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Abstract The maintenance of mucosal barrier equilib-
rium in the intestine requires a delicate and dynamic
balance between enterocyte loss by apoptosis and the
generation of new cells by proliferation from stem cell
precursors at the base of the intestinal crypts. When the
balance shifts towards either excessive or insufficient
apoptosis, a broad range of gastrointestinal diseases can
manifest. Recent work from a variety of laboratories has
provided evidence in support of a role for receptors of the
innate immune system, including Toll-like receptors 2, 4,
and 9 as well as the intracellular pathogen recognition
receptor NOD2/CARDI1S5, in the initiation of enterocyte
apoptosis. The subsequent induction of enterocyte apop-
tosis in response to the activation of these innate immune
receptors plays a key role in the development of various
intestinal diseases, including necrotizing enterocolitis,
Crohn’s disease, ulcerative colitis, and intestinal cancer.
This review will detail the regulatory pathways that govern
enterocyte apoptosis, and will explore the role of the innate
immune system in the induction of enterocyte apoptosis in
gastrointestinal disease.
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Introduction

The intestinal barrier must accomplish a seemingly impos-
sible task. On the one hand, it must efficiently mediate the
absorption of fluids, nutrients, and minerals from the lumen
across the epithelium and into the microcirculation of the
microvilli. On the other hand, the barrier must be sufficiently
impermeant so as to prevent the transfer of potentially
pathogenic microbes and injurious antigens. Under condi-
tions in which the barrier is compromised, the host may show
increased susceptibility to intestinal infection, inflammation,
and systemic disease. An understanding therefore of the
factors that regulate intestinal barrier integrity is critical
towards gaining insights into the mechanisms that are
required for maintaining the balance between health and
disease [1]. Studies from a variety of sources have demon-
strated that intestinal barrier integrity is determined in large
part by the balance between the proliferation of enterocytes
at the base of the crypts and their death along the crypt-villus
axis by apoptosis [1, 2]. Moreover, the innate immune sys-
tem—which plays a central role in the protection of the host
from potential pathogens—has been found to play an
important role in the induction of enterocyte apoptosis under
a defined set of pathological conditions. After defining the
differences between apoptosis and necrosis, we will now
consider the mechanisms that regulate apoptosis within the
intestinal epithelium, the role of the innate immune system in
the induction of enterocyte apoptosis, and the consequence
of enterocyte apoptosis in the development of disease.

Death and dying in the gut: apoptosis versus necrosis

Apoptosis refers to death in a programmed, well-coordinated
manner that has well-defined morphological features and
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which is followed by the quiescent removal of dying cells
[3]. By contrast, cellular necrosis results in cell death that is
characterized by the rapid breakdown of membrane integrity
and the release of cellular contents into the extracellular
space [4]. This release of cellular contents can damage
neighboring cells and result in the activation of immune
cells, whose release of pro-inflammatory molecules can
cause further cellular and tissue damage [4]. Within the gut,
activators of enterocyte necrosis by trauma or bacterial
toxins leads to membrane degradation, cell swelling, and
DNA hydrolysis [1]. Proteins released from these necrotic
cells, defined as danger-associated molecular patterns
(DAMPs), have been shown to activate pattern-recognition
receptors on the innate immune system, which further
propagate the inflammatory response leading to further cel-
lular necrosis [5]. For example, high mobility group protein
B1 (HMGBI1), a DNA-binding protein, is released from
damaged enterocytes where it can activate the innate
immune receptor Toll-like receptor 4 (TLR4), resulting in an
enhanced inflammatory response in neighboring enterocytes
[6, 7]. Other DAMPs known to activate the inflammatory
cascade contributing to further cellular necrosis include uric
acid, heat-shock proteins, and genomic DNA [4, 8]. Despite

