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Abstract

Tendon functional competence and structural integrity rely on homeosta-
sis of tendon cell metabolism and extracellular matrix macromolecules.
The clear link between tendinopathies and increasing age suggests a slow
change to tendon homeostasis, which increases susceptibility to damage.
Despite this well evidenced association between increasing age and ten-
don damage, changes to tendon mechanical properties with ageing are not
clear with different studies reporting conflicting results. More recent
research suggests that age-related changes occur at specific sub-structure
locations and may be overlooked by measuring properties of the whole
tendon. In this chapter we review changes to tendon mechanical
properties, structure and composition. Mechanisms speculated to contrib-
ute to tendon change with age such as cellular senescence, ageing stem
cell population, reactive oxygen species and formation of advanced
glycation end-product crosslinks are discussed. Understanding
age-related changes to tendon homeostasis are key to understanding
increased incidence of tendon injuries in the ageing population.
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ICTP Cross-linked carboxyterminal
telopeptide of type I collagen

IL1p Interleukin 1p

MRI Magnetic resonance imaging

PGE, Prostaglandin E2

PRG4 Proteoglycan 4

ROCK1 Rho-associated coiled-coil protein
kinase 1

ROS Reactive oxygen species

SASP Senescence-associated secretory
phenotype

SDFT Superficial digital flexor tendon

TSC Tendon stem cell

Ageing and Tendon Susceptibility
to Injury

Chronic tendon/ligament disorders are highly
debilitating and increasingly prevalent [1],
accounting for one-third of all primary-care mus-
culoskeletal consultations in the UK [2]. Injuries
to ligaments, joint capsules and tendons account
for approximately 50 % of the 23 million mus-
culoskeletal injuries that occur in the USA annu-
ally [3]. They affect sporting and sedentary
individuals [1] in addition to animals such as
horses [4, 5]. However, there are no effective
treatments or prevention strategies for these
injuries [5, 6], as a result of limited understand-
ing of the tissues and the aetiology of injury.
The prevalence of tendon injuries is thought
to be increasing due to both increasing sports
participation as well as an ageing population
[1]. In particular, increasing age has been
demonstrated to be a risk factor for a number of
different tendinopathies. A recent systematic
review of rotator cuff diseases has identified a
prevalence of 9.7 % in patients 20 years or youn-
ger, rising to 62 % in patients 80 years or older
[7]. A separate report identified that rotator cuff
tears affected 40 % of individuals older than
60 years in the USA [8]. Achilles tendinopathy
is most commonly observed in the fourth and
fifth decade of life [9]. Another study identified
Achilles, patellar and quadriceps tendon rupture
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Fig. 24.1 The bowed
appearance to the back of
the lower limb of this horse
is due to a tendon injury

as injuries of middle age, with rotator cuff tears
and biceps tendon rupture occurring more fre-
quently in old age [10]. In the horse, a species
which frequently suffers from tendinopathy
(Fig. 24.1), a number of studies have
demonstrated an association between increasing
age and risk of tendon injury [11-13].

Age-Related Changes to Mechanical
Properties

The unequivocal evidence demonstrating
increased susceptibility of tendon to injury with
advancing age suggests that the ability of tendon
to withstand mechanical forces declines. The
strength of the tendon, the degree of elongation
prior to failure and ease with which the tendon
deforms (stiffness) are important properties for
consideration. While it might be expected that
the ultimate force and strain would show a nega-
tive correlation with age following maturity,
studies have not been able to demonstrate a
clear link. The ultimate tensile strength of the
human patellar tendon was found to show a
moderate 17 % decrease between age groups of
29-50 years and 64-93 years [14] but no differ-
ence between the ages of 17-54 years [15, 16] in
in vitro mechanical tests. The Achilles tendon
demonstrated a decrease in ultimate tensile
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strength for ages between 36 and 100 years in
embalmed specimens [17] and a lower ultimate
tensile stress in fresh samples over 35 years of
age compared to less than 35 years [18]. Material
stiffness (modulus) might be expected to increase
with ageing however some studies show no
effect in human tendon [14, 16, 19] or a slight
decrease in human patellar [15] and Achilles
tendon [18]. In horses, despite the clear associa-
tion between horse age and incidence of injury,
the ultimate stress, strain and modulus of the
superficial digital flexor tendon (SDFT) do not
appear to change with increasing horse age [20].

