrations of 125 µg/mL and 250 µg/mL significantly
reduced the viability of MA-104 cells. The MNTC was 62.5 µg/mL.

Figure 2. Effects of B. adolescentis-secreted proteins (BaSP) and B. adolescentis-free MRS medium
proteins (MRS-P) on the viability of the MA-104 cell line. The MA-104 cells were treated with different
concentrations of the BaSP pool and MRS-P for 24 h, and the cell viability was assessed using the
MTT colorimetric (Abs540nm) assay. Each bar represents the mean percentage of cell viability for
each experimental condition. Error bars represent the standard deviation. Mann-Whitney U test
for comparisons with the CC; *** p ≤ 0.004, ** and p ≤ 0.0088. CC: cell control. H2O2: positive
cytotoxicity control (n = 3 independent experiments).

As none of the BaSP pool concentrations evaluated decreased the cell viability of the
MA-104 cells, their anti-rotaviral activity was tested. Most of the BaSP pool concentrations
significantly reduced the RRV infectivity in MA-104 cells as compared to the positive
infectivity control. The highest percentages of infectivity reduction were observed with
125 µg/mL (49.58%) and 250 µg/mL (49.55%) of the BaSP pool (Figure 3). The MNTC of
MRS-P did not exert anti-rotaviral activity.

3.3. Effects of BaSP on Viabilty, Structure, and Expression of Death Markers of the Human
Intestinal C2BBe1 Cell Line

The viability of C2BBe1 cells exposed to different concentrations of the BaSP pool
ranging from 0.03 µg/mL to 250 µg/mL was evaluated using the MTT colorimetric assay.
None of the concentrations tested decreased significantly (p < 0.05) the percentage of cell
viability compared to the cell control (untreated cells). Moreover, in cultures exposed to
most BaSP pool concentrations, cell viability percentages were significantly higher than
100% in the cell control (Figure 4).
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Figure 3. Anti-rotaviral (virucidal) effect of B. adolescentis-secreted proteins (BaSP). The confluent
monolayers of the MA-104 cells were exposed to rotavirus (Rhesus Rotavirus: RRV) suspensions
(MOI = 0.1) mixed with different concentrations of the BaSP pool for 1 h, washed, and additionally
incubated for 9 h. Next, cytoplasmic RV structural proteins (outer capsid) were immunocytochemi-
cally detected, FFUs were counted, and the percentage of viral infectivity was calculated based on
the positive infectivity control. (A) Representative micrographs of FFU (positive for RV outer capsid
structural proteins) were captured with a Moticam 10+ camera using a 10X objective. (B) Bar chart
representing the percentage of viral infectivity. Bars represent mean percentages of infectivity, and the
error bars represent standard deviations. * p ≤ 0.0106, ** p ≤ 0.0072, *** p ≤ 0.0003, and **** p ≤ 0.0001;
Mann-Whitney U Test for comparisons with the positive infectivity control. RRV: RRV-infected cells,
positive infectivity control. MOCK: RRV-uninfected cells. MRS-P: B. adolescentis-free MRS medium
proteins (MNTC = 62.5 µg/mL) were cultured in parallel (n = 3 independent experiments).

Figure 4. Effect of B. adolescentis-secreted proteins (BaSP) on the viability of the C2BBe1 cell line.
The C2BBe1 cells were treated with different concentrations of the BaSP pool for 72 h. Next, the cell
viability was assessed using the MTT colorimetric (Abs540nm) assay. Bars represent the mean percent-
ages of cell viability, and the error bars represent standard deviations. * p ≤ 0.0361, ** p ≤ 0.0019,
****, p ≤ 0.0001; Mann-Whitney U test for comparisons with the CC. CC: cell control. H2O2: positive
cytotoxicity control (n = 3 independent experiments).
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3.4. Effect of BaSP on Monolayer Integrity, F-actin Distribution, and Occludin Expression in the
C2BBe1 Cell Line

The polarized C2BBe1 cell monolayers were exposed to BaSP pool concentrations
ranging from 0.98 µg/mL to 250 µg/mL for 72 h. The integrity of the cell monolayers
was initially assessed by measuring the TEER and subsequently assessed by evaluation of
F-actin distribution and occludin expression. The TEER values of treated and untreated
cell monolayers were always greater than 300 Ω/cm2, which is indicative of adequate cell
monolayer integrity (Figure 5). However, the TEER values tended to be lower (p > 0.05)
between the second and third days of culture (p > 0.05). Finally, none of the treatments
carried out with BaSP showed changes related to the loss of integrity of the C2BBe1 cell
monolayers, the distribution of F-actin, or the expression of occludin. In particular, cells
treated with 250 µg/mL showed greater expression of occludin as compared to both the
untreated control and the cells treated with lower concentrations (Figure 6).

