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Probiotic factors partially prevent changes to caspases
3 and 7 activation and transepithelial electrical resistance
in a model of 5-fluorouracil-induced epithelial cell damage
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Abstract The potential efficacy of a probiotic-based pre-
ventative strategy against intestinal mucositis has yet to be
investigated in detail. We evaluated supernatants (SN) from
Escherichia coli Nissle 1917 (EcN) and Lactobacillus
rhamnosus GG (LGG) for their capacity to prevent 5-
fluorouracil (5-FU)-induced damage to intestinal epithelial
cells. A 5-day study was performed. IEC-6 cells were
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treated daily from days O to 3, with 1 mL of PBS (untreated
control), de Man Rogosa Sharpe (MRS) broth, tryptone soy
roth (TSB), LGG SN, or EcN SN. With the exception of the
untreated control cells, all groups were treated with 5-FU
(5 uM) for 24 h at day 3. Transepithelial electrical resistance
(TEER) was determined on days 3, 4, and 5, while activa-
tion of caspases 3 and 7 was determined on days 4 and 5 to
assess apoptosis. Pretreatment with LGG SN increased
TEER (p<0.05) compared to controls at day 3. 5-FU ad-
ministration reduced TEER compared to untreated cells on
days 4 and 5. Pretreatment with MRS, LGG SN, TSB, and
EcN SN partially prevented the decrease in TEER induced
by 5-FU on day 4, while EcN SN also improved TEER
compared to its TSB vehicle control. These differences were
also observed at day 5, along with significant improvements
in TEER in cells treated with LGG and EcN SN compared
to healthy controls. 5-FU increased caspase activity on
days 4 and 5 compared to controls. At day 4, cells
pretreated with MRS, TSB, LGG SN, or EcN SN all
displayed reduced caspase activity compared to 5-FU
controls, while both SN groups had significantly lower
caspase activity than their respective vehicle controls.
Caspase activity in cells pretreated with MRS, LGG SN,
and EcN SN was also reduced at day 5, compared to 5-
FU controls. We conclude that pretreatment with select-
ed probiotic SN could prevent or inhibit enterocyte
apoptosis and loss of intestinal barrier function induced
by 5-FU, potentially forming the basis of a preventative
treatment modality for mucositis.

Keywords Probiotics - Secreted factors - Intestinal
mucositis - Chemotherapy
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Introduction

The chemotherapy drug S-fluorouracil (5-FU) is regularly
prescribed to treat a wide variety of cancers, including colon,
head, and neck [1].While 5-FU is effective at killing neoplas-
tic cells, its administration also results in severe side effects, of
which intestinal and oral mucositis are the most common.
Those diagnosed with intestinal mucositis may suffer from a
range of symptoms, such as nausea, vomiting, dyspepsia,
dysphagia, and diarrhea [2]. These symptoms arise following
a cascade of events within the small intestine, including upre-
gulation of proinflammatory cytokines and transcription fac-
tors, reduced enterocyte proliferation and migration, and
increased cell apoptosis [3]. The overall loss of barrier func-
tion can lead to clinical complications, such as infection and
malnourishment [4]. In many cases, these side effects of
chemotherapy can have such severe effects on the patient that
the treatment must be ceased while the patient recovers.
Despite its prevalence and the new treatment strategies being
explored, there remains no definitive therapy for intestinal
mucositis, and new treatment strategies are required.

Probiotics can be defined as live bacteria, which, when
administered in sufficient numbers, exert beneficial physio-
logic or therapeutic activities [5]. Although their efficacy in
the treatment of intestinal mucositis remains unclear [6], pro-
biotics have been shown to exert beneficial effects (such as
reduced enterocyte apoptosis [7], modulation of inflammation
[8], and maintenance of barrier function [9]) suggesting that a
probiotic-based therapy could be an effective therapeutic strat-
egy. Recent studies have also identified probiotic supernatants
(SN) as being capable of carrying out similar functions to the
live bacteria from which they are derived [10]. The associated
reduced risk of infection renders them ideal for use in a
disorder such as mucositis in which the immune system of
the individual is compromised [11, 12].

The high degree of strain specificity associated with
mechanisms of probiotic action can be problematic when
selecting an appropriate strain for a specific disorder. Con-
sistent with the involvement of apoptosis and barrier disrup-
tion in the development of mucositis in the current study, we
selected two probiotic strains which have previously been
shown to promote cell survival and barrier function, Lacto-
bacillus rhamnosus GG (LGG) [13, 14] and Escherichia
coli Nissle 1917 (EcN) [15].

