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Abstract

Apoptosis plays an essential role in both physiology and pathology. In the pathogenesis of inflammatory bowel diseases,
disturbances of apoptosis also play an important role. Inflammatory cells (for example lymphocytes, granulocytes) in the gut wall
are resistant to apoptotic stimuli and they accumulate there causing tissue damage. On the other hand, apoptotic elimination of
the enterocytes is enhanced, which leads to the impairment of the gut barrier. The exact mechanisms of these phenomena are
still poorly understood and they are still under investigation. The present paper summarises current knowledge in terms of the
role of alterations of programmed cell death in the pathogenesis of inflammatory bowel diseases.

Introduction

The aetiology of Lesniowski-Crohn’s disease (CD)
and ulcerative colitis (UC), both being inflammatory
bowel diseases (IBD), is still unknown. Probably, the
chronic inflammation in the intestinal wall in IBD re-
sults from an altered immune response to some poor-
ly-defined antigens (probably of bacterial origin) in
a genetically predisposed host exposed to several en-
vironmental factors [1, 2].

We still do not know which immunological defect
initiates the chronic inflammatory cascade in IBD.
There are some alterations in intestinal epithelial bar-
rier functions described, in which different structural
defects in tight junction proteins seem to play a cru-
cial role. This leads to enhanced penetration of sev-
eral antigens (toxins, microbes) to submucosal regions
of the intestinal wall. There are also profound defects
in the cooperation between subpopulations of T cells.
The function of granulocytes, monocytes, and other cell
populations of the innate immune system is also deep-
ly disturbed. Among the most important disturbances
from the pathological point of view are alterations in

defensin production (also called endogenous antibi-
otics) in Paneth cells in the small intestinal epithelial
layer. In recent years, a large number of studies have
also shown that a crucial role in the pathogenesis of
IBD is played by disturbances in cellular autophagy, in
functions of the endoplasmic reticulum (ER) — the role
of so-called ER stress. There are also data describing the
pro-inflammatory influence of oxidative stress in the
gut wall and the imbalance between several cytokines,
as a key factors leading to perpetuation of chronic in-
flammation in IBD [3-5].

Most recent studies have shown that probably some
bacterial antigens are responsible for the initiation of
the inflammatory processes. It should be mentioned
that the number of bacterial cells in the gut lumen is
much higher than the number of all cells building the
entire human body, so the intestinal immune system
must be able to differentiate precisely pathogenic from
physiological bacterial antigens [3, 4]. We hypothesise
that disturbances in the immunological response to
bacterial immune stimulation result in the pathologi-
cal activation of several pro-inflammatory pathways. In
the aforementioned mechanisms, the innate immune
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system cells are engaged as well as the cells belong-
ing to the so-called adaptive immune response (mainly
CD4 helper and CD8 cytotoxic lymphocytes) [5]. In CD,
a predominance of Thl — and Th17-dependent immune
response is described, connected with enhanced ac-
tivity of interleukin-2 (IL-2), IL-6, tumour necrosis fac-
tor-o (TNF-av), interferon-y (IFN-y), IL-17, IL-22, or IL-23. In
UG, a predominance of Th2 response is observed — here
the crucial role is played by IL-4, IL-5, or IL-10 [6, 7].

Apoptosis — definition
and mechanisms of action

Disturbances in apoptosis (this process is also
known as programmed cell death) seem to play an im-
portant role in IBD pathogenesis. This process in phys-
iological conditions is strictly and precisely regulated,
and it is energy dependent. Apoptotic elimination usu-
ally concerns single cells, and much more rarely some
cellular groups. In contrast to necrosis, apoptosis does
not generate an inflammatory reaction. Programmed
cell death plays a crucial role both in physiological (for
example in embryogenesis) and in many pathological
conditions (primarily in oncogenesis and in inflamma-
tory disorders) [8, 9].

