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SrrurNceN

behorende bii het proefschrift

Advanced Glycation Endproducts in the Development of Osteoarthritis:
Cartilage Biochemistry and Biomechanics

L De snelheid van accumulatie van niet-enzymatische glyceringsproducten in een
eiwit wordt voor een belangrijk deel bepaald door de vervangingssnelheid van het
betreffende eiwit. Dit proefschrift

2. Cross-linking van kraakbeen collageen door niet-enzymatische glyceringsproduc-
ten leidt tot het stijver worden van het collageennetwerl<. Dit proefschrift.

3. Mensen met beginnende knie artrose vormen sneller niet-enzymatische Slyce-
ri ngs prod ucten dan gezonde controles. Dit p roefsch rift.

4. Aangezien de vormingssnelheid van pentosidine, een niet-enzymatisch glycerings-
product, in huidcollageen omgekeerd evenredig is met de maximale levensduur
van een soort, mogen wij ons gelukkig prijzen slechte pentosidine-vormers te zijn.
Proc. Not/. Acod. Sci. U.S.A. 1996;93: 485-490.

5. Makkelijkere publicatie van 'negatieve' resultaten van wetenschappelijk onderzoek
zou waarschijnlijl< herhaling van vergelijkbare studies door verschillende groepen
voorkomen.

6. Aangezien de innovatiekracht van een organisatie sterk aflrangt van de creativiteit
van haar medewerkers, zou iedere organisatie er naar moeten streven creatieve
geesten zoveel mogelilk de ruimte te geven.

7. Het gevoel in het diepe gegooid te zijn wordt vaak gevolgd door het besef op een
steile leercurve te zitten.

8. ln de discussie over orgaandonatie mag meer aandacht besteed worden aan het
feit dat geven en nemen samen horen te gaan.

9. De luidruchtige media-aandacht voor 'stille tochten' doet afbreuk aan de waarde
van dergelijke tochten.

I 0. Voor de illusie met een crdme collageen in de huid te kunnen brengen wordt vaak
veel betaald.

I l. Het restaureren van een oldtimer vraagt zowel de bereidheid (erg) vieze handen
te krijgen als de nodige hersengymnastiek.

|'2. Hedendaagse auto's zijn veelal praktische vervoersmiddelen; oudere auto's ziin het
vooral waard om van te genieten.

Nicole Verzijl

Utrecht, I 9 luni 200 I
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Geruenal INrnooucrroN
Nicole Verzijl"'b and Jeroen DeGroot"b

l. AnrrculaR cARTTLAGE

Arcicular cartilage is a highly specialized
connective tissue that covers the ends of
bones within synovial joints. By means of its
unique structure, articular cartilage meets
its functional requirements of withstanding
compressive and shear forces and transfer-
ring these forces to the subchondral bone.233

ln addition, cartilage provides a lubricated
surface that facilitates smooth joint move-
ment, even under load. At first sight, carci-
lage seems to be a simple inert tissue, but
upon closer inspection, ir appears co contain
an elaborate, highly structured extracellular
matrix that is deposited and maintained by a

relatively small number of highly specialized
cells: the chondrocytes (Figure l). Surpris-
ingly, the major component of the extracel-
lular matrix of articular cartilage is water
(70-75% of the weight in adult tissue), while
collagen and proteoglycans account for the
major portion of the solid material (17-19%
and 5-10% of the wet weight, respec.
tively).6220s The collagen network defines the
form and tensile strength of articular carri-
lage, while the highly hydrophilic proteogly-
cans are responsible for the resilience of
cartilage (the ability to resume its original
shape and texture after a deformation). The
proteoglycans are immobilized in the colla-

FlcuRE I - Articular cartilage. The main constituents of articular cartilage are depicted. Sparsely present
chondrocytes (l) are embedded in a highly hydrated gel ofproteoglycans and collagens. The collagen fibrils (2)
form a network that gives canilage its tensile strength. Within the collagen network proteoglycans (3) form
Iarge aggregates by binding to hyaluronan chains (4).