Measurement of mechanical properties
in vivo is more problematic due to difficulties
in measuring both force and elongation accu-
rately. While it is not possible to measure the
failure properties of tendons in vivo, some studies
have quantified tendon stiffness using a combi-
nation of ultrasound or MRI to track tendon
elongation and joint torque to calculate muscle
force generation. Measurements of this type are
possible for the Achilles and patellar tendon
(Fig. 24.2). The forces that tendons are subjected
to decrease with advancing age from skeletal

Fig. 24.2 Ultrasound
probe attached to human
lower limb to visualize the
muscle tendon junction (a)
and images of the Achilles
tendon junction with the
lateral gastrocnemius (b)
(Adapted from [21])

maturity through into old age as a result of a
decline in muscle mass and force generation
[22-25]. Some studies suggest that tendon stiff-
ness may compensate for the decrease in the
ability of the associated muscle to generate
force. The tendon-aponeurosis of the vastus
lateralis muscle was found to decrease in stift-
ness in a group of women aged from 21 to
77 years [22] although tendon strain at maximum
force also decreased. In another study, the patel-
lar tendon in a group of aged men (60-69 years)
had a lower stiffness than in a young group of
men (21-32 years) although there was no differ-
ence in the stiffness of the Achilles tendon
between groups and no difference in the maxi-
mum strain for either tendon between young and
old groups [23]. A larger study including both
men and women with a broader age range (18-80
years) found that Achilles tendon stiffness
decreased in the older age group [25], a finding
repeated in a later study with a smaller group of
women [26]. The decrease in tendon stiffness
cannot be accounted for purely by a decrease in
tendon size. In the study by Csapo et al. [26] the
Achilles tendon showed no significant difference
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in length and cross sectional area (CSA) between
groups and in the study by Stenroth et al. [25] the
Achilles tendon CSA increased significantly in
the older group, hence both studies reported a
significantly lower Young’s modulus in older
tendons.

Given the complex hierarchical structure of
tendon, studies investigating mechanical
properties of the gross tendon structure in vitro
and in vivo may miss important changes occur-
ring at sub-structure level. The work of Screen
and colleagues has investigated mechanical
properties of tendon fascicles and fibres and
changes related to ageing. The failure properties
(stress and strain) and modulus of fascicles dis-
sected from the equine SDFT, an energy-storing
tendon, showed no significant differences
between a young group of horses (3-8 years)
and an old group of horses (15-20 years)
[20]. The stiffness of the inter-fascicular matrix
however, which binds the fascicles together,
increased in stiffness significantly with increas-
ing age (Fig. 24.3) [20]. This finding suggests
that the load distribution within the tendon
changes with ageing such that the fascicles are
loaded earlier during tendon extension in older
tendons. It is interesting to note that behavior of
the subunits of tendon differ between tendon
types; in the equine common digital extensor
tendon (CDET), a positional tendon, the inter-
fascicular matrix is much stiffer [27] and does
not change significantly with increasing horse
age (Fig. 24.3) [20].
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In addition, other mechanical properties less
often considered such as hysteresis and fatigue
properties are likely to be very relevant with
regard to tendinopathies. These properties are
particularly important in the human patellar and
Achilles tendon and the equine SDFT as they are
subjected to a high number of loading and
unloading cycles and function as elastic energy
stores. Although quantifying hysteresis in vivo is
problematic [28], a study of the tendon-
aponeurosis of the vastus lateralis showed an
increase in hysteresis with ageing in a group of
women between 21 and 77 years [22]. Hysteresis
and post-loading recovery have been studied in
fascicles from equine tendons in vitro and
differences have been observed between tendon
types and with ageing. Fascicles from the energy
storing SDFT have lower hysteresis and a greater
ability to recover after loading compared to those
from the CDET. This difference can be explained
by a difference in the extension mechanism;
SDFT fascicles appear to extend by rotation of
a helical structure while CDET fascicle exten-
sion is dominated by sliding of the component
fibres [29]. In older horses, the ability of the
fascicles from the SDFT to recover following
loading is reduced and hysteresis increases
[29]. Fatigue loading of SDFT fascicles in vitro
results in changes similar to those seen in ageing;
in fascicles from young horses rotation decreases
and in fascicles from older horses where the
helical structure is already compromised there
is an increase in fibre sliding following fatigue
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Fig. 24.3 Force extension curves for the fascicular interface in the SDFT (solid line) and CDET (dashed line) from a
3 year old horse (a) and a 20 year old horse (b) (Adapted from [20])
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loading [30]. The inter-fascicular matrix in the
SDFT, in addition to an increase in stiffness with
ageing, also shows less ability to resist repetitive
loading [31]. These studies demonstrate that the
mechanical behavior of tendons is complex, as
are the changes associated with ageing.