Fig. 1 Regulation of apoptosis
in mammalian cells. As
described in the text, apoptosis
may be initiated by either
extrinsic or intrinsic pathways.
The molecular constituents of
each of these pathways, and
their point of conversion at the
mitochondrial membrane, are
depicted in this schematic
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having the potential to cause additional tissue damage, the
ability of the innate immune system to recognize DAMPs
may be advantageous as a means of alerting the host to a
breach in barrier integrity. While the precise role for en-
terocyte apoptosis versus necrosis in the maintenance of
homeostasis remains incompletely understood, prevailing
dogma suggests that while the induction of enterocyte
apoptosis is necessary to allow for the turnover of the
intestinal epithelium, which is required for maintenance of
epithelial integrity, enterocyte necrosis, and the subsequent
induction of the inflammatory response is generally associ-
ated with pathological barrier disruption. This review will
focus on the steps that result in enterocyte death by apoptosis,
and will then consider the role of the innate immune system
in the induction of enterocyte apoptosis in the steps that lead
to the development of intestinal disease.

The molecular mechanisms that regulate apoptosis
in enterocytes

The commitment of a cell to enter a programmed cell death
pathway represents a delicate balance between pro- and
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anti-apoptotic signals (Fig. 1). In mammalian cells, the
activation of caspases, which are normally contained in the
cells as inactive precursor enzymes, plays a critical role in
the commitment to undergo apoptosis. Caspases can be
activated through both extrinsic and intrinsic pathways [9].
Activators of the extrinsic pathway of apoptosis include
tumor necrosis factor-o (TNF-«), Fas ligand (FasL) and TLR
ligands [4, 10-13]. Binding of their cognate receptors sends
a rapid pro-apoptotic signal that causes the recruitment of
Fas-associated death domain protein (FADD) or Myeloid
Differentiation Primary Response gene (88) (MyD88) to the
death domain of the receptor, which causes the formation of
the Death-Inducing Signaling Complex (DISC) [14]. FADD
then complexes with procaspase-8, resulting in the proteo-
lytic activation and release of active caspase-8. Active
caspase-8 in turn activates other downstream caspases
including caspase-3 and -7, as well as the BH3-interacting
domain death agonist (BID), which leads to mitochondrial
outer membrane permeabilization and cell death [15]. Pro-
apoptotic proteins, including Bcl-2 associated X (BAX) and
Bcl-2 antagonist/killer (BAK), remain anchored in the
mitochondrial membrane and are required for mitochondrial
membrane permeabilization, and upon activation form a
pore in the mitochondrial membrane [16]. This causes the
release of cytochrome c¢ and the second mitochondrial
activator of caspases (Smac) [17, 18]. Cytochrome c, toge-
ther with apoptotic protease-activating factor-1 (APAF-1)
and procaspase-9, form the apoptosome [4, 18], while the
release of Smac prevents inhibitors-of-apoptosis proteins
(IAP) from blocking apoptosome function [15, 16].

In comparison to the extrinsic pathway, activation of the
intrinsic pathway can be stimulated in response to toxic
stress such as DNA damage or high pH [1, 17, 19-21].
Stimuli such as these cause the activation of a subset of
pro-apoptotic proteins belonging to the B cell lymphoma-2
(Bcl-2) family. Because these proteins contain only three
Bcl-2 homologue (BH) domains, they are referred to as
BH3-only proteins [16, 22]. The BH3-only proteins acti-
vate BAX and BAK either indirectly by antagonizing the
anti-apoptotic proteins Bcl-2, Bcl-2-like protein 1(Bcl-X;)
and Induced Myeloid Leukemia Cell Differentiation Pro-
tein (MCL1) [19, 22-24] or through direct activation of
BAX and BAK [22, 23, 25, 26]. Once BAX and BAK are
activated, the cascade of events leading to MOMP and cell
death are as previously described.