'Gaubius Laboratory, TNO Prevention and Health, Leiden, The Netherlands.
bDepartment of Rheumatology & Clinical lmmunology, University Medical Center Utrecht, The Netherlands
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gen network, which results in fixation of a

large negative charSe within the cartilage

matrix. To balance this negative charge, ca-

tions are drawn into the tissue thus creating
a large osmotic potential. Consequently, wa-
ter is imbibed into the tissue, generating a

large swelling force that, in the unloaded

condition, is balanced against the constrain-
ing influence of the collagen network. On
compressive loading of the joint, water is

squeezed out of the cartilage. During un-

loading, because of the osmotic pressure of
the proteoglycans, this water is imbibed

again, thus providing the unique resilience of
articular cartilage.62'233 Consequently, the
mechanical properties of articular caftilage
are highly dependent on the integrity of the
collagen network, the retention within the
network of a high concentration of proteo-
glycans, and the capacity of chondrocytes to
maintain this extracellular matrix integrity.

l. I. Chondrocytes
Chondrocytes are mesenchymal cells that
proliferate and differentiate during devel-

opment. After growth has ceased (in adult
cartilage) there is no detectable cell prolif-
eration. ln adult human cartilage, the chon-
drocytes occupy l-5% of the tissue volume,
the remainder being the extracellular ma-

trix.rT''233 Since anicular cartilage is avascu-

lar, nutrition of chondrocytes depends on
diffusion from the synovial fluid, which is

facilitated by intermittent loading of the car-

tilage.2or'233 Consequently, chondrocytes are

adapted to exist under oxygen tensions as

low as l% and preferentially use anaerobic
metabolism.23''3'' Chondrocytes are the sole
cells responsible for the production and as-

sembly of the constituents of the extracel-
lular matrix of cartilage and are thus essen-

tial for maintaining integrity of the tissue. To
this purpose chondrocytes adlust their be-
havior in response to external signals. These
signals include cytokines,a3't''r'e growth fac-

tors,'" nitric oxide,3r8 vitamins,22e'308 and ex-
pectedly matrix degradation products.r4s'266

ln addition, changes in mechanical and hy-
drostatic loading patterns influence the func-
tioning of the chondrocytes."'''''

CHAPTER I

1.2. Extracellular matrix
1.2.1. Collogens

Collagens consist of three polypeptide
chains (o-chains), each possessing the char-
acteristic tripeptide sequence glycine-X-Y in

which proline most often occupies the X
position and hydroxyproline the Y posi'

tion.2rr Three o,-chains tightly entwine into a

triple helix for which the presence of glycine

on every third position is a prerequisite
(only glycine is small enough to fit inside the
helix).2rr ln articular cartilaSe, approximately
95% o( the collagen is type ll collagen. lts

polymers are the fibrils that form the basic

cohesive framework of the tissue, which
physically entraps aggregating proteogly'
cans.'"

Collagen type ll belongs to the fibril
forming collagens (class I or interstitial col-
lagens) and is a homotrimer of ct I (ll)
chains.3os The collagen biosynthesis involves

several unique posttranslational modifica-
tions (Figure 2). After translation of the
procollagen cr-chain, specific proline and ly-

sine residues are hydroxylated by prolyl and

lysyl hydroxylase, respectively.rT2 Hydroxy-
proline is needed for the formation and sta-

bilization of the triple helix by hydrogen
bonds with proline residues. Hydroxylysine
residues serve as sites for enzymatically

regulated O-linked glycosylation and cross-
linking of collagen.''r'2'2 The function of col-
lagen glycosylation is not yet clear but it has

been postulated to play a role in determin-
ing fibril diameter56'365 and in decreasing the
protease susceptibility of collagen and thus
contributing to collagen stability.36s Glyco-
sylation levels in type ll collagen are the
highest found in interstitial collagens,
reaching levels of -20 residues per collagen

molecule in human articular cartilage (i.e.