Age Related Changes to Tendon
Composition

Age related changes in the response of tendon to
applied force stems from a difference in the
matrix structure and composition. Information
on age related changes to human tendon matrix
composition is limited; the majority of research
in this area has been conducted on animal tissue
and often short-lived species such as rats and
mice. The application of these findings to
human tendon should be made with care. The
horse however represents a good model to study
tendon ageing as this species is relatively long-
lived and shows an age related decline in tendon
function. Morphometric study of the SDFT in
horses aged from 2 to 23 years showed that
fascicles decreased in size with increasing horse
age [32], however this finding was not apparent
in studies where fascicles were dissected free
from the tendon and CSA measured [20]. In the
study by Gillis et al., [32] tendon CSA did not
decrease with advancing age thus fascicle num-
bers appeared to increase. This would suggest a
greater proportion of inter-fascicular matrix in
older tendon; an interesting finding given the
role that the inter-fascicular matrix plays in ten-
don mechanical behavior. A decrease in unit size

Fig. 24.4 Diagrammatic
representation of collagen
fibril crimp in the central of
young (a) and old (b)
equine SDFT ® = crimp
angle, | = crimp length,

d = measured crimp length
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also appears to occur at the nano-scale with
increasing age, as the average collagen fibril
diameter reduces with advancing age in the
equine SDFT [33]. The size of the collagen fibrils
has also been linked to mechanical properties,
where smaller diameter collagen fibrils have
been suggested to provide a more creep resistant
matrix [34]. Collagen fibrils in their longitudinal
course show an abrupt change of direction giving
rise to a ‘crimped’ structure [35]; in older horses
the crimp becomes less pronounced in the central
core of the SDFT (Fig. 24.4) [36, 37].

In terms of molecular composition, equine
tendon water content and collagen content do
not change significantly with ageing [38, 39]. In
contrast, tissue biopsies from the human patellar
tendon were found to have a lower collagen
content and higher levels of the mature crosslinks
hydroxylysylpyridinoline and lysylpyridinoline
in an older group of men (67 + 3 years) com-
pared to a young group of men (27 £ 2 years)
[40]. A measure of the total sulphated glycosami-
noglycan (GAG) content gives an indication of
proteoglycan levels in tendon. Changes in GAG
levels with age appear to depend on tendon type,
with the energy storing equine SDFT showing no
significant change in levels [38, 39] whereas the
positional CDET showed a significant decrease
in GAG levels with increasing horse age [39]. In
a study of human tendons from donors ranging in
age from 11 to 95 years GAG levels decreased
significantly with age in the supraspinatus tendon
but not the common biceps tendon [41].

Using changes in total sulphated GAG levels
as an indication of changes in proteoglycan con-
tent overlooks possible disparity between
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individual proteoglycans. For example, there is
some evidence to suggest that lubricin, also
known as superficial zone protein and proteogly-
can 4 (PRG4), increases in rabbit ligament
between the ages of 1 and 3 years [42]. Lubricin
is a glycoprotein that acts as a lubricant enabling
gliding of cartilage surfaces [43, 44] and gliding
of tendons around joints and adjacent tendons
[43]. More recently, lubricin has been found
within the tendon structure where it is enriched
in the interfascicular matrix [45, 46]. Interestingly,
the rabbit ligaments where higher levels of
lubricin mRNA expression were measured
showed an increased ultimate strain and decreased
elastic modulus [42]; a change that may be
explained by increased ability of fascicles to
glide relative to each other. However, studies
investigating age related changes in human Achil-
les tendon found that lubricin was not differen-
tially expressed between young (19 £ 5.8 years)
and old (69.4 £ 7.3 years) tendons [47]. These
studies indicate the need for detailed investigation
with regard to specific proteins and glycoproteins
as well as sub-structure location with a clear dis-
tinction made between maturation and ageing
effects.