Treatment with live EcN has been shown to upregulate
the tight junction molecule, zonula occluden (ZO)-1 at both
the mRNA and protein levels, in addition to a reduction in
intestinal permeability in mice with dextran sulfate sodium-
induced colitis [15]. EcN administration led to an overall
increase in intestinal barrier function, reduced body weight
loss, and leukocyte infiltration. However, this study was
limited to analysis of the large intestine, and it remains
unexplored if EcN would also impact on small intestinal
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enterocytes. LGG has also been shown to exert beneficial
effects on intestinal cells, preventing transepithelial electri-
cal resistance (TEER) reduction and maintaining ZO-2 lev-
els in Caco-2 cells treated with proinflammatory interferon-
0 [13]. These changes were associated with the inhibition of
proinflammatory tumor necrosis factor (TNF)-« expression,
a cytokine which is also involved in the development of
intestinal mucositis [16]. LGG has also demonstrated anti-
apoptotic effects in a model of ex vivo staurosporine-
induced apoptosis [14], in which a single dose of LGG
was sufficient to inhibit caspase 3 expression, and reduce
the overall percentage of cells undergoing apoptosis.

EcN and LGG are yet to be thoroughly investigated in the
setting of 5-FU-induced damage. Therefore, the primary aim
of this study was to test the capacity for probiotic SN
derived from LGG and EcN, to protect epithelial cells from
caspase activation and reduction of epithelial barrier func-
tion induced by 5-FU.

Materials and methods
SN preparation

LGG was kindly donated by Valio Ltd. (Helsinki, Finland).
EcN was purchased from Ardeypharm (Herdecke, Germany)
and was grown in tryptone soy broth (TSB, Oxoid, South
Australia, Australia). LGG was grown on de Man Rogosa
Sharpe (MRS) agar (Oxoid) at 37 °C for 24 h and then on
MRS broth (Oxoid). All bacterial strains were incubated at
37 °C for 48 h and reached a concentration of 10° CFU/mL.
Broths were then centrifuged at 1,500 g for 10 min. SN were
then collected and buffered with Tris/HCI to a pH of 7.0. SN
were passed through a 0.20-um filter and stored at —20 °C
until use. Prior to administration, SN were diluted with 50 %
Dulbecco’s modified Eagle medium (DMEM).

Transepithelial electrical resistance

IEC-6 rat intestinal epithelial cells (passage 20-23) were cul-
tured in medium comprising DMEM, 10 % fetal bovine serum
(GIBCO®, Victoria, Australia), and 1 % penicillin/streptomy-
cin (GIBCO®). IEC-6 cells were added to the upper layer of
0.33-cm® Transwell clear polyester permeable membranes
(Corning Costar, NY, USA) at a density of 8x10* cells/well.
Fresh DMEM (200 pL) was then added to the lower layer.
Cells were allowed to adhere to the plate for 24 h prior to the
beginning of the experiment. Plates were stored at 37 °C in
95 % air, 5 % CO, for the duration of the study.

Six treatment groups were used for the study: PBS +
saline (untreated control), PBS + 5-FU (5-FU control),
MRS broth + 5-FU, TSB broth + 5-FU, LGG SN + 5-FU,
and EcN SN + 5-FU. The MRS and TSB groups were
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included as vehicle controls to determine the effects of the
media in which the SN were grown. Each treatment and
DMEM (100 pL of each) were added to the upper layer of
each well daily for 4 days. On day 3, 5 uM 5-FU in PBS
(500 uL) was added to the DMEM in the lower layer for
24 h to induce a reduction in TEER. The medium was then
replaced daily with fresh DMEM, without SN or vehicle.
TEER measurements were recorded daily on days 3, 4, and
5. Treatments were performed in duplicate, while the entire
experiment was carried out in triplicate to give n=6 for each
treatment. The resistance across confluent monolayers was
measured using a Millicell-ERS volt-ohm meter (Millipore,
MA, USA) with electrodes. Values were expressed as ohms
per square centimeter (€2/cm?), taking into account the sur-
face area of the filter.

Caspase 3/7 activity

IEC-6 rat intestinal epithelial cells (passage 24-26) were
cultured in medium comprising DMEM, 10 % fetal bovine
serum (GIBCO®), and 1 % penicillin/streptomycin
(GIBCO®). For apoptosis measurements, cells were seeded
into a black 96-well plate (0.32 cm?) at a density of 8x10°
cells/well. Cells were allowed to adhere to the plate for 24 h
prior to the addition of treatments. Plates were stored at
37 °C in 95 % air, 5 % CO, for the duration of the study.