-45 percent of the hydroxylysine residues is
modified).26 Hydroxylation and glycosylation
cease when the cr-chains entwine to form
the procollagen triple helix which is se-

creted and processed for incorporation into
the extracellular network.

ln the extracellular space, the terminal
propeptide regions are released by procol-
lagen peptidases.T6'r87'273 This results in a de-
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crease in solubility, forcing the triple helical
collagen molecules to self-assemble into fi-
brils. ln the collagen fibrils, the individual
molecules are orientated in parallel with
quarter-staggered overlap. This highly or-
ganized collagen arranSement results in the
characteristic banded pattern when visual-
ized by electron microscopy.ea After fibril
formation, intermolecular pyridinoline
cross-links are formed. This enzymatic
cross-linking process is initiated by lysyl oxi-
dase306 and results in the formation of tri-
functional cross-links that play an important
role in determining the ultimate structural
integrity of the collagen network. ln carti-
lage, hydroxylysylpyridinoline (HP; derived
from three hydroxylysine residues) is found

in 30-50 fold higher levels than lysylpyridi-
noline (LP; derived from two hydroxylysine
residues and a lysine residue at the triple-
helical cross-linking site).2s'e6

The minor collagens present in cartilage
are mainly type lX (l-2%) and Xl (3-4%)

collagen.e5 Type lX collagen is present on

the surface of the type ll collagen fibrils and

may function as an interfibrillar connector
that not only facilitates the formation and

organization of the three-dimensional colla-
gen network, but also enhances its stabil-
ity.es'r24'rs0 ln addition, type lX collagen pro-
vides a covalent interface between the sur-
face of the type ll collagen fibril and the in-
terfibrillar proteoglycans." Typ" Xl collagen
is present within the interior of the fibrils

intracellular

extracellular

FrcuRE 2 - Collagen synthesis. Collagen is synthesized as propeptide-containing o-chains (l) that are post-
translationally modified by hydroxylation of lysyl and prolyl residues and by glycosylation of hydroxylysyl resi-
dues (2). These modifications cease when three cr-chains entwine to form a collagen triple helix (2). Triple heli-

cal collagen molecules are secreted from the cell (3) and the propeptides are cleaved off extracellularly (4).

Subsequently, collagen molecules spontaneously assemble into fibrils with quafter-staggered overlap of the indi-

vidual triple helices. Finally, the fibrils are stabilized by formation of intermolecular pyridinoline crosslinks (5).
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FIGURE 3 - Schematic representation of the structure of an aggrecan monomer and link protein.
Two of the globular domains (G I and G2) are separated by the interglobular domain (lGD). Between G2 and
the third globular domain (G3) a keratan sulfate (KS) rich domain and a chondroitin sulfate (CS) rich domain
can be identified in the core protein. Furthermore, the core protein contains O- and N-linked oligosaccharides.
The link protein stabalizes the interaction of the Gl domain with hyaluronan.

and is sugSested to help in fibril formation
and determine the final diameter of the fi-
6.1;.tzs'zta ln addition, type Vl collagen (<2%
of the total collagen amount) forms a sepa-

rate microfibrillar network in the pericellu-
lar matrix that acts as a bridge between the
chondrocyte and the interterritorial ma-

trix.268'27a

1.2.2. Proteoglycons

The predominant proteoglycan in articular
cartilaSe is ,ggrecan, comprisint t 90% ol
the cartilage proteoglycans. Aggrecan is a

large, highly polyanionic macromolecule that
forms large aggregates of * 100 MDa. Ag-
grecan consists of a central core protein
with a multi-domain structure, each domain
endowing the molecule with specific charac-
teristics (Figure 3;.r33 The N-terminal region
contains two globular domains (G I and G2)
separated by an interglobular domain (lGD)
that contains several proteinase cleavage

sites. The G I domain contains an immuno-
globulin fold and two proteoglycan tandem
repeat structures by which it interacts with
hyaluronan (a long chain glycosaminogly.
can).r07 One hyaluronan chain can bind up to
200 aggrecan monomers thus forming large
proteoSlycan aggregates. The ,ggrecan-
hyaluronan interaction is stabilized by link
protein, a 40 kDa globular protein with high

homology to the G I domain of aggrecan, in

a l: I molar ratio (aggrecan:link pro-
tein).13r'176 At the C-terminal end of the ag-

grecan core protein a third globular domain
is present (G3) that is highly conserved be-
tween different species and mediates inter-
actions with other matrix constituents.2" ln
between the G2 and G3 domains, the highly
negatively charged keratan sulfate (KS) and

chondroitin sulfate (CS) glycosaminoglycans
are attached to the core protein. This re-
sults in the characteristic brush-like struc-
ture. Each core protein contains t 50 KS

chains, attached to the KS-rich region and

t 100 CS chains, attached to the CS-rich
region. In addition, KS is found in the IGD
domain.r33 The presence of these KS chains

in the IGD is required for aggrecanase

cleavage of the core protein and is thus in-
volved in the stability of the aggrecan mole-
cu le.2'o