A link between inflammation and intestinal epithelial
apoptosis

The balance between intestinal mucosal injury that is
induced in response to enterocyte apoptosis, and mucosal
repair that may occur via the combined processes of
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Fig. 2 TLR4-induced enterocyte apoptosis leads to a disruption in
the intestinal epithelial barrier, bacterial translocation, and systemic
sepsis. As is described in the text, TLR4 activation leads to the
induction of enterocyte apoptosis, which allows for translocation of
enteric bacteria, activation of the immune system, and the develop-
ment of systemic sepsis and inflammation. In response to the
disruption in the enterocyte barrier, enterocytes migrate from healthy
regions surrounding the mucosal defect, which serves to re-seal the
site of disruption and to restore barrier integrity

enterocyte migration and proliferation, is central to the
health and function of the gastrointestinal tract. Under
normal physiological conditions, apoptosis of enterocytes
is thought to serve the purpose of removing senescent,
malfunctioning, or potentially dangerous cells [10]. How-
ever, if apoptosis occurs at a rate that compromises
epithelial barrier integrity, activation of the local and sys-
temic immune system occurs (Fig. 2). While the immune
system is critically important for defending and protecting
the host from potentially harmful stimuli, we and others
have shown that excessive activation of the immune system
can also lead to increased rates of intestinal epithelial
apoptosis [27-35]. The following section will highlight
important regulatory components of innate immunity that
are central to inflammation-induced apoptosis.

NF-«kB signaling and apoptosis in the gut

NF-xB is an essential transcription factor required for the
proper orchestration of a broad diversity of biological roles,
including innate immune signaling and apoptosis. The
canonical activation of NF-xB can be initiated by a variety
of pro-inflammatory stimuli, which result in the activation
of the upstream IxB kinase (IKK) complex [36]. This in
turn phosphorylates IxkBo, the inhibitor protein preventing
NF-kB from translocation to the nucleus [37]. Phosphor-
ylated IxBo then disassociates from NF-xB, and allows for
NF-kB to translocate to the nucleus where it influences the
transcriptional regulation of genes involved in immune
response, cell survival, differentiation and proliferation
[38]. Within the intestinal epithelium, NF-xB activation
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has been shown to be required for homeostatic regulation
of enterocyte death and proliferation, as thus to play a key
role in the protection from the development of intestinal
inflammation [39]. Studies with mice deficient in IKKf, a
protein required for the phosphorylation of IxkBa and
proper functioning of NF-xB, demonstrated increased rates
of intestinal epithelial cell apoptosis and severe intestinal
inflammation compared with wild-type mice [40]. Further,
mice in which the NF-xB response was ablated showed
increased enterocyte apoptosis, and this resulted in an
increased susceptibility to ischemia-reperfusion injury
[41]. Additionally, mice lacking proper NF-xB signaling in
the intestinal epithelial cells of distal small intestine and
colon resulted in the increased susceptibility to neonatal
intestinal failure and inflammation in a dextran sodium
sulphate-induced colitis model, and this susceptibility was
mediated partly through the increased rates of epithelial
apoptosis [39]. By contrast, as will be discussed below,
activation of NF-xkB via TLR4 in the newborn small
intestine leads to increased rates of enterocyte apoptosis
that is not seen in TLR4-deficient mice, nor in adult mice,
and which together play a key role in the development of
necrotizing enterocolitis [34]. These studies highlight the
importance of proper NF-xB function for regulating
intestinal homeostasis, in part regulated through the proper
control of intestinal apoptosis.

Pattern-recognition receptors critical for the regulation
of apoptosis: TLRs and NODs

The pattern recognition receptors (PRRs) have emerged as
the fulcrum between host protection and disease, especially
in the gastrointestinal tract. PRRs such as Toll-like recep-
tors (TLR) and nucleotide-binding oligomerization domain
protein receptors (NOD) provide a critical function in the
detection of extracellular and intracellular microbial pat-
terns including commensal and pathogenic bacteria.
Certain PRRs are also known to signal following binding
of endogenous ligands [42—48]. While this highly con-
served set of receptors provides the potential for protection
against a sweeping range of potentially harmful agents,
they are highly susceptible to continuous stimulation,
particularly when physiological protection such as epithe-
lial barrier integrity is compromised.

