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Abstract Selective microbes used as probiotics can
enhance epithelial cell protection. We have previously
shown that a Lactobacillus plantarum strain 299v (Lp299v)
has the ability to induce mucin genes. In the current study,
we utilized a cytokine model of inflammation in cell cul-
ture to study the modulation of apoptosis by this probiotic.
HT-29 cells were pre-incubated with the Lp299v or
L. plantarum strain adh- (Lpadh-), a non-adherent deriva-
tive of Lp299v. Cells were challenged with a mixture of
cytokines (TNF-o, IFN-y, and IL-1a) to imitate conditions
of inflammation. To assess for cell death, we evaluated
TUNEL, multi-caspase, and caspase-3 and caspase-7
activity assays. There was a marked decrease in apoptosis
as measured by TUNEL™ cells in samples pre-treated with
Lp299v (18.7 + 4.1%, p <0.01) and Lpadh- (16.6 +
3.2%, p < 0.05) prior to cytokine exposure when compared
to cells (43.6 &= 6.2%) exposed to the cytokine mixture.
Lp299v pre-incubation with HT-29 cells reduced caspase™
cells in the multi-caspase activity assay (3.6 £ 0.6%,
p <0.05) compared to cells exposed to cytokines
(68.9 = 5.1%) whereas Lpadh- did not (46.8 &+ 17.5%,
p > 0.05). Similarly, caspase-3, caspase-7 activity was also
reduced by Lp299v. Selected probiotics may confer an
exogenous protective effect at the mucosal-luminal
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caspase-dependent apoptotic pathways.
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Background

Probiotics are non-pathogenic microbes that can confer a
number of health benefits to their host. They can exert some
of their effects at the mucosal-luminal interface through
their actions on intestinal epithelial cells (IECs). Select
probiotics can upregulate IEC mucin expression to impede
enteropathogen access to IECs [1]; maintain barrier function
following enteropathogen insult and reduce enteropathogen
colonization and adherence [2, 3]; modulate Toll-like
receptor 2, critical in maintaining barrier function when cells
are faced with inflammatory stress [4]; and prevent apoptosis
to enhance survival of mucosal cells to subsequently provide
enhanced mucosal barrier function [5].

IECs constitute the mucosal layer of the small intestine
and act as the cellular barrier between luminal contents and
the host. IEC homeostasis is maintained in the gastroin-
testinal tract mainly via proliferative activity and apoptosis
[6]; cells shed naturally are rapidly replenished by stem
cells in villi crypts, every 3-5 days on average [7]. Due to
this large degree of cell turnover and the physiological
requirement for apoptotic cell death, it follows that dys-
regulated apoptosis is indicated in a number of gas-
trointestinal diseases [6, 8-11]. Since a reduction in
disproportionate apoptosis improves intestinal health [12],
it is worthwhile to further delineate the nature of this
physiological process. Previous research has shown that a
secreted product of Lactobacillus rhamnosus strain GG
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(LrGG) can inhibit cytokine-induced apoptosis [5]. How-
ever, both the physical nature of the microbial-IEC rela-
tionship as it relates to apoptosis as well as the extent of
caspase involvement is not well described.

The goal of this study was to further understand the
relationship that exists between probiotics and IECs. It was
hypothesized that intimate probiotic interaction requiring
adherence with IECs enhances cell survival through alter-
ation of programmed cell death (PCD) mechanisms. Spe-
cific aims included evaluating the extent of L. plantarum
strain 299v (Lp299v)-mediated anti-apoptosis in a model
of cytokine-induced stress and assessing the role of
adherence with any anti-apoptotic effect noted in vitro.

Methods
Bacteria and Growth Conditions

Bacteria used in the study included L. plantarum strain
299v (Lp299v; supplied by Dr. Siv Ahrne, University of
Lund, Lund, Sweden) that is a member of a genetically
well-defined sub-group of L. plantarum isolated from
intestinal mucosa [13]. An adherent-negative derivative
strain of Lp299v named L. plantarum strain adh- (Lpadh-;
supplied by Dr. Siv Ahrne) is a spontaneous mutant of
Lp299v that lacks adherin (personal communication, Dr.
S Ahrne), has reduced intestinal epithelial cell binding, and
lacks the ability to modulate mucin gene expression by
intestinal epithelial cells [14]. RFLP analysis did not detect
differences between Lp299v and its derivative Lpadh- [13].
Stock cultures were stored at —80 °C or maintained at 4 °C
on Lactobacilli MRS agar (Becton, Dickinson and Com-
pany, Sparks, MD) until grown overnight at 37 °C in
Lactobacilli MRS broth (Becton—-Dickinson Canada Inc.,
Oakville, ON). Bacteria were harvested by centrifugation
and quantified as previously described [1].