The small leucine-rich proteoglycans
(such as decorin, fibromodulin, biglycan, lu-
mican and epiphycan) present a small frac-
tion of the total mass of proteoglycans
within the cartilage extracellular matrix.
Being small sized they represent molar con-
tents similar to or exceeding that of aggre-
can.267'3r? Decorin and fibromodulin interact
with collagen type ll and are suggested to
play a role in the formation and maintenance
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of the collagen fibrils.r2a'r83 Biglycan is found
primarily in the pericellular matrix and may
interact with type Vl collagen.32o The de-
tailed localization and possible functional
role of lumican and epiphycan still have to
be identified.

I .2.3. Noncollogenous, nonp roteoglycon motrix
constituents

ln addition to the collagens and proteogly-
cans, several minor constituents that are
neither collagens nor proteoglycans are pre-
sent in articular cartilage. The putative func-
tions of these proteins range from involve-
ment in matrix assembly and matrix-cell in-
teractions to modulation of the chondro-
cyte phenotype. For some of these proteins
no functional role has yet been identi-
fied.rea'2ao As an example, a prominent non-
collagenous, nonproteoglycan matrix mole-
cule is COMP (cartilage oligomeric matrix
protein) which associates with collagen and

is believed to play a role in collagen fibrillo-
genesis in the pericellular matrix.282

1.3. Extracellular matrix turnoyer
Cartilage is generally viewed as an inert tis-
sue that merely deteriorates after skeletal
maturity has been reached ("wear-and-tear"
theory). lndeed, the half-life of type ll colla-
gen in healthy human cartilage is estimated
to be more than 100 years,'o8 implying that
collagen turnover is virtually absent in nor-
mal adult cartilage. However, since the
turnover of all matrix constituents is charac-
terized by the occurrence of both synthesis
and degradation, the presence of type ll
collagen propeptides in adult articular carti-
lage reveals that remodeling, though slowly,
does take place.2o2 ln addition, matrix met-
alloproteinase (MMP)-mediated collagen
degradation is observed in adult human car-
tilage.a6 The MMPs form a family of Znl*-
and Ca2*-dependent proteinases of which
the expression is transcriptionally regulated
by growth factors, hormones and cytokines.
The proteolytic activities of the MMPs are
tightly controlled by activation from their
precursors (proMMPs) and inhibition by en-
dogenous inhibitors such as tissue inhibitors

FtcuRE 4 - Schematic representation of the
turnover of the aggrecan monomer. Degrada-
tion of the aggrecan monomer with age results in

loss of C-terminal fragments from the tissue and ac-

cumulation of the smaller fragments that remain

bound to hyaluronan through their G I domain.

of matrix metalloproteinases (TlMPs) and

cr2-macroglobu I i n.238

The turnover of the aggrecan fractions in
healthy adult human caftilate is much faster
than the collagen turnover: its half-life has

been estimated to range from 3 to 24
years.'* Degradation of aggrecan monomers
is mediated by MMPs (e.g. MMP-8 and
- I 3;toe'tor and by agSrecanases such as 2g8re-

canase-l and -2.r'32e Degradation of aggrecan

at multiple sites in the core protein results
in the formation of eggrecan molecules of
different length.330 C-terminal fragments
diffuse out of the tissue whereas the N-
terminal fragments, independent of their
length, remain bound to the hyaluronan via
their Gl domain.r3r'2H Effectively, this results
in increased heterogeneity in size of the ag-
grecan monomers with increasing age, with
the smallest fragments having the highest
residence time in the matrix (Figure 4).204

