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Abstract

The physiologic and pathologic cellular and molecular
changes occurring with age in the human colon affect
both the inflammatory process leading to mucosal in-
jury and the regenerative capacity of the epithelium.
On the one hand, age-related telomere shortening and
inflamm-ageing may lead to the development of co-
lonic inflammation, which results in epithelial damage.
On the other hand, the altered migration and function
of regenerative stem cells, the age-related methylation
of mucosal healing-associated genes, together with the
alterations of growth factor signaling with age, may
be involved in delayed mucosal regeneration. The con-
nections of these alterations to the process of ageing
are not fully known. The understanding and custom-
tailored modification of these mechanisms are of great
clinical importance with regard to disease prevention
and modern therapeutic strategies. Here, we aim to
summarize the age-related microscopic and molecular
changes of the human colon, as well as their role in
altered mucosal healing.
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INTRODUCTION

With the possible exception of stem cells and tumor cells,
ageing is a nearly universal process that, through function-
al decline, leads to cell death and, eventually, death of the
organism. The age-related molecular changes taking place

in the human colon have not been exactly determined;
moreovet, the results of animal tests and human studies
are sometimes contradictory.

Researchers have identified a variety of changes in co-
lonic and rectal function associated with ageing. The total
number of colonic myenteric neurons decreases with age
in rats and in children, particularly during the first 4 years
of life"”. While noting an increase in the surface area of
myenteric ganglia with age, Hanani ef al found that the
proportion of ganglia with cavities and other structural ab-
normalities increases with age. Furthermore, a positive asso-
ciation between age and collagen content within myenteric
ganglia has also been identified”. These changes in colonic
innervation may have an impact on colonic motility™”,

As far as colonic epithelium is concerned, its renewal
takes 4-5 d in humans™. The regulated balance of epi-
thelial proliferation and apoptosis allows normal epithelial
regeneration. Any deviation in epithelial cell kinetics may
result in a loss of not only structural but also functional
integrity. The imbalance of colonic epithelial renewal may
lead to either ulcer or carcinoma development of the co-
lonic mucosa.

The effect of ageing on colonic epithelial regenera-
tion is not fully understood. In rat colon, crypt epithelial
proliferation and apoptosis were found to be the most
active in the 3rd week of life!"", which was thought to

July 7,2011 | Volume 17 | Issue 25 |



Sipos F et a/. Ageing and colonic mucosal regeneration

be in connection with the development of the gastroin-
testinal tract. The results of Xiao ¢f a/'” are, however,
contradictory; the number of proliferative epithelial
cells was higher, while the rate of apoptosis was lower in
older rats. The epithelial expression of the anti-apoptotic
Bcl protein and of the pro-apoptotic Bak protein was
also in accord with ageing: the former was high, while
the latter was low in older rats. This phenomenon may
explain the survival of genetically defective cells, hence
the increasing incidence of colorectal cancer in the eld-
erly. The age-related rise in cell proliferation is thought
to be in part the result of enhanced transition from G1
to S phase as well as stimulated progression through the
S phase of the cell cyclem’m. Inconsistencies in results
may be due to different sampling locations and different
ages of the animals, together with the effects of errors
in sample proceedings, immunohistochemical methods
and data evaluation"”.

Inflammatory bowel diseases (IBD), including ulcer-
ative colitis (UC) and Crohn’s disease, are one of the ma-
jor causes of epithelial destruction in the colon. It was re-
cently demonstrated that the perceived differences seen in
clinical practice between adults and children with UC are
largely due to a decrease in histologic features of colitis in
children less than 10 years of agel1 . As children approach
adulthood, the degree of inflammation and microscopic
architectural distortion seen becomes similar to that found
in adults. Interestingly, in rectal biopsies of UC, no differ-
ences were found amongst all age groups.

Although the understanding of age-related physiologi-
cal and pathological processes is of great clinical impoz-
tance, data about the effect of ageing on the induction of
mucosal inflammation and the age-related alterations of
mucosal healing are scarce in scientific literature.