Contrary to what might be expected, DNA
levels, which provide a measure of cellularity,
do not seem to decrease in ageing tendon
[38, 39].

Age Related Changes to Matrix
Turnover Rate

In general, protein synthesis in tissues decreases
with advancing age [48], and therefore it might
be expected that extracellular matrix proteins in
tendon are renewed less often. It is difficult to
measure the turnover rate of long-lived proteins,
however measuring the ratio of D to L isomers of
amino acids allows an estimate of protein half-
life in tendon to be made. All amino acids are
incorporated into newly synthesized proteins in
their L form however over time they can sponta-
neously convert to the D isomer form by a pro-
cess known as racemization. This is a relatively
slow process but happens more quickly in
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aspartic acid making this amino acid convenient
to measure. A comparison of the rate of accumu-
lation of D aspartic acid with the rate that would
occur if the protein were not turned over at all
allows a half-life to be calculated. Measurement
of the ratio of D/L forms of aspartic acid in
equine SDFT and CDET tissue from horses rang-
ing in age from 4 to 30 years suggested an aver-
age protein half-life of 7.85 years for the SDFT
and 8.02 years for the CDET and half-life
increased significantly with increasing horse
age for both tendon types [39]. Separation of
the tissue into collagenous and non-collagenous
proteins showed that the collagen component has
a much longer half-life than the non-collagenous
proteins and this was significantly longer in the
SDFT (197.53 years) compared to the CDET
(34.03 years). The half-life of the collagen com-
ponent increased significantly with increasing
age in the SDFT but not the CDET. Conversely,
the non-collagenous proteins turned over more
slowly in the CDET (average half-life 3.51 years)
than the SDFT (average half-life 2.18 years) and
half-life increased with increasing age in the
CDET but not the SDFT [39]. These studies
suggest that the majority of the collagen remains
in the tendon for the life-time of the horse.

A similar study has been carried out in human
tendon by taking advantage of the (14)C labeling
of tissues as a result of the nuclear bomb tests in
1955-1963. Levels of (14)C were measured in
Achilles tendon samples and compared to known
atmospheric levels. The results suggested that
after the cessation of growth at about 17 years
of age the turnover of tendon tissue is essentially
zero [49]. Other work however has suggested a
much more rapid turnover of tendon matrix.
Studies using incorporation of stable isotope
labeled amino acids suggested that the half-life
of collagen in human patellar tendon is about
2 months and close to that of skeletal muscle
proteins and higher than muscle collagen
[50, 51]. Studies using microdialysis catheters
to extract metabolites from the peritendinous
region of human Achilles tendon have also
demonstrated active turnover of collagen by
measuring the pro-peptide of type I collagen as
a marker of synthesis and cross-linked
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carboxyterminal telopeptide of type I collagen
(ICTP), as a marker of degradation [52, 53]. Thus
it seems likely that a component of the tendon is
degraded and renewed frequently while the bulk of
the tendon is relatively inert.