Synthesis of proteoglycans in cartilaSe is

seen throughout the adult tissue and is co-
ordinated with proteoglycan degradation by

feedback to the chondrocyte to ensure that

t5

"+Hr1l|t+tNllltNll1

",rffir+[u+] lllillll.,

..,.,+Nl+]l diffusesoutofrherissue

_f/__rt

"free" G1 domains(
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the extracellular matrix content of proteo-
glycans remains constant. r3l

The turnover of the hyaluronan chains in

articular cartilage is less well studied. Coor-
dinated synthesis of hyaluronan and ?ggre-

can has been shown for normal bovine car-

tilage suggesting similar turnover rates for
these molecules.23o Degradation of hyaluro-
nan is accomplished via receptor-mediated
endocytosis and subsequent intracellular
degradation.as

1.4. Cell - matrix interactions
Cartilage homeostasis is, in addition to solu-

ble factors such as cytokines, dependent on

the interactions of the chondrocytes with
the extracellular matrix. Differences in

composition or structure need to be re-
flected in an adaptation of cellular behavior.
When taken out of the extracellular matrix,
chondrocytes rapidly dedifferentiate and

start producing inappropriate, non-cartilage-
specific proteins.n'*s'3'6 The interactions be-

tween the extracellular matrix and the
chondrocytes are mediated by several

classes of highly specific transmembrane re-
ceptors. The type ll collagen is connected to
the chondrocytes via integrin receptors and

anchorin Cll 1="nn"*'n V). ln addition, the
integrins provide chondrocytes with binding
sites for fibronectin and other matrix con-
stituents.rer lntegrin-mediated chondrocyte-
matrix interactions are essential in chon-
drocyte differentiation, survival, and re-
sponse to mechanical stimuli.r3s'ra3 Hyaluro-
nan-binding by chondrocytes is mediated by
the CD44 receptor, thereby providing a link
between the proteoglycans and the cells.rs'r32

The binding of hyaluronan to CD44 is es-

sential in the formation and retention of the
pericellular matrix.'s3'''3 Loss of this interac-
tion results in depletion ef eggrecan from
the matrix.To

ln addition, chondrocytes respond to
specific degradation products of matrix con-
stituents. Since these products are derived
from the extracellular matrix, they can be

considered markers that communicate the
health status of the surrounding extracellu-
lar matrix to the chondrocyte.''o

CHAPTER I

1.5. Cartilage mechanical properties
During weight-bearing and joint motion, car-
tilage experiences substantial compressive
stresses as well as tensile and shear stresses.
The mechanical properties of the tissue that
are needed to withstand the large forces
depend on the structure, composition, and

organization of its extracellular matrix com-
ponents, with different matrix constituenm
contributing differently to the various prop-
erties.2es The strength of cartilage when ex-
posed to tensile stresses, depends to a large

extent on the intrinsic stiffness of the colla-
gen fibers and the collagen content, and less

on the proteoglycan content.rse'r61"' ln con-
trast, resistance of the matrix to compres-
sive loading in confined compression and

indentation tests,r'r which results in fluid
exudation from the tissue and fluid redistri-
bution within the tissue, is largely deter-
mined by proteoglycans.'to Nevertheless,
tensile forces in the collagen network have

recently been suggested also to play an im-
poftant role in determining tissue behavior
in confined compression.r6T Furthermore, in

unconfined compression the instantaneous

deformation of cartilage is mainly controlled
by the collagen network, while proteogly-
cans play an indirect role by modulating the
tensile stresses in the collagen network."'
Similar findings are reported for the resis-

tance of cartilage to deformation in shear:

the collagen fibers appear to be chiefly re-
sponsible for this cartilage property, while
the proteoglycans assist by generating a

swelling pressure that permits the matrix to
more effectively resist shear.2t8'36'

These relations between cartilage me-
chanical properties and matrix constituents
indicate both how the different matrix com-
ponents contribute to the mechanical prop-
erties of the tissue and, alternatively, how -
using mechanical tests - the properties of
the cartilage matrix components can be

studied. As an alternative to mechanical

tests, the tensile properties of the collagen
network can also be measured using the
"osmotic stress technique",3s which uses the
application of osmotic stress to cartilage by
means of calibrated solutions of polyethyl-
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ene glycol. The tensile stress exefted by the
collagen network, P., can be calculated from
the 'balance of forces' at equilibrium hydra-
tion. At equilibrium hydration, P. together
with the externally applied osmotic stress,
nrro, both of which tend to squeeze water
out of the tissue, are balanced by the os-
motic pressure of the caftilage proteogly-
cans, rrpc (r.e. P. + npec = ,rpc).