THE EFFECT OF AGEING ON
INFLAMMATION INDUCTION

Telomere shortening and telomerase activity

Telometes protect the ends of the chromosomes from end-
to-end fusions, degradation and recombination. Telomere
length decreases with age in most human tissues, including
colon"”, and it has been hypothesized that short telomeres
might partially explain the connection between cancer and
ageing”. Telomeres shorten approximately 100 base pairs
in each cell division because of their incomplete replica-
tion"” and also as a consequence of oxidative damagelzo].
When telomeres become critically short, and in the absence
of efficient DNA repair mechanisms, anaphase bridges
are formed during mitosis as a result of end-to-end chro-
mosome fusions, which initiates breakage-fusion-bridge
cycles. These cycles facilitate the accumulation of genetic
changes and chromosomal instability; hence cells need
to acquire mechanisms of telomere maintenance, which
usually consist of telomerase reactivation. Telomerase pre-
vents further accumulation of chromosomal instability and
confers unlimited replicative potential to the cell® Tt has
been previously demonstrated that in UC, colorectal cancer
progtession is associated with shorter colonocyte telomeres,
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chromosomal instability and anaphase bridgesm]. It has also
been observed that age-related telomere shortening is ac-
celerated in UCP. It seems that there is a minimal viable
length of colonocyte telomeres, consistent with data from
both human cell lines® and a telomerase-deficient mouse
model™. After reaching this critical length, colonocytes
defective for DNA damage checkpoints can continue to
proliferate but with increased chromosomal instability. To-
gether with alterations in p53 and p16, which are frequent
in the non-neoplastic epithelium of UC!*# this could be
a common pathway of tumor progression in this chronic
inflammatory disease.

Interestingly, decreased telomerase activity was observed
not just in the non-neoplastic epithelium of severely active
UG, but also in the non-affected normal mucosa””. This
result suggests that telomerase deficiency may contribute to
the pathogenesis of the disease. Moreover, the elevated epi-
thelial telomerase expression found in mildly active uc?
may help survival and immortalization of the genetically
defective epithelial cells in long-standing, chronic inflamma-
tion, and thus create the basis for subsequent pathological
cell proliferation.

Alterations of inmune response

Ageing is associated with a progressive dysregulation of
immune response. During ageing, adaptive immunity sig-
nificantly declines, a phenomenon called immunosenes-
cence, whetreas innate immunity seems to be activated,
which induces a characteristic pro-inflammatory profile.
The latter is called inflamm-ageing”"*”.

Recently, a new subset of CD4+ T cells has been iden-
tified. The Th17 cells are distinct from the Thl and Th2
cells, and secrete interleukin 17 (IL-17) and IL-22,
IL-17 has been shown to be a primaty mediator in several
autoimmune and inflammatory diseases, including TBD".
Ouyang ef al™” demonstrated that the induction of Th17
cytokines is significantly elevated in both aged humans
and mice. In addition, they found that memory T cells are
an important cell type for the induction of 1I.-17, and that
the transfer of CD4+CD45Rbhi cells from aged mice
induced more severe colitis in recombination-activating
gene 1-deficient mice compared to cells from young mice.
Their results suggest that ageing promotes an intrinsic
predisposition towards the pathological Th17 immune
response, which may explain the second peak (between
50-80 years of age) in the incidence of IBD which occurs
in humans.

Ageing also results in alterations in the function of
Toll-like receptors (TLRs), which have an important role
in the pathogenesis of IBD"". Recent studies have begun
to elucidate the consequences of ageing on TLR function
in human cohorts and add to existing findings established
in animal models. In general, these studies show that hu-
man TLR function is impaired in the context of ageing,
and in addition there is evidence for inappropriate persis-
tence of TLR activation in specific systems®™ ",

It has been shown in a mouse model that ageing and
TLR2 deficiency have significant effects on the levels of
pro-inflammatory cytokines, such as I11.-10 and IFN-y,
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which could potentially provide a microenvironment that
favors the development of more severe colitis following
epithelial damage[42]. It has also been reported that the lev-
el of trefoil factor 3 (TTFE3), an important colonic protec-
tive and repair factor, decreases over time in mice, and is
negatively regulated by TLR2 signalingm]. Cytokines such
as TNF and IL-1P negatively regulate TFF3 expression in
an epithelial cell line by activation of NF-kB, which has
been demonstrated to negatively regulate the transcription
of TFF3"* These interactions among ageing-associated
changes, TLR deficiency and TFF3 regulation may be of
particular relevance in understanding the development of
chronic intestinal inflammation and mucosal injury in the
eldetly.

Several TLR polymorphisms are also involved in the
course of IBDM"™*, although it seems likely that large-
scale population studies will be needed to clarify the role
of key TLR polymorphisms in ageing-related alterations
of IBD pathogenesis.