Several pathways can finally lead to the initiation
of cellular apoptosis. So-called extrinsic and intrinsic
apoptosis induction pathways are the two best-char-
acterised pathways. The extrinsic pathway is induced
as a result of a stimulation of a death receptors’ group.
The best-studied death receptors are tumour necrosis
factor receptor 1 (TNFR1), TNFR2, Fas (CD95), and death
receptors 5 and 6 (DR5, DR6). The aforementioned re-
ceptors can be stimulated by ligands like TNF-a. or Fas.
The intrinsic pathway is induced by other factors, for
example oxidative stress, ultraviolet radiation, some
drugs, or disturbances in DNA structure and function.
A crucial role in the intrinsic pathway is played by mito-
chondria. These organelles excrete to the cellular cyto-
sol, promoting factors leading to the activation of this
apoptotic pathway. Cytoplasmatic proteins belonging to
the Bcl-2 family play another important role in the apop-
totic cascade. Some Bcl-2 proteins enhance apoptosis
(Bax, Noxa), while another subgroup has anti-apoptotic
properties (Bcl-2, Bcl-w). A predominance of pro — or
anti-apoptotic Bcl-2 family proteins allows the initiation
of programmed cell death or its blockade [10, 11].

In contrast to the different induction scenarios, the
mechanisms of apoptotic execution phase are very sim-
ilar in the majority of cell types. In this case, a crucial
role is played by cysteine proteases called caspases. The
members of this enzyme group undergo a cascade ac-
tivation from inactive proenzymes to active particles.
In the first phase, initiator caspases are activated (e.g.
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caspase 8, 9, or 10). At the final stage, so-called execu-
tive caspases (with crucial caspase 3) induce the final
stages of cellular programmed cell death. The DNA is
condensed (karyopyknosis) and then cut to similar frag-
ments of roughly 180 base pairs, which are catalysed by
specific endonucleases (karyorrhexis). The cell shrinks
and the cellular membrane formulates so-called apop-
totic bodies leading to cellular degradation. Apoptotic
bodies contain DNA fragments and cellular organelles,
the structure of which is not altered. Finally, apoptotic
bodies are eliminated by phagocytic cells [9, 12].

Disturbances of apoptosis
in inflammatory bowel diseases

As was mentioned above, disturbances in pro-
grammed cell death seem to play an important role in
the immunopathogenesis of IBD. Apoptotic epithelial
loss is enhanced, which leads to alterations of mucosal
barrier functions. On the other hand, inflammatory cells
are more resistant to apoptotic stimuli, which results in
their accumulation in the intestinal wall [13].

In healthy intestinal tissues, inflammatory cascade,
after being activated, undergoes self-limitation in two
main pathways — anergy and apoptosis of immunore-
active cells (mainly T cells). In the first mechanism, cells
are desensitised to multiple stimulatory ligands due to
changes in the expression of membrane proteins en-
gaged in intercellular interactions. As a result, the aner-
gic cell becomes immunologically inactive. In the second
mechanism, immune activated T cells are eliminated
due to interactions with other T-cell subpopulations. The
extrinsic pathway related to the interaction between
Fas protein on the target cell and FasL on the effec-
tor lymphocyte plays a crucial role [14, 15]. It has been
shown that lamina propria T cells (LPT) in healthy gut
are more sensitive to pro-apoptotic stimuli than similar
cells in the peripheral blood. This phenomenon is even
multiplied after immunological stimulation [16]. It has
been hypothesised that these mechanisms are related
to a paradoxical influence of IL-2. This cytokine initially
stimulates T-cell proliferation, but then it induces FasL
expression, and in that way it contributes to cytotoxic
reactions against reactive T cells. In the last phase, the
time-dependent silencing of IL-2 function, and lack of
IL-2 stimulation, results in activation of apoptotic elim-
ination of T cells [17].

These physiological mechanisms are altered in IBD,
especially in CD. The first studies in this area came from
Boirivant et al. They showed that LPTs from IBD pa-
tients were resistant to Fas-FasL-dependent apoptosis
[18]. Additionally, it has been proven that LPT survival is
prolonged in CD upon stimulation by CD2 (membrane
protein of lymphocytes engaged in the intercellular
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interactions). Further research has shown that LPT
apoptosis in UC is disturbed in a Fas-mediated manner,
and probably the crucial phenomenon here is the high
intracellular activity of FLIP protein, which inhibits an
initiator, caspase 8. This leads to disturbances in the
first phases of apoptosis induction, and mitochondri-
al processes important for apoptosis regulation are
not altered [19-21]. In CD, defects in programmed cell
death of activated LPT seem to be more complicated
and profound. Anti-apoptotic Bcl-2 proteins (e.g. Bcl-2,
Bcl-x), which are expressed in lymphocytes in CD in high
amounts, probably play a crucial role in these phenom-
ena [22-24].