2. CnRrtacE AGrNG
During aging of afticular cartilage, both the
extracellular matrix and the chondrocytes
are susceptible to change. Many age-related
changes in the structure and composition of
human articular cartilage aggrecan have been
described. With increasing age, the aggrecan

KS content steadily increases while the CS
content remains constant, which results in
an increase in the proportion of KS to CS.20s

Furthermore, an increase in CS 6-sulfation
relative to 4-sulfation and a relative increase
in the protein content of aggrecan have
been demonstrated.'ot'"' Some of these
changes may be explained by the age-related
decrease in the hydrodynamic size of the
aSgrecan monomers, which is the result of
C-terminal degradation fragments diffusing
out of the tissue, while the remaining hyalu-
ronan-bound N-terminal fragments accu-
mulate with age (Figure 4).:e't:t'zo'r

Despite an increase in hyaluronan con-
centration in articular cartilage with age,ra2

the rate of incorporation of aggrecan mono-
mers into 2ggregates is slower in mature
cartilage than in tissue from young individu-
als,3e which may contribute to the decreased
capacity to assemble large aggregates with
increasing age.33' ln addition, the ratio of
newly synthesized link protein to aggrecan
decreases with age, which may result in a

higher proportion of link protein-deficient,
less stable aggregates with advancing age.so

The net effect of all combined age-related
changes in aggrecan composition is an in-
crease in the fixed charge density (FCD) of
human articular cartilage with age, which
results in an age-related increase in osmotic
swelling pressure and thus in the resistance
of the tissue to fluid loss.r22 Nevertheless,

l7

the water content of human arcicular carti-
lage decreases somewhat with age.28rj38 The
water content of unloaded cartilage is the
result of the balance between the tendency
of the highly hydrophilic proteoglycans to
imbibe water and the tensile stresses in the
collagen fiber network that entraps the pro-
teoglycans. Thus, the age-related decrease in

water content of human articular caftilage,
in combination with an increase in the os-
motic swelling pressure of the proteogly-
cans, indicates that the stiffness of the colla-
gen network must increase with age.l22

lndeed, Basser et o/.3s showed an age-
related increase in the tensile stiffness of the
articular cartilage collagen network. This
increased stiffness cannot be explained by a

change in enzymatic collagen cross-linking
(both HP and LP concentrations in cartilage
collagen are constant with age),2s'e6 nor by
the slight age-related decrease in collagen
content.338 As far as the relative contribu-
tion of different collagen types is concerned,
a decrease in the content of collagen types
lX and Xl is observed with advancing age,

which may modify the properties of cartilage
but is not expected to increase the stiffness
of the collagen network.'5'336 Yet, cross-links
derived from the process of nonenzymatic
glycation increase with age in cartilage and
may explain the age-related increase in col-
lagen stiffness (see paragraph 41.rs'::t

Age-related changes have also been ob-
served in the structure or content of some
of the minor cartilage matrix constituents.
For example, the contents of lumican and
some of the noncollagenous, nonproteolgy-
can matrix molecules in human articular car-
tilage increase with age.r2r''"'''' Reports on
the effect of aging on the amounts of
decorin, biglycan, and fibromodulin are less

consistent: both increased and decreased
levels of biglycan and decorin have been re-
ported.""t3 Furthermore, the structure of
the KS chains that are attached to fibro-
modulin change with age.r83 The possible
effects of these age-related changes in the
amount or composition of the minor carti-
lage molecules on tissue function are not yet
known.
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ln addition to changes in the extracellular
matrix with increasing age, the number and

behavior of the chondrocytes is subiected

to age-related changes. The chondrocyte
number is reported to decline with age in
femoral head cartilage,3a2 whereas knee and

shoulder cartilage have been shown to con-
tain stable cell numbers with increasing