TLR4

Toll-like receptor 4 (TLR4) is one of the best characterized
pathogen-recognition receptors. It recognizes the bacterial
membrane constituent lipopolysaccharide that is common
to Gram-negative bacteria [49-52]. TLR4 has a well-
characterized cytoprotective role on immune cells where its
activation leads to NF-kB activation and cytokine release.
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Importantly, we and others have shown that TLR4 is
expressed in the intestinal epithelia also express TLR4,
both on the apical membrane surface [53, 54] and anchored
to cytosolic Golgi [55]. The prototypical response of TLR4
following LPS activation is a degree of proinflammatory
response characterized by the transcription of several
inflammatory cytokines, chemokines, type 1 interferons,
and immune response genes [56]. By contrast, on entero-
cytes, TLR4 activation has a strong role in the induction of
mucosal injury in the newborn small intestine via increased
enterocyte apoptosis, and an inhibition in mucosal repair,
through decreased enterocyte proliferation and migration
[35, 57]. These findings are seemingly in contrast to pre-
vious findings in adult colon, in which TLR4 signaling is
critical for optimal proliferation and protection against
apoptosis [58]. Differences in injury model, age of mice
and location of injury (colon vs. small intestine) are likely
contributing factors to the differences observed between
studies, a fact supported by a study from our lab that
showed that TLR4 activation did not cause apoptosis in the
adult small intestine and colon [34].

What are the potential mechanisms by which TLR4 can
regulate enterocyte apoptosis in the newborn small intestine
but not in the adult colon? One possible explanation may be
found by examining the ontogeny of TLR4 within the
developing intestine, in which TLR4 was found to elevate
throughout gut development, then to fall shortly after birth,
to rise, then to fall again shortly after weaning [59]. It may
thus be expected that in the newborn small intestine, upon
colonization of the gut with microbes, under conditions in
which TLR4 expression remain exaggerated—as may occur
in the setting of hypoxia or remote infection, increased
TLR4 signaling may ensue, resulting in enterocyte apop-
tosis and barrier injury. By contrast, in the adult colon, in
which TLR4 levels are quite low, minimal signaling would
be expected to occur, and TLR4 may play a homeostatic
rather than pathological role. Taken together, these studies
place the spotlight on TLR4 as an important regulator of
apoptosis, and highlight the fact that understanding TLR4
ontogeny within the intestine may provide novel insights
into the mechanisms that regulate intestinal homeostasis
and the susceptibility to disease.

TLR9Y

TLRO is the receptor for microbial DNA and has been
shown to play a pivotal role in the regulation of intestinal
inflammation. TLRY is located in the cellular cytosol and is
activated by intracellular cytosin-guanosin dinucleotide
(CpG) motifs composed of unmethylated CpG dinucleo-
tides, known to be immunostimulatory components of the
bacterial DNA [60]. TLRY activation has been studied
extensively in murine antigen-presenting cells including
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macrophages, dendritic cells, and B lymphocytes [60-64].
Activation of intracellular TLR9 drives the production of
numerous proinflammatory cytokines, including tumor
necrosis factor (TNF), IL-6 and I1-12 leading to a strong
induction of the T-helper 1 immune response [63]. Despite
the strong immunostimulatory properties of TLR9 in
immune cells, several studies have shown that TLRY is
effective in reducing apoptosis and gastrointestinal
inflammatory disease, in part through signaling on en-
terocytes. In models of experimental colitis, the
administration of CpG significantly reduced the pro-
inflammatory cytokine expression of interferon (IFN)-y and
IL-6, increased anti-inflammatory IL-10 and reduced dis-
ease severity [65]. This finding was corroborated by
another study showing that immunostimulatory DNA was
able to ameliorate experimental and spontaneous colitis
[66]. Several studies from our lab have also shown that
CpG oligomers are able to counter the effects of TLR4-
dependent inflammation. In a model of necrotizing
enterocolitis, administration of CpG was shown to inhibit
TLR4 signaling in enterocytes through an IRAK-M-
dependant mechanism leading to reduced pro-inflammatory
cytokines, reduced apoptosis, and decreased intestinal
disease [59]. The ability of TLRY activation to limit TLR4
signaling in the gut was subsequently validated by a trauma
model, in which the administration of CpG-DNA resulted
TLR4-dependent mucosal injury of the intestine. DNA
administration acting through a TLR9-dependant mecha-
nism reduced the effects of trauma on the small intestine
and did so by reducing intestinal apoptosis [6]. However,
there is conflicting data to suggest that TLR9 activation can
further exacerbate intestinal inflammation and apoptosis. In
an experimental model for colitis, CpG administration
given following the onset of colitis had a more exacerbated
colitis and intestinal breakdown [60, 67]. This highlights
the importance of clear delineation of the mechanisms
involved in TLRY activation and careful consideration of
when to use immuno-modulatory agents therapeutically.
Can an understanding of the relationship between TLR4
and TLR9Y signaling within the intestinal epithelium provide
insights into the unique susceptibility of the premature
infant to necrotizing enterocolitis? To answer this question,
we have evaluated the ontogeny of TLR4 and TLR9
expression within the murine developing gut, and have
noted that while TLR4 expression rises during develop-
ment, TLRY falls, such that the premature mouse is
characterized by elevated TLR4 and reduced TLR9 levels.
Upon subsequent colonization by bacteria in the immediate
postnatal period, the preterm intestine can be thought of as
being “primed” for the development of NEC, due to the
imbalance between excessive “injurious” TLR4 and
reduced “protective” TLR9 levels [59]. Should this pattern
of developmental expression also hold true in the human, an