Figure 5. Effect of B. adolescentis-secreted proteins (BaSP) on the integrity of the C2BBe1 cell monolay-
ers. The polarized C2BBe1 cells were treated with different concentrations of the BaSP pool, ranging
from 0.98 µg/mL to 250 µg/mL for 72 h. The TEER was measured every 24 h. Symbols represent the
mean TEER values, and error bars represent standard deviations. CC: cell control. The Mann-Whitney
U test was used for comparisons with the cell control (n = 3 independent experiments).

Figure 6. Effect of B. adolescentis-secreted proteins (BaSP) on the distribution of F-actin and occludin
in C2BBe1 cell monolayers. Confocal images of C2BBe1 cell monolayers exposed to the BaSP pool
(0.98 µg/mL to 250 µg/mL) for 72 h and stained with Alexa Fluor® 488-conjugated phalloidin
(green) and Alexa Fluor® 594-conjugated anti-occludin mAb (red). Cell control (CC: untreated cells).
Magnification, 60×.



Pathogens 2024, 13, 17 9 of 14

3.5. Effect of BaSP on the Expression of Cell Death Markers in C2BBe1 Cells: Apoptosis
and Necrosis

The polarized C2BBe1 cell monolayers exposed to BaSP pool concentrations ranging
from 0.98 µg/mL to 250 µg/mL for 72 h were stained with the ApoDETECT™ Annexin
V-FITC kit to evaluate features of apoptosis (loss of cell membrane asymmetry by binding
of Annexin V-FITC to phosphatidylserine in the outer leaflet of the cell membrane) and
necrosis (DNA staining after PI entering through a damaged cell membrane). None of the
BaSP pool concentrations induced any loss of cell membrane asymmetry or disrupted the
cell plasma membrane when compared to the cell control (Figure 7).

Figure 7. Effect of B. adolescentis-secreted proteins (BaSP) on the expression of cell death markers in
C2BBe1 cells. The polarized C2BBe1 cell monolayers were exposed to different concentrations of the
BaSP pool for 24 h. The ells were then stained with the ApoDETECT™ Annexin V-FITC kit to assess
apoptosis and necrosis by fluorometry. The bar graphs show relative fluorescence units (RFU) for
(A) Annexin V-FITC (488 nm filter) and (B) PI (617 nm filter). Bars represent the mean RFU values,
and the error bars correspond to standard deviations. Mann-Whitney U test. CC: cell control. (n = 3
independent experiments).

4. Discussion

In recent decades, the use of probiotics as an alternative for preventing and treating
ADD caused by viruses such as RV has been increasing [7,10,38,39]. The bifidobacteria
group is among the most studied probiotics for that purpose [8,40]. Some species of the
genus Bifidobacterium are beneficial in preventing rotavirus infection [41,42], strengthening
the intestinal barrier [43], and modulating the immune response [44,45]. Notably, studies
on bifidobacteria involve the characterization of the direct effects of specific species and the
mechanisms attributed to the bioactive substances they secrete [21,46].

This study aimed to evaluate the effects of anti-rotaviral BaSP on cell viability, cy-
toskeleton structure (F-actin distribution), TJs (Occludin expression), and the generation of
apoptosis and necrosis markers in the human intestinal C2BBe1 cell line. For this purpose,
a BaSP pool was obtained from a batch culture of B. adolescentis. The cell viability was
initially evaluated on MA-104 cells, and it was observed that concentrations ≤ 250 µg/mL
did not reduce cell viability (Figure 2). This finding is relevant for the development of
antivirals to obtain a good selectivity index (cytotoxic concentration 50 (CC50)/inhibitory
concentration 50 (IC50) ratio).

Subsequently, the evaluation of the anti-rotaviral activity of the BaSP pool showed
an IC50 of 125 µg/mL (Figure 3). Unfortunately, the protein content of the BaSP pool was
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insufficient to evaluate higher concentrations in order to determine the CC50; therefore, the
SI could not be calculated.

Our research group previously reported that BaSP can reduce RV infection in vitro by
directly interacting with infectious virions. Additionally, it decreases intracellular levels
of the viral enterotoxin NSP4 and intracellular Ca+2 post-infection, both of which are
critical for viral maturation and pathogenesis [20,21]. Other preliminary studies from our
group suggest that BaSP mainly interacts with the rotavirus structural protein VP5, which
is involved in host cell entry. The antiviral activity of B. adolescentis has been found in
other models of infections with human papillomavirus [15], coxsackie virus [18], hepatitis
B virus [16], herpes virus [47], and vesicular stomatitis virus [17]. In addition, other
Bifidobacterium species, such as B. longum, B. breve, and B. thermophilum, can also reduce
rotavirus infection [46,48,49].