{e.2rs':t5 Cell functions are generally be-

lieved to slightly decline with advancing age63

but undeniable evidence to support this is

lacking. Nevertheless, some age-related

changes in chondrocyte function have been

described, such as a decrease in link protein
mRNA expressionae and a change in sul-

fation of the nonreducing terminal mono-
and disaccharides on aggrecan CS.262

3. OsreoanrHRrrts
Osteoarthritis (OA), or cartilage degenera-

tion, is a widely prevalent chronic disabling

condition. Clinically, OA is characterized by

loint pain, tenderness, limitations of move-
ment, crepitus, occasional effusion, and local

inflammation secondary to the disease pro-
cess.'u' The main pathological characteristic
of OA is progressive destruction of the ar-
ticular cartilage. ln many cases, subchondral
cysts and sclerosis, osteophyte formation
and mild synovial inflammation are ob-
served.'tt Ample evidence sugtests a multi-
factorial etiology of OA by combinations of
biomechanical, biochemical and genetic fac-

tors.'o'''* However, the initial event that
triggers the pathological process is unclear
and it is still being debated whether the ini-
tial changes occur in the cartilage, the sub-

chondral bone or even in the synovium.ss

Risk factors that are identified for OA in-

clude general factors that contribute to the
overall sensitivity to develop OA (e.g. age,

obesity, gender, and genetic predisposition)
and local biomechanical factors that deter-
mine the location and severity of OA (e.g.

joint trauma, anatomical deformities, and

occupation).77'r02'r0s'rsr By far the single great-
est risk factor for the development of OA is

age.78'r0s333 As an example, the prevalence of
radiological OA in the female knee ioint in-

creases from 12.7% to 40.2% between the

Csnpren I

ages of 45 and 70 years, while in the distal

interphalangeal loint the prevalence at high

age is as high as 74.7%.333 Ahhough age is

recognized as the main risk factor for OA,
the mechanism by which aging is involved in

the etiology of OA remains largely un-

known. ln general, the disease could be initi-
ated by age-related changes in the shape or
stability of the loint, in the structure of the
supporting tissues (e.g. bone), and/or in the
integrity of the extracellular matrices of car-

tilage, bone or ligaments.6a ln our view, age-

related changes in articular cartilaSe are

likely to be causally involved in the patho-
genesis of OA. These age-related changes in

articular cartilage predispose to the devel-

opment of OA but are fundamentally differ-
ent from the changes that occur in cartilage

during the disease process.'"
One of the earliest features of cartilage

degeneration is the increase in swelling of

the cartilage.2o' Since the water content of
articular cartilage depends on the balance

between the swelling pressure of the pro-
teoglycans and the restraining force of the
collagen network, swelling of the tissue indi-
cates loss of integrity of this network.'os The
increase in cartilage swelling is corroborated
by a decrease in collagen network stiffness

and both are highly correlated with the
amount of degraded collagen.3r Collagen

damage early in the process of cartilage de-

generation could result from fatigue failure
of the collagen network,rrr from mechanical

trauma,"' or from proteolytic degradation
of collagen by MMPs, such as MMP-1, -3, -8
or -13.a2'a6'3m Presumably in an attempt to
repair the damage, type ll collagen synthesis

is increased in OA cartilage."' ln addition,
synthesis is observed of collagen types that
are normally not present in articular carti-
lage or only at very low levels, such as tyPe

lll, Vl, and X collagen. Due to the different
biomechanical properties of these aberrant
collagen types, this results in an extracellular
matrix that does not meet its functional re-
quirements and repair is therefore ineffec-

ttve.--' '" ''

Similar to what is found for collagen, the
synthesis and degradation of proteoglycans
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FlcuRE 5 - Classical view of AGE formation. Reducing sugars such as glucose or fructose reacr spontane-
ously with lysine or arginine residues in proteins. lnitially a reversible Schiff base (e.g. fructose-lysine) is formed
( l). Subsequently, Amadori rearranSement and Maillard browning reactions (2) result in the formation of stable
AGEs: some form protein-protein crosslinks, whereas others present protein adducts.