Cell Culture

As Lp299v was initially isolated from small intestinal
biopsies, the HT-29 cells (American Type Culture Col-
lection, Manassas, VA) were progressively transferred
from a glucose-containing McCoy’s 5A media to a glu-
cose-free, 5 mM galactose-containing McCoy’s SA culture
medium as previously described [15] to transform the cells
to display features of small intestinal cells [16]. Culture
medium was supplemented with 10% heat-inactivated fetal
bovine serum at 0.25% (Invitrogen Canada Inc.) and an
antibiotic/antimycotic mixture containing 100 U/mL peni-
cillin G, 100 mg/mL streptomycin sulfate, and 0.25 mg/mL
amphotericin B (Invitrogen Canada Inc.). Cells were washed
twice with PBS and incubated in antibiotic-free media prior
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to exposure to bacterial strains. Cells were cultured at 37 °C
in 75-cm? culture flasks (Corning Inc., NY) in a Thermo-
Forma Series II Water Jacketed CO, (ThermoForma, Mari-
ette, OH) with 5% CO, and were routinely passaged after
washing with PBS using Trypsin—-EDTA (Invitrogen Canada
Inc.). For the in vitro assessment of cytokine-induced
apoptosis, HT-29 cells were grown to approximately 80%
confluence on sterilized microscope slide cover slips.

Cytokine-Mediated Induction of Apoptosis

Cytokine profiles in the bowel with active inflammation
include IL-1, IFNy, and TNFx [17]. This mixture has also
been previously found to induce IEC apoptosis in vitro [5].
We therefore chose a mixture of these three cytokines for our
in vitro analysis of apoptosis. Cells on cover slips were incu-
bated with fresh antibiotic-free mediaand 1 x 10° CFU/mL
Lp299v, or 1 x 10° CFU/mL Lpadh- for 1 h. Following
microbial exposure for 1 h, 100 ng/mL of IFNy, 100 ng/mL
of TNFo, and 10 ng/mL of IL-1o were administered to HT-29
cells for a period of 15 min, after which time cells were
washed twice in PBS before further analysis of the extent of
apoptosis using two distinct methods.

TUNEL Assay

Cells were assessed for the relative extent of total apoptosis
using the ApopTag Peroxidase In Situ Apoptosis Detection
Kit (Chemicon International, Temecula, CA). This kit is a
version of the TUNEL assay based on the detection of
180-bp DNA fragments that are the hallmark of apoptotic
cell death. Cleaved DNA fragments were detected by
dNTP TdT enzyme labeling to 3’ OH ends. An anti-
digoxigenin antibody was then used which in the presence
of peroxidase substrate such as diaminobenzidine (DAB)
produced a brown color indicative of apoptosis. Cells were
counterstained with hematoxylin for 10 s and viewed
with a light microscope to distinguish stained cells. An
ApopTag Fluorescein In Situ Apoptosis Detection Kit
(Chemicon International, Temecula, CA) as a fluorescent
TUNEL assay was also employed as a means of verifica-
tion of TUNEL™ cells due to the increased sensitivity of
this method. This assay uses a fluorescent-conjugated pri-
mary antibody for detection of TdT enzyme activity instead
of the peroxidase system.

Caspase Activity Assay

Caspase activity assays can detect cells in the early stages
of apoptosis that would otherwise be missed in the TUNEL
assay and also account for the degree of TUNEL™ cells that
were in fact necrotic and not truly apoptotic, as TUNEL
assesses non-specific breaks in DNA. Experiments were
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conducted using a multi-caspase activity assay measuring
the activity of caspases 1-9. Additional experiments were
conducted using a caspase-3 and -7 activity assays to
determine more specifically the relative involvement of
these two main effector caspases [18]. Both the CaspaTag
Multi-Caspase In Situ Assay Kit and the CaspaTag Cas-
pase-3/7 In Situ Assay Kit (Chemicon International,
Temecula, CA) use fluorochrome inhibitors of caspases
(FLICA) reagent to detect and bind active caspases.
The caspase-3/7 kit uses a carboxyfluorescein-labeled
fluoromethyl ketone peptide inhibitor of caspase-3
(FAM-DEVD-FMK) to produce a green fluorescence. For
both assays, Hoechst stain was used to label the nuclei of
dividing cells and as a means of enumerating a fotal cell
count. Cover slips were inverted onto a clean glass
microscope slide on top of a drop of 1x wash buffer before
being analyzed via fluorescent microscopy. Green fluores-
cence indicative of apoptotic cell death was viewed using a
bandpass filter (excitation 490 nm, emission 520 nm) and
cell nuclei were viewed using a filter set to excitation
365 nm and emission 480 nm.