A decline in matrix turnover with increasing
age would be most easily explained by reduced
gene expression of matrix and matrix degrading
enzymes by tenocytes. Expression of a range of
different matrix proteins including collagens and
proteoglycans and matrix degrading enzymes has
been quantified in equine SDFT tissue from
horses ranging in age from 3 to 30 years
[54]. This study showed no significant drop in
expression levels of Colla2, Col3al, Col5al, or
Coll2al or proteoglycans such as decorin,
biglycan and fibromodulin with increasing
horse age. Furthermore, despite previous studies
suggesting a slowing of collagen turnover in the
SDFT with ageing, no decrease in the levels of
expression of the collagenases MMP1 and
MMP13 were detected or the tendon-specific
transcription ~ factor  scleraxis. A full
transcriptome analysis using RNA-Seq of
human Achilles tendon tissue from young
(19 &£ 5.8 years) and old (69.4 £ 7.3 years)
donors found 191 transcripts were at higher
levels in the older tendon and 134 were at lower
levels in the older tendon [47]. The networks
identified as associated with the differentially
expressed genes were cellular function and main-
tenance, cellular growth and proliferation, cellu-
lar cycling, and cellular development, rather than
networks relating to matrix proteins, as had been
identified in a transcriptome analysis of ageing
cartilage [55]. Interestingly, a proteomics study
comparing young and old equine SDFT tissue
also found cellular proteins featured strongly in
the differential analysis; with the term ‘interme-
diate filament’ identified and several cyto-
skeletal keratins and gap junction proteins higher
in the old tendon group [56].

While data suggest that there is not a straight-
forward reduction in gene expression resulting in
reduced matrix turnover, other age related pro-
cesses may result in changes to cell behavior and
response to growth factors, cytokines and
mechanical signals.
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Mechanisms for Age Related Decline
in Matrix Turnover Rate

Cellular Senescence

Cellular senescence, the irreversibly arrest of
cellular division is an intricate biological process
causing alterations in the protein expression pro-
file of the cell and resulting in replicative arrest,
changes in metabolism, adhesion efficiency and
secretory phenotype [57]. Several of these
modifications produce beneficial tumour-
suppressive effects as they diminish the prolifer-
ation capacity of mutated cells. However,
senescent cells are characterised by an increase
in the secretion of growth factors, inflammatory
cytokines, and proteases; the ‘senescence-
associated secretory phenotype’ (SASP), that
can exert the opposite activity by creating a
tumour-favoring milieu [57]. We can distinguish
ageing from senescence by noting that the latter
occurs at a cellular level [58].

Tendon fibroblasts from old mice exhibited
low motility, a poorly organized actin cytoskele-
ton, and a different localization of key focal
adhesion proteins as compared with young
cells. Senescence associated [-galactosidase
expression, a marker for senescence
demonstrated that fibroblasts from old mice
Achilles tendon were not senescent, but had a
distinct phenotype [59] in contrast to ageing rat
in which there was an increase in f3-galactosidase
in middle aged and old rats [60]. However, repli-
cative senescence was demonstrated in mice
Achilles tendon fibroblasts cultured for more
than 50 passages [59]. Long term in vitro culture
of cells (the Hayflick model of cellular senes-
cence) has been used extensively to identify
mechanisms of age related impairment of func-
tion [61]. This method demonstrates proliferation
arrest after a number of population doublings and
the associated biochemical and molecular
changes. Telomere length is a further senescence
marker as telomeres are known to shorten pro-
gressively during successive cell divisions
[62]. In a recent study there was no decrease in
cellularity or relative telomere length with
increasing age in equine tendon [54].
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There is a reduction in proliferation of
tenocytes with age. The cellular senescence-
inhibited gene (CSIG) is expressed abundantly
in young tendon fibroblasts, but its expression
declines during cellular senescence. In ageing
tendon the reduction in proliferative capacity is
associated with the down-regulation of CSIG and
an increase in p27, a cell cycle inhibitor protein.
CSIG modulates replicative senescence. A
reduction in CSIG reduces cell growth and
accelerates cellular senescence [60].

Ageing Stem Cell Population

Ageing in tissue such as muscle and brain is
driven in part by an age-related reduction in
regenerative potential of adult tissues related to
a functional decline of their stem cell pool
[63]. The number, stress resistance, and repair
capacity of tissue-specific adult stem cells
contributes to this [64]. The existence of tendon
stem or progenitor cells (TSC) has been con-
firmed in a number of species [65-70].