The six treatment groups were as described previously.
Each treatment and DMEM (100 pL of each) were added to
each well daily for 4 days. On day 3, 5 uM 5-FU in PBS
(200 uL) was added to each well for 24 h to induce apo-
ptosis. The medium was then replaced daily with fresh
DMEM without SN or vehicle. Apoptosis measurements
were recorded daily on days 4 and 5. Treatments were
performed in duplicate, while the entire experiment was
carried out in triplicate to provide n=6 for each treatment.

Apoptosis was measured by caspase 3/7 assay (Apo-
One® homogenous caspase 3/7 assay kit, Promega, WI,
USA). The medium was removed from the cells and briefly
stored in Eppendorf tubes, before 50 pL was returned to
each well. This was done to ensure that cells which had
undergone apoptosis and detached from the monolayer were
included in the assay mixture and that the volume of medi-
um was uniform for each well. Caspase reagent (50 pnL) was
then added to each well. The plate was covered with alumi-
num foil and left on a plate shaker at room temperature for
2 h. After 2 h, the plate was read on a fluorescent plate
reader at 485/535 nm.

Statistical analysis
Statistical analysis was conducted using SPSS 15.0.1 for

Windows (SPSS Inc., IL, USA). Data were compared by
one-way ANOVA with a Tukey post hoc test and were

expressed as mean + SEM. For all data, p<0.05 was con-
sidered significant.

Results
Transepithelial electrical resistance

Cells were coincubated with 5 uM 5-FU overnight from days
3 to 4. TEER was recorded on days 3, 4, and 5. On day 3 (i.e.,
pre-5-FU) LGG SN pretreatment had significantly increased
TEER compared to untreated controls (p<0.05, Fig. 1a). 5-FU
administration significantly reduced TEER on day 4 com-
pared to untreated controls (p<0.05); however, this reduction
was not observed in any other treatments (Fig. 1b). All
vehicle- and SN-treated groups displayed significantly higher
TEER readings than 5-FU controls (p<0.05). Importantly,
EcN treatment also increased TEER compared to its vehicle
control, TSB (p<0.05).

The 5-FU-induced reduction in TEER was also observed
on day 5 (Fig. 1c, p<0.05). As with the measurements on day
4, all vehicle and SN groups prevented this reduction in
TEER. LGG and EcN SN + 5-FU groups exhibited increased
TEER compared to untreated controls at day 5 (Fig. 1c).
Furthermore, ECN SN-treated cells exhibited higher TEER
than the TSB vehicle control (p<0.05, Fig. 1c).

Caspase 3/7 activity

Apoptosis was measured via caspase 3/7 activation on days
4 and 5. On day 4, 5-FU administration significantly in-
creased caspase 3/7 activation compared to untreated con-
trols (Fig. 2, p<0.05). All vehicle controls and SN groups
displayed lower caspase 3/7 activation than 5-FU controls
(»<0.05), and both LGG SN and EcN SN significantly
reduced activation compared to their respective vehicle con-
trols, MRS and TSB (p<0.05). Caspase activation for 5-FU
controls remained elevated on day 5 compared to untreated
cells (p<0.05, Fig. 3), with an increase again not observed
in any vehicle- or SN-treated group. EcN SN-treated cells
exhibited significantly reduced caspase 3/7 activation com-
pared to 5-FU controls (p<0.05), although this reduction
was not observed in the TSB vehicle control group.

Discussion

Pretreatment with EcN SN prevented 5-FU-induced reduc-
tions in TEER following a 24-h treatment with 5-FU. EcN
has been shown to upregulate expression of ZO-1 [15] and
Z0-2 [17], two tight junction molecules which have previ-
ously been associated with improvements in TEER [18].
Whether these changes are responsible for the increases
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Fig. 1 Transepithelial resistance readings at a day 3, b day 4, and ¢
day 5. Cells were treated from days 0 to 3 with phosphate buffered
saline (control and 5-FU), de Man Rogosa Sharpe (MRS) broth, L.
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other tight junction molecules, such as claudins. The findings
of Zyrek and colleagues are particularly relevant, as an in-
crease in ZO-1 was observed in a model of intestinal damage,
whereby the authors added enteropathogenic E. coli E2348/69
to T84 cells to induce epithelial disruption [17]. The study
revealed that coincubation of EcN with the pathogen, or the
addition of EcN following damage, was able to prevent the
onset of epithelial disruption and maintain barrier integrity.
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Fig. 3 Caspase 3/7 activation on day 5 (48-h post 5-fluorouracil
(5-FU)). Prior to 5-FU incubation, cells were treated from days 0 to 3
with phosphate buffered saline (control and 5-FU); de Man Rogosa
Sharpe (MRS) broth, L. rhamnosus GG supernatant (LGG SN), tryp-
tone soy broth (TSB), or E. coli Nissle 1917 supernatant (EcN SN). All
treatments were added in a 1:1 dilution with Dulbecco’s modified
Eagle medium. Values expressed as mean + SEM, n=6. *p<0.05,
significance compared to control treatment; “p<0.05, significance
compared to 5-FU treatment
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Given the effect of ECN SN on caspase 3/7 activity in the
current study, we also propose that the reduced cell apoptosis
may have contributed to an overall increase in epithelial
integrity. Caspases 3 and 7 are executioner caspases which
can be used as positive markers for cell apoptosis [1]. ECN SN
successfully prevented the increase in caspase 3/7 activity
induced by 5-FU. To our knowledge, this represents the first
description of an antiapoptotic effect of ECN SN. Previously,
ECN has been shown to influence the expression of genes
linked to apoptosis regulation [17] and proinflammatory cy-
tokine production [19], indicating potential mechanisms un-
derlying the observed results.