The primary target cells of rotaviruses are mature enterocytes [3]. These epithelial
cells constitute the luminal surface of the intestine, which forms the barrier responsible
for absorbing and eliminating molecules derived from orally ingested compounds in food,
drugs, and xenobiotics [24]. Therefore, molecules such as bacterial metabolites, e.g., BaSP,
that are produced in laboratories or industries should be evaluated for their potential effects
on the intestines using in vitro tests in the first instance. If a xenobiotic crosses or damages
the intestinal barrier, it will cause injury to organs such as the liver, thus being potentially
lethal [50].

Based on our previous findings on the anti-rotaviral activity of BaSP, we decided to
evaluate their potentially deleterious effects on the C2BBe1 cell line. First, cell viability
was assessed in terms of metabolic activity using the MTT test. None of the BaSP pool
concentrations that were tested reduced the viability of the C2BBe1 cells (Figure 4). These
results correlated with those observed in the MA-104 cells and were in agreement with
previous reports showing percentages of cell viability above 95% after exposing cells to
B. adolescentis [18,41]; however, it should be noted that the biological effects of probiotics
depend not only on the species but also on the strain tested [51,52].

Interestingly, the C2BBe1 cultures exposed to most concentrations of the BaSP pool
showed a percentage of cell viability higher than 100%. This finding could be related to
an increase in cell proliferation. A similar effect has been observed with two extracel-
lular proteins purified from L. rhamnosus that activated Akt, inhibited cytokine-induced
apoptosis, and promoted epithelial cell growth [53]. Another study reported that stromal
cell proliferation was significantly increased in the presence of B. bifidum, either in the
culture-derived supernatant or the bacterial cell mass itself [54].

Several effects of probiotics may be mediated by the antimicrobial compounds they
secrete, a circumstance that can strengthen the epithelial barrier function [55] and rearrange
the cytoskeleton and the intercellular junctions [56]. In the present study, the BaSP were
shown to neither alter nor adversely affect the integrity of the C2BBe1 cell monolayer or the
rearrangement of the cytoskeleton and cellular TJs (Figures 5 and 6). In all experimental con-
ditions, the complete polarization and integrity of the C2BBe1 monolayers were evidenced
by TEER values above 300 Ω/cm2 (Figure 5). These data are in the range of TEER values
previously reported for the CaCo2 cells that vary from 300 Ω/cm2 to 2000 Ω/cm2 [57].

Furthermore, BaSP did not affect the cytoskeleton architecture of the C2BBe1 cells,
as demonstrated by the distribution of F-actin that was similar to that of the untreated
cell control (Figure 6). On the other hand, occludin showed augmented fluorescence
intensity in the C2BBe1 cell cultures exposed to 250 µg/mL of the BaSP pool (Figure 6). A
higher occludin expression may translate into reduced paracellular permeability and, thus,
decreased transit of pathogenic bacteria and viruses across the intestinal barrier.

Cell death is an important outcome of cytotoxicity and depends on biological processes
defined by biochemical pathways. Cell death can occur through apoptosis or necrosis, each
of which is characterized by particular phenomena. For example, apoptosis is characterized
by the exposure of phosphatidylserine to the outer leaflet of the plasma membrane (de-
tectable by binding to Annexin V) [58]. In turn, necrosis is characterized by cell membrane
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damage, which is detectable by staining with supravital dyes such as PI that penetrate
the cell and stain nuclear DNA. Figure 7A,B shows no markers of apoptosis or necrosis
in C2BBe1 cells exposed to BaSP. Notably, some studies have reported that B. bifidum can
downregulate apoptosis in vitro and in vivo [59], suggesting a protective mechanism for
the host.

In vitro toxicity testing entails exposing cells to a test compound for a duration ranging
from 6 to 72 h. This model is primarily focused on assessing acute toxicity and providing
data for hazard identification and concentration-effect responses to establish a quantitative
starting point. These findings can then be used for biokinetic extrapolation calculations in
in vivo tests [60]. In this regard, the data obtained from the tests conducted in this study
can serve as a basis for conducting acute toxicity tests in animals. In summary, the results
presented in this study demonstrate that anti-rotaviral BaSP do not induce metabolic and
structural damage to human intestinal C2BBe1 cells in vitro. These findings also suggest
that BaSP may enhance the barrier function of the intestinal epithelium.

5. Conclusions

The secretome of Bifidobacterium adolescentis produces molecules and compounds ca-
pable of inhibiting rotavirus infectivity and possibly strengthening and defending the
intestines from adverse events such as viral and bacterial infections that result from para-
cellular transport.
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