THE EFFECT OF AGEING ON COLONIC
MUCOSAL HEALING

Stem cells

The luminal border of the colonic wall is lined by an
epithelial monolayer which has several functions, such as
water and electrolyte absorption, and it is also a barrier
against luminal pathogens“gAg], Due to the high turnover
of shedding epithelial cells, their continuous replacement
from the local stem cell pool is tequired even in healthy
colon. Stem cells are located at the basal part of crypts;
their progeny migrate towards the luminal surface and
undergo terminal differentiation to secretory (Paneth, en-
teroendocrine and goblet cells) and absorptive (epithelial)
cells*™. In the case of tissue injury, such as in IBD or
graft-versus-host disease (GVHD), the capacity of intesti-
nal stem cells is not sufficient for the perfect tissue repair,
hence the homing of bone marrow-derived multipotent
cells is also essential for mucosal regeneration[4s‘51’52]. It
is well known that circulating hematopoietic stem cells
(HSCs) play an important role not just in hematopoietic
homeostasis, but in the regeneration of solid-organ tis-
sue, which has been certified by several studies™. Stem
cells are long-lived cells; therefore, they can sustain several
genetic and epigenetic changes during cellular senescence.
There is evidence both for and against stem cell ageing,
and publications are not in agreement with regard to qual-
ity and quantity alterations of stem cells in the course of
ageingm.

HSCs in older mice have decreased per-cell repopu-
lating activity, self-renewal and homing abilities, myeloid
skewing of differentiation, and increased apoptosis re-
lated to stress”. It was recently reported that the cyclin-
dependent kinase inhibitor p16INK4a, the level of which
was previously noted to increase in other cell types with
age, accumulates and modulates specific age-associated
HSC functions”. Notably, in the absence of p16INK4a,
HSC repopulating defects and apoptosis were mitigated,
improving the stress tolerance of cells and the survival of
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animals in successive transplants, in a stem-cell-autono-
mous tissue regeneration model. As p16INK4a is involved
in colorectal carcinogenesism, it may be supposed to have
a specific role in the regulation of the behavior of migrat-
ing stem cells of the human colon as well.

Stem cells are in close connection with their niche by
means of mechanical and/or chemical processes. Based
on the results of bone marrow transplantation studies,
one can assume that stem cell function and life span de-
pend on the recipient’s age, since increased post-transplant
autoimmunity has been observed in the case of older re-
cipients[w. The age-related decrease of regenerative stem
cell capacity, however, needs to be further studied.

The balance of cell proliferation and death ensures
adequate epithelial regeneration. Although colonic epi-
thelial stem cells can be distinguished from other epi-
thelial cells only by morphology, several cellular markers
may help the identification of both normal and cancer
stem cells of the intestinal tract™ .

The effect of ageing on colonic epithelial regenera-
tion and crypt-base stem cell function has come to the
frontline of discovery recently. In a mouse model, a few
apoptotic cells were seen around the stem cell position
and this frequency did not alter with age. However, the
apoptotic index within crypts was nearly twice as high
in older mice after low dose gamma-irradiation and the
number of surviving crypts decreased significantly faster
after increasing the dose of irradiation; moreover, in the
post-irradiation period the crypt regeneration was much
slower in older animals®". It was shown that clonogenic
cells are more radiosensitive in old mice, and that the
growth of surviving crypts after injury was delayed in
old mice even though the number of resident clonogenic

cells were higher in older colonic crypts®.

Methylation

In non-cancerous colonic mucosa, repeated injuries are
likely to induce adaptive methylation changes that enable
efficient wound healing and act against cancer develop-
ment. The methylation-variable sites that are located in
promoter or noncoding neutral regions have demonstrat-
ed gradual methylation changes associated with the age-
ing or long-term adaptation processm. The presence of
transitional-CpG sites between the unmethylated promot-
ers and nearby densely methylated retroelements has been
proposed, in order to describe the complexity of variable
methylation in gene control regions[64’65]. The transitional-
CpG sites at the margin of the CpG islands and at the
non-island CpG sites around the transcription start sites
have been found to be either under- or over-methylated in
a tissue-specific manner as well as to be methylated to var-
ious degrees in the same tissue typem. This result suggests
that the methylation-variable sites nearest to the transcrip-
tion start sites may serve as epigenetic markers for adap-
tive DNA methylation. The methylation-variable site of a
strongly expressed tissue-specific gene can influence the
expression of the nearby gene as well as its related genes.
Therefore, the methylation-variable sites of the key colon-
specific genes are expected to participate in both the dis-
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crete mucosal adaptation and the interactive changes of
methylation patterns that lead to mucosal alterations. In
the stomach, recent evidence suggests that mucosal injury
induces adaptive changes in DNA methylation®. The
ulcer-healing genes, such as trefoil factor 1 and 2, (TFF1,
-2), cadherin 1 (CDH1), and peroxisome proliferator-
activated receptor gamma (PPARG), were found to be
concurrently methylated with other genes depending on
the presence or absence of CpG islands in the normal
mucosa of healthy individuals, while both the TFF2 and
PPARG genes were frequently undermethylated in gastric
ulcer patients.