In the current study, LGG SN decreased apoptosis and
prevented barrier disruption, a finding consistent with pre-
vious studies [20, 21]. Acute improvement of epithelial
integrity has been reported in T84 cells treated with LGG,
where a 3-h incubation significantly increased TEER [20].
LGG administration was also able to prevent an E. coli
0157:H7-induced reduction in TEER while maintaining ep-
ithelial permeability and redistribution of tight junction
molecules. Seth and colleagues isolated two proteins (p40
and p70) from the SN of LGG that prevented hydrogen
peroxide-induced damage to barrier function in Caco-2 cells
[L1]. Further analysis of the LGG SN revealed a number of
proteins released by LGG, including LytR and CpsA [22].
These two proteins are components of the LytR/CpsA/Psr
protein family which plays a role in cell wall structural
maintenance. To determine if these proteins are able to
protect against 5-FU induced damage, future studies should
investigate the ability of these proteins, both independently
and in combination, to maintain barrier function.

The capacity for LGG to reduce enterocyte apoptosis has
been described previously in other models of intestinal
damage [23, 24]. Yan and colleagues studied the secreted
proteins p40 and p75 from LGG and found that both pro-
teins were able to inhibit TNF-induced apoptosis while also
increasing cell proliferation [24]. Further studies are re-
quired to determine the mechanism by which these proteins
were able to inhibit apoptosis. The components of the SN
responsible for the beneficial results in the current study
have not yet been identified.

This study further suggests an important role for the growth
media from which the SN was obtained. MRS broth improved
TEER following incubation with 5-FU, while both MRS and
TSB prevented increases in caspase activity post 5-FU. The
primary component of TSB is pancreatic digest of casein—a
mix of amino acids, of which glutamine is most abundant
[25]. Glutamine is an important amino acid for cell prolifera-
tion [26] and has been associated with maintenance of epithe-
lial cell integrity [27, 28]. Indeed, early research into the use of
glutamine as a treatment for chemotherapy-induced mucositis
yielded promising results [29]. In a model of methotrexate-
induced mucositis, glutamine supplementation following

chemotherapy reduced apoptosis and promoted cell prolifera-
tion. It was hypothesized that the abnormally high availability
of glutamine, the preferred fuel source of the small intestine
[30], may have stimulated mucosal hyperplasia, as well as the
release of enteric hormones which in turn have trophic effects
on the intestinal mucosa.

Glucose is the major component of MRS broth [31]. High
glucose-containing media have been shown to prevent
lipopolysaccharide-induced (LPS) changes to both apoptosis
and epithelial barrier function [32], with high glucose-
containing media preventing LPS-induced reduction of Bcl-
2 protein expression and increasing antiapoptotic Bcl-X| .
These proteins have previously been associated with the de-
velopment of intestinal mucositis [1], and similar modulation
in the current study may have been responsible for the protec-
tive effects of MRS. The protective effect of the growth media
in the current study suggests that the changes to caspase
activity and TEER observed in the SN-treated groups may
not have been entirely due to the secreted factors. Future
studies should attempt to separate the secreted compounds
from the growth media using techniques such as super centri-
fugation and then compare the two individually.

We conclude that secreted factors from LGG and EcN
were partially effective at preventing 5-FU-induced altera-
tions in epithelial barrier function and apoptosis, with the
growth media also contributing to protection. Future studies
should focus on determining the importance of strain spec-
ificity and comparisons between the probiotic SN and their
respective live bacteria. Furthermore, investigation into the
effects of the probiotic-derived compounds on tight junction
expression and intestinal permeability should be conducted
to better understand the mechanisms underlying mainte-
nance of intestinal barrier function.
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