A relationship between altered TSC properties
and tissue ageing has been hypothesised. A study
in human Achilles tendon demonstrated that age-
ing TSCs exhibited self-renewal and clonogenic
insufficiencies and premature entry into senes-
cence whilst retaining their multipotency. The
group suggested that during tendon ageing the
TSC pool size and functional capacity becomes
exhausted [71]. It has been suggested that
microRNA (miR) 135a has a role in TSC senes-
cence through Rho-associated coiled-coil protein
kinase 1 (ROCK1) whilst also promoting prolif-
eration, migration and tenogenic differentiation
[72]. Furthermore a loss of tenomodulin, a
marker for the tenogenic lineage, may be a
source of TSC senescence in ageing tendon. A
tenomodulin knock-out mouse model
demonstrated TSCs that had reduced self-
renewal and demonstrated early entry into senes-
cence [73]. A recently recognised regulator of
TSC ageing is peptidyl-prolyl cis-trans isomer-
ase NIMA-interacting 1 (Pin 1) which has a role
as a post phosphorylation control in protein func-
tion regulation and participates in cellular
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processes including cell cycle progression, cell
survival, immune response and lineage commit-
ment. It is involved in the regulation of adult
stem cells and in TSCs it affects cellular senes-
cence possibly through miR-140-5p [74].

In ageing rat [69] and human [75] TSCs there
is a reduction in both the number of TSCs, their
self-renewal and differentiation potential. In rat
this has been associated with a concomitant
decrease in tendon lineage markers [69]. How-
ever, TSCs seem to retain their pluripotency
[69, 71, 75].

Interestingly, a recent study determined the
mechanical properties of ageing stem cells and
identified an increase in stiffness of ageing TSCs
in rat that was attributed to a dense cytoskeleton
resulting in an increase in size and irregular
shape of older TSCs (see Chap. 6) [76].

Inflammageing

Inflammageing is considered the age-related
increase in the systemic pro-inflammatory status.
The process results in the breakdown of the
multi-shell cytokine network as a consequence
of remodeling of the innate and acquired immune
system; leading to chronic inflammatory cyto-
kine production. Genetic, environmental and
age-related factors determine susceptibility to
inflammageing. Thus there is a diminished abil-
ity to modulate inflammation [77]. Dakin
et al. [78] described an age-associated reduction
in FPR2/ALX (a g-coupled protein receptor
which binds ligands including metabolites of
arachidonic acid) along with increased PGE, in
tendon._ In addition interleukin 1p (IL1p) treated
tendon explants from older horses had a reduced
ability to express FPR2/ALX and tenocytes from
older horses had a reduced response to IL1f
induced PGE, These results imply that
inflammageing is present in ageing tendons and
aged individuals exhibit a reduced capacity to
resolve inflammation. Therefore ageing may
contribute to deregulated tendon repair through
these pathways.

In contrast, in an RNASeq study of ageing
human Achilles tendon inflammatory pathways
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were not recognised following gene ontology of
differentially expressed genes [47]. Furthermore,
in a proteomics study of ageing tendon, inflam-
matory proteins were not differentially
expressed [56].

Reactive Oxygen Species and the Free
Radical Theory

One ageing theory is the ‘damage-accumulating
theory/free radical theory’ in which there is a
progressive accumulation of cell damage
resulting in failure of repair and maintenance
systems [79]. One of the causes of cell damage
is reactive oxygen species (ROS). A free radicle
is any species capable of independent existence
that contains one or more unpaired electrons.
Trauma, environmental and physiological
stimuli may enhance ROS production and ROS
are continually produced during normal cell
metabolism.

There are a lack of studies on the role of ROS
in age-related tendinopathy. An increase in the
expression of peroxiredoxin, a thioredoxin per-
oxidase with antioxidant properties, in tendon
degeneration suggests that oxidative stress may
be involved in the pathogenesis of tendon degen-
eration [80], as it is in the age-related disease
osteoarthritis [81].

In a recent ageing tendon proteomic study
there was a reduction in catalase, a-crystalline-3
chain and a number of heat shock proteins, which
have protective roles in oxidative and thermal
stress respectively. This could point to ageing
tendon being less able to respond to increases in
ROS [56]. However there was no change in oxi-
dative stress related genes in a tendon ageing
transcriptomic study [47].