understanding of the developmental regulation of TLR4 and
TLRY within the intestine may shed light not only on the
factors that link the innate immune system with postnatal
gut inflammation, but also may provide the opportunity for
therapeutic manipulation of this system in at risk neonates
immediately prior to or after delivery (Fig. 3).

TLR2

TLR2 is a transmembrane member of the TLR family that
recognizes conserved molecular patterns associated with
both Gram-negative and Gram-positive bacteria, including
lipoproteins, peptidoglycan (PGN), lipoteichoic acid, and
zymosan [68]. Similar to TLR4, TLR2 signals through the
NF-xB transcription factor, which when activated produces
cytokines and chemokines [69]. Within the intestine,
TLR2-mediated pro-inflammatory signaling in the healthy
gut is inhibited by factors such as decreased receptor
expression, high levels of Tollip, and A20 [68, 70-72].
Within the intestinal epithelium, Cario et al. [73] have
shown that TLR2 activation can enhance mucosal integrity
through enhanced ZO-1 signaling. In further in vivo stud-
ies, they demonstrated that the degree of mucosal
inflammation in models of DSS-colitis was significantly
increased in TLR2-deficient mice due to increased en-
terocyte apoptosis [68], while the administration of the
TLR2 ligand PCSK significantly suppressed mucosal
inflammation and apoptosis by efficiently restoring tight
junction-associated integrity of the intestinal epithelium in
vivo. TLR2 activation was also shown to induce synthesis

:i- TLR4
bacteria _— NFkB —--‘ Apoptosis

1. TLR4-mediap
internalization|

Fig. 3 The interaction between pattern-recognition receptors deter-
mines the extent of TLR4-induced enterocyte apoptosis. As is
described in the text, TLR4 activation in enterocytes leads to the
induction of apoptosis. In parallel, TLR4 activation has been found to
play an important role in facilitating the internalization of microbes
into enterocytes. These microbes can then activate intracellular
pathogen recognition receptors (PRRs) including TLR9 and NOD2/
card15 which serve to limit the extent of TLR4 signaling, to reduce
the extent of enterocyte apoptosis, and to preserve barrier integrity
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of trefoil factor 3 (TFF3), which enhances barrier integrity,
providing a further clue as to the reason for the increased
mucosal inflammation in the TLR2-deficient mice [30].
These studies clearly point to an important role for TLR2 in
the regulation of gut inflammation, in part through effects
on enterocyte apoptosis.