We still do not know if alterations of apoptotic
lymphocyte elimination is a primary phenomenon or
whether it is secondary to inflammatory lesions in the
intestines in IBD. Research performed so far has sug-
gested that apoptotic defects are present, probably due
to high expression of pro-inflammatory cytokines like
IL-6, IL-12, or TNF-a, and/or due to disturbances in im-
munosuppressive mechanisms.

Interleukin-6 stimulates signal transducer and acti-
vator of transcription 3 (STAT3) pathway, which enhanc-
es the expression of anti-apoptotic Bcl-2 family proteins
[25-27]. These phenomena are observed in CD.

Interleukin-12 stimulates intercellular STAT-4 path-
way, which inhibits the first phases of apoptotic extrin-
sic pathway [28]. These processes are observed first of
allin UC patients.

Tumour necrosis factor-a is also present at inflam-
matory sites in high amounts. TNFR1 and TNFR2 are
specific receptors for this cytokine. TNFR1 is present
on almost all cell types and interacts with the high-
est affinity with the soluble form of TNF-a — sTNF [29].
Stimulation of TNFR1 can have pleiotropic effects. The
final phenomenon induced by TNF-TNFR1 interaction is
dependent mainly on the presence of other cofactors
(e.g. other cytokines), and on the metabolic activity of
the target cell. TNFR2 is mainly expressed on haemato-
poietic and endothelial cells, and it interacts with the
transmembrane TNF-a — tmTNF. TNFR2 can support
TNFR1 functions in the so-called ligand-passing mecha-
nism [29]. TNFR2 can also participate in the stimulation
of CD4 cells by macrophages to excrete an anti-apop-
totic IL-6 [30]. Both receptors, TNFR1 and TNFR2, also
have soluble forms in intercellular space. They probably
inactivate TNF-a, and thus they cooperate in the mod-
ulation of immune processes [14].

In chronic inflammatory conditions, e.g. in IBD, inter-
action between TNF-a and TNFR1 can lead to stimula-
tion of nuclear factor kB (NF-xB) in immune cells, which
promotes transcription of genes, leading to cellular pro-
liferation. Nuclear factor kB pathway can also promote

predominance of anti-apoptotic Bcl-2 family proteins
[31]. Another possible link between NF-kB activity and
promotion of inflammatory lesions in IBD is the alter-
ation in function of immunosuppressive cells and cyto-
kines. One of the most important immunosuppressive
cellular populations whose function is disturbed is that
of T regulatory (Treg) cells [24]. Treg contribute under
physiological conditions to the inhibition of pro-inflam-
matory processes. They play a crucial role in immune
tolerance against bacterial antigens of physiological
intestinal microbial flora. The tolerance mechanisms
are related to direct intercellular interactions but can
also be mediated by immunosuppressive cytokines, e.g.
IL-10 or transforming growth factor-p (TGF-B). It has
been shown, under experimental conditions, that
stimulation of mononuclear cells by TGF-f can lead to
down-regulation of NF-kB stimulation via TNF-a [32].
There are also some alterations described in Treg func-
tions in IBD. It has been shown that target pro-inflam-
matory lymphocytes are less sensitive to Treg influence.
A high amount of TNF-a at the inflammatory site plays
a crucial role in the aforementioned altered immuno-
suppressive mechanisms. The main factors, which are
directly engaged in these phenomena, are TGF-f inhib-
itors, e.g. Smad7 protein. The final result of these pro-
cesses is the imbalance between pro-inflammatory and
immunosuppressive factors, which promotes chronic
inflammation in IBD.

Studies performed by Neurath et al. from Medical
University in Erlangen, Germany provide very interesting
results in terms of the mechanisms of apoptotic distur-
bances in IBD. They showed that probably the presence
of monocytes in inflammatory infiltrates is crucial for
the resistance to apoptosis of CD4 lymphocytes. Mono-
cytes/macrophages, having a high expression of tmTNF,
stimulate TNFR2 on CD4 lymphocytes. This results in
activation of TRAF2 pathway and NF-kB. These factors
promote the synthesis of IL-6 by CD4 cells, which in an
autocrine-like manner induces resistance to pro-apop-
totic factors in CD4 cells. The authors speculate that
probably induction of apoptotic elimination of CD4 lym-
phocytes is crucial for the efficacy of anti-TNF antibod-
ies, which are used in IBD therapy. The programmed
cell death of pro-inflammatory cells is induced in this
model by binding anti-TNF antibody to tmTNF on mac-
rophages, which blocks the interaction between tmTNF
with TNFR2 on CD4 cells [30].