Age-related methylation loci, such as estrogen receptor
1 (ESR1) and myogenic differentiation 1 (MYOD1), have
also been highh'ghted[m’égl. These loci showed age-depend-
ent methylation in normal colon mucosa, and this type
of methylation is consideted to setve as a functional link
between ageing and cancer, possibly by deregulating the
growth and differentiation of normal colonic epithelial
cells and predisposing them to tumorous transformation.
In addition, methylation of ESR1 in colon epithelium oc-
curs more frequently in patients with UC who have neo-
plasia than in UC patients without neoplasiam.

Differences in methylation levels of age-related meth-
ylation loci between the proximal and distal colon have
also been described”". This phenomenon may have an
impact not just in colorectal carcinogenesis, but in the un-
derstanding of the pathogenesis of UC.

Growth factor receptors

Gastrointestinal mucosal cell proliferation is known to
be under the regulation of a number of nutritional and
hormonal factors. It was reported that an age-related rise
in gastric and colonic mucosal cell proliferation is accom-
panied by a marked rise in expression and activation of
several tyrosine kinases, including epithelial growth factor
receptor (EGFR) 727 The age-related rise in EGFR activa-
tion in the mucosa of the gastrointestinal tract is not fully
understood, but some recent data suggest this could be
partly the result of loss of EGFR-related peptide (ERRP),
a “negative regulator”ps]. It was recently reported that in
Fischer-344 rats, ageing is associated with increased activa-
tion of EGFR in the colonic mucosa, as evidenced by a
30%-35% increase in the levels of tyrosine phosphorylated
EGFR in the proximal and distal colon of aged (20-22 mo
old) compared to young (4-6 mo old) rats. In contrast, the
levels of ERRP in both regions of the colon of aged rats
were decreased by 50%-60%, compared to their younger
counterpartsm. Expression of ERRP was also found to be
high in benign human colon, stomach and pancreas, but
low in the respective invasive adenocarcinomas’ ™.

Age-related decrease of EGER signaling in cells of
ectodermal origin has additionally been described™. This
may cause delayed mucosal healing in the case of older
individuals.

Hepatocyte-derived growth factor (HGF) is mainly
produced by mesenchymal cells and acts on cells of epithe-
lial origin which express the HGF receptor C-met (HGFR).
The HGF-HGFR system is important in gut homeostasis,
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Figure 1 The effect of ageing on factors resulting in colonic mucosal
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and has a crucial role in gastrointestinal wound heahng[ 3

Furthermore, this system has morphogenetic effects, and it
also regulates the formation of epithelial tubular and gland
structures” ™. It was demonstrated that the production
of HGF by fibroblasts increased sharply after about 70%
completion of their lifespan in culture, which is regulated
at the transcriptional level®™. The expression of HGFR
may decrease with ageing as well®, which may have conse-
quences on tissue repai.

Revealing age-related alterations in the expression
of growth factor receptors involved in colonic mucosal
repair, and the better understanding of alterations in re-
ceptor signaling, may result in new therapeutic targets of
colonic mucosal damage.

CONCLUSION

There are numerous signs of ageing in the human gas-
trointestinal tract, including the colon (Figure 1). Beyond
macro- and microscopic alterations, some of these can
be detected at the genetic, gene expression and/or epige-
netic level. The connection between ageing and colonic
mucosal regeneration has been reported by several stud-
ies, and their results may provide an insight into physi-
ologic and pathologic mucosal healing in the context of
ageing. An understanding of the influence of these age-
related mechanisms may help to develop new therapeu-
tic strategies for chronic inflammatory bowel diseases
accompanied by mucosal damage.
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