NOD2/CARDI5

The nucleotide-binding oligomerization domain-contain-
ing-2 (NOD2) protein is a member of the NOD-like
receptor protein family that functions as an intracellular
PRR that recognizes and responds to microbial products
that are common among a number of Gram-positive and
Gram-negative bacteria [74—77]. One such molecule is the
peptidoglycan-derived  molecule, = muramyl-dipeptide
(MDP). Recognition of MDP by NOD2 drives the activa-
tion of the pro-inflammatory transcription factor NF-xB
and mitogen-activated protein kinase (MAPK) [75, 78].
The importance of NOD?2 in intestinal disease is supported
by studies that show variants in NOD2 gene to predispose
individuals to Crohn’s disease [79—83]. NOD2 was most
commonly associated with a role in immune cells such as
macrophages, dendritic cells, granulocytes [78, 84, 85], but
has also been shown to be expressed in intestinal epithelial
cells [34]. A connection between NOD?2 activation and
inhibition of TLR’s was initially made when NOD2-defi-
cient mice had exacerbated colitis, which was ameliorated
in double TLR2/NOD?2 knockout mice [86]. Subsequently,
NOD?2 inhibition of TLR4 was proven in vitro using den-
dritic cells and in vivo in DSS and TNBS model of
experimental colitis [87].

Our laboratory has recently demonstrated that NOD-2
can significantly inhibit TLR4 signaling in the enterocytes
of the neonatal small intestine resulting in a marked pro-
tection from the induction of apoptosis [34]. Studies using
dominant-negative expression of NOD2 and TLR4 in both
intestinal epithelial cells (IEC-6) and mice showed that
NOD?2 activation with MDP was effective in preventing
TLR4-dependant apoptosis and to attenuate the severity of
it. In seeking to define the mechanisms by which NOD2
activation could attenuate TLR4-mediated enterocyte
apoptosis, we further demonstrated a novel link between
NOD?2 activation and the induction of the protein inter-
mediate  SMAC-DIABLO, which stands for second
mitochondria-derived activator of caspases/direct inhibitor
of apoptosis-binding protein with low PI (SMAC-DIA-
BLO) [34]. Taken together, these findings indicate that by
inducing SMAC-DIABLO, a well-known intracellular
inhibitor of apoptosis, activation of the innate immune
system activation by intracellular pathogens can attenuate
the extent of enterocyte apoptosis that may otherwise occur
in response to unchecked TLR4 signaling (Fig. 3).
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What is the possible teleological explanation for the
interplay between NOD2, TLR9, and TLR4 in enterocytes?
One possible reason may be found in our observation that
TLR4 leads to the internalization of bacteria by entero-
cytes, a process that may be necessary for antigen sampling
and the education of the gut to the presence of various
immunologically active peptides [54]. Such intracellular
antigens could then conceivably activate TLR9 and NOD2
and thereby restrain TLR4 signaling, effectively preventing
further bacterial entry, while also limiting the effects of
TLR4-induced intestinal injury. We now propose that
under conditions in which TLR4 signaling may be exag-
gerated—such as in the premature small intestine or in the
adult under conditions of stress—the extent of TLR4 sig-
naling in enterocytes may be regulated in large part through
the combined interactions of TLR4, NOD2, and other
innate immune receptors such as TLR9Y, and that the extent
of these interactions is governed by a dynamic interplay
between the microbial flora and the inflammatory micro-
environment of the host (Fig. 3).

Enterocyte apoptosis and intestinal disease

As discussed above, while apoptosis is a normal physio-
logical event within the gastrointestinal tract, intestinal
disease can result whenever enterocyte apoptosis 1is
increased, or conversely when enterocyte apoptosis is
reduced. The following section will describe intestinal
diseases that are caused, and exacerbated by, a shift in
apoptotic equilibrium within the gastrointestinal tract.