There is evidence for the involvement of
age-related apoptosis in tendon pathology and
ageing which may be a consequence of ROS. In
degenerative joint disease of the knee, an age
related condition, there is an association with
increased susceptibility of periarticular tenocytes
to Fas ligand induced apoptosis [82].
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Glycation of Matrix Proteins

Although the majority of research concerning
ageing has focused on mechanisms that are cell
mediated [83], an alternative explanation is that
the matrix proteins themselves undergo age
related changes. The long-lived nature of tendon
collagen renders it susceptible to attack by reac-
tive carbonyl groups on sugars such as glucose,
in a process known as ‘browning’ or glycation. A
series of spontaneous chemical re-arrangements
occurs and further reactions with neighboring

peptides results in advanced glycation
end-product (AGE) crosslinks such as
pentosidine. Unlike the enzyme-mediated

crosslinks, which are confined to the telopeptide
regions of collagen molecules, AGE crosslinks
can form throughout the length of the collagen
molecule. Pentosidine is relatively easy to mea-
sure as it is resistant to the convenient method of
acid hydrolysis to break proteins down into con-
stituent amino acids and in addition, pentosidine
is fluorescent, so easy to detect. A number of
studies have quantified levels of pentosidine in
tendon tissue and shown a positive correlation
with donor age. For example pentosidine levels
increase with age in human patellar tendon [40],
posterior tibialis tendon [84], and equine SDFT
and CDET (Fig. 24.5) [39]. The levels are how-
ever relatively low (1 crosslink per 70 collagen
molecules) in the study by Thorpe et al. [39] and
other AGE crosslinks that are present at much
higher levels are likely to be more relevant to
pathophysiology. One AGE crosslink of particu-
lar interest is glucosepane; this AGE crosslink
was first identified in 2002 by Biemel and
colleagues [85] and later shown to be present in
human skin samples at levels equivalent to those
for enzyme-mediated crosslinks (see
Chap. 18) [86].

Glucosepane is formed from lysine, arginine
and glucose, is acid labile, non-fluorescent and
present in several different stereoisomer forms
making study in native tissues difficult. Initial
work in our laboratory has however shown that
glucosepane is present in human Achilles tendon
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Fig. 24.6 Distribution of identified intra-molecular cross-linking sites along the length of the collagen molecule (red
areas show energetically unfavourable sites and green areas show energetically favourable sites) (Taken from [87])

tissue and levels increase with increasing donor
age (Birch, unpublished data). The impact that
these crosslinks will have on collagen properties
are determined by the sites at which glucosepane
forms. Computational studies using a fully atom-
istic model of an entire collagen molecule in a
fibrillar environment have been used to identify,
based on energetics, the residues responsible for
forming intra-molecular glucosepane cross-links
in type I collagen [87]. Using this approach
24 sites where lysine and arginine are in close
enough proximity to form glucosepane were
identified and six of these sites yielded an exo-
thermic enthalpy change on formation of the
glucosepane cross-link (Fig. 24.6). The six ener-
getically favourable sites identified all occur
within regions of the collagen molecule that are
involved in interactions with other matrix and
bioactive molecules. Other studies have
investigated the effect of AGEs on mechanical
properties of collagenous tissues by incubating
the tissue with sugars or other reactive carbonyl
metabolites [88-91]. Incubation of rat-tail tendon
with methylglyoxal resulted in increased stiff-
ness of collagen fascicles and this seemed to

result from decreased sliding between collagen
fibrils rather than increased stiffness of the fibril
[88]. There remains much to be discovered about
AGE formation as an ageing mechanism but this
will undoubtedly be very important for under-
standing tendon homeostasis during ageing.

Conclusion

In summary, although many characteristics of
ageing tendon have been documented, there
remain conflicting reports of age related effects
and the cause of increased injury with age
remains unresolved. We consider that age related
decline in tendon function is likely to result from
a combination of factors, rather than one single
cause. Some of the studies discussed in this chap-
ter suggest that a better understanding of normal
tendon function and biology is required to allow
the effects of ageing to be studied at more spe-
cific sub-structure levels. Understanding the
factors, and their interactions, that contribute to
age related changes in tendon would allow novel
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approaches
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to both prevention and better

treatments for tendinopathies.
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