TUNEL and Caspase Activity Analysis

Upon completion of the TUNEL assays, samples were
inverted onto microscope slides and analyzed by counting
the number of TUNEL™ cells per 200 total cells detected via
light microscopy (for peroxidase TUNEL) and fluorescent
microscopy (fluorescent TUNEL) and displayed as a per-
centage of TUNEL™ cell death. Similarly, caspase™ cells
were counted per 200 cells and graphically represented as
a percentage of caspase-dependent cell death (PCDI).
Caspase™ cells were noted as green fluorescent cells with
Hoescht blue nuclear stain to delineate total cell nuclei.

Statistical Analysis

Data from all groups were analyzed using 1-way ANOVA
and the Tukey post-test for inter-condition comparison.
Statistics were generated using Prism Version 4.0
(GraphPad Software, San Diego, CA) and are presented as
mean + SE with a CI of 95%; p < 0.05 was considered
statistically significant.

Results

Lp299v and Lpadh- Similarly Protect Intestinal
Epithelial Cells from Cytokine-Induced Cell Death

Control cells not exposed to cytokines were assayed for
TUNEL positivity and fell within an anticipated range
(23.5 £ 3.2%). Following cytokine exposure, there was a

significant increase in TUNEL" cells (43.6 4+ 6.2%,
p < 0.05 versus control). Pre-treatment of HT-29 cells with
the adherent-negative Lpadh- leads to a substantial
decrease in this value (16.6 £ 3.2%, p < 0.05) (Fig. la,
compare panels 1 and 2; and 1b, second and third bars)
compared to cells treated with cytokines. Similarly,
Lp299v incubation prior to cytokine exposure mimicked
this effect (18.7 & 4.1%, p < 0.05) (Fig. la, compare
panels 1 and 3; and 1b, second and fourth bars). These
results suggest that both Lp299v and Lpadh- pre-incubation
on IECs similarly confer protection against cytokine-
induced cell death involving DNA cleavage, as detected by
TUNEL.

Lp299v Significantly Decreases Caspase-Dependent
Apoptosis In Vitro

To differentiate caspase-dependent programmed cell death
(PCDI) from necrosis and caspase-independent pro-
grammed cell death (PCDII), HT-29 cells were analyzed
for caspase involvement using the caspase activity assay as
a means of caspase™ cell detection. When HT-29 Gal cells
were incubated for 15 min with the pro-inflammatory
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Fig. 1 Lp299v and Lpadh- similarly protect cells from cytokine-
induced apoptosis. Panel a Peroxidase in situ TUNEL staining of HT-
29 Gal cells in vitro following cytokine exposure (/), incubation with
Lpadh- for 1 h prior to cytokine exposure (2), and incubation with
Lp299v for 1 h prior to cytokine exposure (3). Images were obtained
using an Axioskop microscope and Northern Eclipse software for
analysis. Panel b Average number (mean &+ SE) of TUNEL™
intestinal epithelial cells reported as a percentage of total cells
counted in 9 randomly selected microscopic fields in 4 independent
experiments; * p<0.05, ** p<0.01 versus cytokine-treated cells
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Fig. 2 Incubation of cells with Lp299v decreases caspase activation
following cytokine exposure. Panel a Fluorescent caspase activity
assay showing caspase® cells following cytokine exposure (1),
incubation with Lpadh- for 1 h prior to cytokine exposure (2), and
incubation with Lp299v for 1 h prior to cytokine exposure (3).
Caspase™ cells are indicated by the presence of green fluorescence on
a blue Hoescht counterstain which indicate cell nuclei. Images were

cytokines in the absence of either the adherent or non-
adherent probiotic strain, there were a large number of cas-
pase™ cells noted (68.9 & 5.1%) when compared to control
cells (25.0 + 2.0%) (Fig. 2a, panel 1; and 2b, first and sec-
ond bars). There was a significant decrease in caspase™ cells
observed in samples pre-treated with Lp299v prior to 15 min
cytokine exposure (3.6 £+ 0.6%, p < 0.05) compared to
cytokine-treated cells (Fig. 2a, compare panels 1 and 3; and
2b, second and fourth bars). Caspase reactivity (46.8 +
17.5%, p > 0.05) with Lpadh- treated cells was not statis-
tically different than cytokine-treated cells.