Enterocyte apoptosis and necrotizing enterocolitis

Necrotizing enterocolitis (NEC) is a devastating intestinal
inflammatory disease and is the leading emergency among
preterm infants [31, 88]. NEC is characterized by the
acute development of intestinal necrosis, systemic sepsis,
intestinal pneumatosis, ischemia reperfusion injury, and
multi-organ failure [89]. Factors such as bacterial colo-
nization and endotoxin exposure, hypoxia, ischemia
reperfusion, and enteral formula feeding have all been
identified as predisposing factors leading to NEC [34, 35,
90-93]. Interestingly, these mentioned factors have also
been identified as proapoptotic factors and thus it is not
surprising that NEC has been associated with increased
rates of intestinal epithelial apoptosis. Early studies
identified intestinal apoptosis as one of the early events
preceding overt inflammatory necrosis [94]. In this rat
model of NEC, formula feeding and hypoxia-induced
stress was shown to increase DNA fragmentation and
caspases-3 abundance and these biological abnormalities
common to apoptosis preceded gross bowel morphological
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necrosis. Supplementation with a pan-caspase inhibitor
reversed these effects by normalizing rates of apoptosis
leading to decreased NEC incidence. More recently,
activation of the sentinel immune receptor TLR4 has been
shown to be directly responsible for increased rates of
apoptosis and NEC. Utilization of mice with deficient
TLR4 signaling showed that LPS-induced intestinal
apoptosis was prevented and NEC incidence reduced [35].
As described above, the TLR4-mediated induction of
enterocyte apoptosis in the neonatal intestine could be
reduced both by activation of TLR9 [59] as well as by
NOD2, through the induction of the endogenous inhibitor
of apoptosis SMAC-DIABLO [34]. These studies provide
a strong rationale for studying how the regulation of en-
terocyte apoptosis within the newborn intestine can
perhaps provide novel therapeutic insights for preterm
infants with NEC.

Enterocyte apoptosis and inflammatory bowel disease

Collectively, ulcerative colitis (UC) and Crohn’s disease
(CD) are referred to as inflammatory bowel disease (IBD),
a disease of chronic relapsing idiopathic inflammation of
the gastrointestinal tract [95]. Current dogma states that
IBD results from the interplay of genetic susceptibility, and
the exaggerated and inappropriate mucosal immune
response to colonizing bacteria. Despite several clinical
and pathological differences between UC and CD, apop-
tosis is a common component to both inflammatory
diseases [96]. Several mouse models have been developed
to study IBD, introducing genetic susceptibility through the
gene-targeted deletions or insertions, or through the utili-
zation of chemical inducers of inflammation [97-102].
Many of these experimental models have studied the role
of apoptosis in the development of disease. For instance, in
a dextran-sodium sulfate (DSS) model of colitis, mice with
the genetic deletion of a known regulator of intestinal
barrier integrity, protein kinase C iota (PKC1), experienced
impaired recovery for intestinal injury [103], in association
with increased mucosal inflammation and apoptosis. It has
also been suggested that PKC1 signaling leads to improved
epithelial restitution through the actions of Trefoil factor
3(TFF3), a molecule released by goblet cells that has
previously been shown to inhibit enterocyte apoptosis in
the setting of inflammation [30]. Similar studies have
shown that TLRs (TLR4 and TLR2) are important regu-
lators of apoptosis that is present in experimental colitis.
For instance, in a study by Fukata et al. [58], TLR4-defi-
cient mice showed significantly reduced intestinal
epithelial proliferation and increase apoptosis following
DSS injury compared to wild-type controls. The authors
show that the COX-2 and PGE2, both important mediators
of inflammation and epithelial repair, were down-regulated

in TLR4-deficient mice, and that supplementation of PGE2
restored proliferation and apoptosis and improved the
clinical outcome of TLR4-deficient mice.

Additional studies have assessed the role of tumor
necrosis factor (TNF) in the regulation of enterocyte
apoptosis in the setting of IBD. TNF is a pro-inflammatory
cytokine that has been directly associated with the devel-
opment of both CD and UC. TNF levels are elevated in the
serum, mucosa, and stool of patients with IBD, and infu-
sion of monoclonal anti-TNF antibody is a well-
recognized, commonly used, and quite efficacious therapy
for IBD in children and adults [104]. Several studies have
identified a region on chromosome 6p21, IBD3, as an IBD-
susceptibility locus in four independent linkage studies
[105-108]. IBD3 encompasses the TNFo gene, a strong
positional and functional candidate gene for IBD [104],
providing an additional biological explanation for the link
between IBD signaling and TNF.