In summary, the resistance to apoptosis of LPT to-
gether with a very high proliferative index of LPT in IBD
(which is higher than in many other inflammatory dis-
eases) results in accumulation of immunoreactive cells
in intestinal tissues, which leads to tissue destruction
and alters the function of the gut [20].
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However, although disturbances in apoptosis in IBD
are mainly observed in LPT, also other cellular popu-
lations are defective in terms of the regulation of the
programmed cell death mechanism. Concerning intes-
tinal epithelial cells, is has been shown that in IBD, their
apoptotic elimination is enhanced, which leads to the
impairment of intestinal barrier function. In physiolog-
ical conditions, enterocytes belong to one of the most
dynamically proliferating cells in the human body. With-
in the time of 3-5 days, a total restitution of the intesti-
nal epithelial layer takes place. The epithelial germinal
cells, which are present in the basal parts of the intes-
tinal villi, play a crucial role in this phenomenon. They
differentiate and migrate to the superficial parts of the
villi, performing many important metabolic and immu-
nological functions. After having their role fulfilled, they
die in order to enable younger cells to perform their
functions. Apoptosis seems to be crucial for these phe-
nomena. It has been proven that epithelial programmed
cell death takes place, first of all, in the apical parts of
villi in the small intestine and in the superficial areas of
the colonic epithelium. The direct mechanisms leading
to these processes are not well known. It has been hy-
pothesised that probably the loss of contact between
the epithelial cells and the extracellular space proteins
of the basement membrane activates the caspase path-
ways [13].

The pro-apoptotic ratio of epithelial cells is increased
both in CD and UC, in comparison with the healthy gut.
As has been mentioned above, this leads to impair-
ment of the intestinal barrier function, which enables
the penetration of several antigens (toxins, food anti-
gens, bacterial antigens, etc.) to the submucosal areas
of the gut wall. However, it should be mentioned that
the programmed cell death of enterocytes seems to be
more disturbed in UC. The majority of studies show
that Fas-FasL interactions play a crucial role here. Fas is
present on the epithelial cells (target cells), and LPTs in
inflamed tissues present high amounts of FasL. In that
way LPTs induce programmed cell death of enterocytes.
The direct interaction in the Fas-FasL pathway between
epithelial cells [33, 34] is another possible mechanism.
However, it should be pointed out that recently the im-
portance of the Fas-FasL pathway has been questioned
by some authors. It has been suggested that the meth-
odology of some studies on the role of the Fas-FasL
mechanism in the induction of enterocyte apoptosis is
controversial (e.g. the quality of part of the FasL-detect-
ing antibody kits was questioned, and their withdrawal
from the market was postulated) [35]. Thus, there are
still some questions to be answered in this subject.

As far as CD is concerned, the most important stud-
ies on the apoptotic disturbances in epithelial cells
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come from Di Sabatino et al. In 2003 they neglected
the role of the Fas-FasL mechanism in the enhance-
ment of apoptotic elimination of epithelial cells [36].
The role of other pathways is still being investigated.
One of the hypotheses is that disturbances in the inter-
action between enterocytes and the mucosal basement
membrane proteins are the leading forces of those phe-
nomena. Other hypotheses discuss the potential role
of TNFRs. However, more data are needed in terms of
the importance and the mechanisms of the apoptotic
elimination of epithelial cells in CD [37-39].

In conclusion, it has to be emphasised that although
our knowledge in terms of the pathogenesis of IBD is
increasing, there are still more questions than answers
in this area. The same concerns the role of apoptotic
disturbances in IBD. It has been shown that these pro-
cesses play a role in chronic inflammatory conditions
like CD and UC. However, many of the studies on this
subject were conducted on animal models or in cellular
lines in vitro, so further studies on patients with IBD
are still needed in order to have a closer look into the
mechanisms of action of apoptotic cellular elimination,
both in CD and UC.
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