Lp299v and Lpadh- Demonstrate Opposing Effects
on Caspase-3 and -7 Activity

To distinguish between the number of caspase™ cells and
caspase-3, 71 cells, HT-29 cells were subjected to experi-
mental conditions similar to the caspase activity assay
except using a fluorescent dye specific to activated caspase-
3 and -7. This was to determine whether Lp299v and Lpadh-
exclusively inhibited the activity of executioner caspases-3
and -7 or instead exerted a global effect on caspase family
members. Control cells not subjected to experimental
treatment were assessed using the assay and found to have
levels of caspase reactivity that fell within the normal range
indicated by the manufacturer (control data not shown).
When cells were exposed to cytokines for 15 min, there was
a large degree of caspase-3, 77 reactivity observed (73%)
(Fig. 3, first bar). In contrast, cells incubated with Lp299v
for 1 h prior to cytokine exposure demonstrated a significant
attenuation of caspase-3, 7% reactivity (4%), once again
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obtained using an Axioskop microscope and Northern Eclipse
software for analysis. Panel b Caspase activity assay results
following enumeration of apoptotic cells per total cells counted in
randomly selected microscopic fields. Values represent mean + SE
and are the result of three independent experiments. * p<0.01 versus
cytokine treatment
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Fig. 3 Incubation of cells with Lp299v decreases caspase-3 and -7
activation following cytokine exposure. Caspase-3, 7 activity assay
results. Proportion of apoptotic cells per total cells counted in
randomly selected microscopic fields

implicating their role in IEC protection from cytokine-
mediated apoptosis (Fig. 3, third bar). Cells exposed to
Lpadh- prior to cytokine exposure showed minimal
decrease in percentage of caspase-3, 7% cells compared to
cytokine exposed cells alone (Fig. 3, second bar).

Discussion
In this study, both Lp299v and Lpadh- pre-incubation with

HT-29 cells ameliorated the effects of HT-29 cell by
cytokines exposure as measured by an in vitro TUNEL
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assay, an assay that measures the extent of cell death
involving the DNA cleavage characteristic of apoptosis.

To assess the relative degree of whole caspase
involvement measuring caspase-1 involvement and cas-
pase-8 activity consistent with inflammation, a multi-cas-
pase activity assay to measure the activity of caspases 1-9
was performed. Consistent with TUNEL assay results, the
multi-caspase activity assay revealed an increase in apop-
totic HT-29 cell death following cytokine exposure in
the absence of probiotics (68.9 = 5.1%). However,
only Lp299v pre-incubation reduced caspase™ cells
(3.6 £ 0.6%, p < 0.01). The failure of Lpadh- to protect
against PCDI underlines the importance of the microbial
adherence factor in eliciting IEC protection from caspase-
dependent apoptosis. This same adherence has been pre-
viously found to be important in in vivo mucin expression
[19] and in vitro attenuation of enteropathogen adherence
to IECs [15]. Taken together, these results suggest that
direct interaction between probiotic organisms and IECs
enhance cellular-derived protection. Polk et al. [5] showed
the LrGG secreted a soluble factor that was responsible for
prevention of apoptosis following cytokine exposure of
IECs and this strain is also capable of attenuation of
enteropathogen adherence to IECs [1]. An epithelial cell
adhesin could be expected to enhance delivery of such a
soluble compound to cells to which they are bound.
Alternatively, Lpadh- may act on caspase-independent
PCDII or necrosis.

Our further experiments were conducted using a cas-
pase-3 and -7 activity assay to determine more specifically
whether key executioner caspases were being inhibited in
the prevention of apoptosis. As with the multi-caspase
activity assay, when cells were incubated with Lp299v for
1 h prior to cytokine exposure, the percentage of caspase-3,
-7" cells markedly decreased, suggesting that the strain’s
reduction of caspase-dependent programmed cell death
may be mediated by caspase-3 and -7 inhibition. The lack
of protection conferred by the non-adherent Lpadh- points
both to the suspected role of adherence in preventing
cytokine-induced caspase activation.

Successful disease interference would be aided by
knowledge of the form of cell death indicated for the
specific disease in question [20]. If probiotics impinge
selectively on caspase-3 and -7, mainly affecting the end
stage of apoptosis, this may permit the activity of other
caspases involved in differentiation and cell development
which would also be of benefit to the host [8]. Probiotics
have been found to be of benefit in the prevention of
development of necrotizing enterocolitis [7] that is asso-
ciated with a large degree of necrosis and IEC death [21,
22]. Since the comparatively circumscribed level of
apoptosis is thought to trigger opportunistic necrotic cell
death, PCDI inhibition could potentially block subsequent

necrosis and chronic inflammation, attributed in part by
necrosis. Preventing apoptosis as such could preclude
subsequent necrosis and inflammation characteristic of
necrotizing enterocolitis and provide some additional
explanation for the mechanism of action behind probiotic
success in preventing the development of this condition
[23, 24]. Probiotics that closely interact with IECs and
demonstrate an anti-apoptotic phenotype associated with
caspase-3 and -7 inhibition and therapeutic interference of
PCDI would provide another explanation of probiotic
effect and could potentially be used to maximize benefit at
the mucosal-luminal interface.
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