Enterocyte apoptosis and intestinal cancer

While this review has so far focused on the role of exag-
gerated enterocyte apoptosis in the setting of mucosal
inflammation through increased barrier disruption, a wid-
ening body of literature has indicated that deficiencies in
apoptotic programs within the intestine can lead to the
development of malignancy [109]. In general terms, when
proliferation of malignant tumors is offset by similar rates
of apoptosis, the tendency to develop a malignancy is
reduced, while an impairment in the degree of apoptosis
and a corresponding increase in proliferation favors the
development of intestinal malignancy [110, 111]. In a
recent study, Voisin et al. [112] showed that re-establishing
the balance between apoptosis and proliferation within
tumors through the stimulation of OX1R, a proapoptotic
transmembrane receptor, was sufficient to slow tumor
growth and prevent new tumor formation. Furthermore,
several studies have found that deficiencies in the apoptotic
mechanism can also result from abnormalities or mutations
in important homeostatic proteins such as p53, K-ras, APC,
EGF-R, and TLRs [1, 113-115], and some of these muta-
tions may serve to be informative biomarkers of disease.
Another key contributor to the development of cancer
within the intestine is chronic inflammation, and this field
of focus has expanded significantly in recent years with the
observation that anti-inflammatory strategies that may
reduce the risk of malignant change [116-118]. In partic-
ular, inflammatory mediators such as IL-1, TNF-¢, IL-8,
nitric oxide, or prostaglandin-2 derivatives may each act as
mediators connecting inflammation and cancer develop-
ment [119]. In a study with germ-free rats, it was shown
that the continual inflammatory stimulation imposed by
colonizing bacteria is also important in the development of
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colorectal carcinomas as germ-free rats developed fewer
and smaller tumors than conventionally reared animals
[120]. The exact mechanism regarding the inflammation-
dependant growth of gastrointestinal malignancies still
remains incompletely understood, but some evidence sug-
gests that constitutively high levels of NF-xB activation as
well as TLR signaling may be partially responsible for
malignancy progression [121-123]. Interestingly, due to
the influence of colonizing bacteria on chronic inflamma-
tion and cancer development, therapeutic strategies
involving the administration of beneficial bacteria (probi-
otics) for the prevention of intestinal inflammatory diseases
are starting to emerge [120]. These findings raise the
exciting possibility that future strategies based upon the
manipulation of the extent of enterocyte apoptosis may
emerge as novel approaches to both the treatment and
prevention of cancer in the gut.

Conclusions and future perspectives

This review highlights the importance of the innate
immune system in the regulation of enterocyte apoptosis in
the steps that lead to the development of intestinal
inflammation—including necrotizing enterocolitis and
inflammatory bowel disease—and also examined the role
of enterocyte apoptosis in the pathogenesis of intestinal
malignancy. A recurrent theme raised by each of these
studies is the importance of the intestinal flora in disease
development, which provide ligands for the innate immune
receptors found on the intestinal epithelium. Thus, further
delineation and understanding of the role of the intestinal
microbiome in the regulatory pathways of gastrointestinal
apoptosis is likely to be critical for our ability to thera-
peutically manipulate the role of apoptosis and prevention
of intestinal disease. This line of thinking has lead to the
emergence of probiotics for both the prophylactic preven-
tion and treatment of gastrointestinal inflammatory
diseases. In an extremely exciting line of investigation,
evidence suggests that transgenic probiotic bacteria may
serve as a method of reducing manipulating apoptosis and
inflammation [124, 125]. While this a promising thera-
peutic approach, there may be some apprehension towards
the delivery of transgenic bacteria to compromised indi-
viduals. Further avenues of research will include the
incorporation of high-throughput screens—which may be
performed in silico as well as in cells and tissue—to
identify agents that can bridge the innate immune system
with critical components of the apoptosis pathways in the
gut, and can thus serve as novel anti- or pro-apoptotic
drugs. Those agents with pharmacologic properties that
enhance their gastrointestinal selectivity may be particular
exciting in this regard, and thus offer novel strategies for
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the prevention and treatment of necrotizing enterocolitis,
inflammatory bowel disease, and intestinal cancers.
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