are increased in OA cartilage. The release of
proteoglycans is higher from OA cartilage
than from normal cartilage,rTs which is con-
sistent with increased MMP and aggrecanase

activity in OA caftilage and synovial
fluid.r3'42'46're0 Furthermore, proteoglycan
synthesis, measured as the rate of sulfate
incorporation, is increased two- to four-fold
both in the early, preclinical stage and in the
late stage of OA.r78'28s'322'334 ln addition,
slightly different proteoglycans are synthe-
sized in OA cartilage; the sulfation pattern
of CS chains in OA cartilage proteoglycans
is different from normal adult cartilage and
resembles that in cartilage at adolescence
(15-17 years).2'3 The enhanced proteoglycan
synthesis does not compensate for the in-
creased release: a net loss of proteoglycans
is observed in OA cartilage. This is also due
to the decreased retention of newly synthe-
sized proteoglycans in OA cartilage,rTs which
may be caused by the damaged collagen
network.3l

4. Tge MAILLARD REACTIoN
During aging, the inescapable chronic expo-
sure of cellular and extracellular matrix pro-
teins to reducing sugars leads to their non-

enzymatic modification by these sugars. This
process, also known as the Maillard reac-
tion, eventually results in protein browning
and cross-linking and is suggested to play a

role in the fundamental aging process.22s

4. l. Chemistry
Nonenzymatic glycation (NEG) is a common
posttranslational modification of proteins by
reducing sugars. ln the classical view, the
glycation reaction is initiated by the nonen-
zymatic condensation of a sugar with the e-

amino group of a lysine residue (e.g. result-
ing in fructose-lysine; FL) or the e-guanidino
group of an arginine residue to form a re-
versible Schiff base, that is subsequently sta-
bilized by Amadori rearrangement. This
Amadori product undergoes Maillard or
browning reactions, that result in the forma-
tion of advanced glycation endproducts
(AGEs) (Figure 5).278 More recently, alterna-
tive pathways for formation of the Amadori
product and AGEs have been proposed, e.g.

through metal-catalyzed glucose auto-
oxidation36r or as the result of lipid peroxi-
dation reactions."' This has resulted in the
appreciation that there are multiple sources
and mechanisms of AGE formation in vivo.
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Due to the highly diverse reaction pathways

leading to AGE formation, AGEs with a va-

riety of chemical structures have been iden-
tified. Some AGEs are protein-adducts,
whereas others present protein-protein
cross-links.ar'50'278 All proteins are prone to
AGE formation, but since AGEs cannot be

removed from proteins, accumulation of
AGEs only occurs in long-lived proteins
such as lens crystallins and tissue colla-
g€n5.2s'e0'er'rrs A summary of AGEs that have

been identified in tissue proteins in vivo ls
provided in Table l.

The diversity of AGEs that are identified
in viyo is reflected by the range of methods
employed to analyze AGEs. These methods
vary from high-performance liquid chroma-
tography (e.g. for pentosidine)27 and gas

chromatography - mass spectrometry (e.g.

for CML and CEL)ler to the use of specific
antibodies (e.g. for pyrraline).222 Also, gen-

eral measures of AGE cross-linking, that do
not require sophisticated equipment or an-
tibodies, have successfully been used. These
measures include the analysis of protein-
bound browning (absorbance at 340 nm) or
fluorescence at 3701440 nm,226'2e4 and the
analysis of the susceptibility of AGE-
modified protein to enzymatic digestion,2eo

the latter providing to a certain extent a

functional measure of cross-linking.

CHAPTER I

4.2. Effects of AGEs on tissue, cell and
protein function
Connective tissue strength is highly depend-

ent upon the amount of cross-links Present
in collagen.rr0'2s4 The controlled formation of
enzymatic cross-links, such as the pyridi-
nolines, enables tissues such as cartilage and

bone to balance cross-link levels with func-
tional requirements. This is vividly illustrated
in pathologies in which cross-linking is dis-

turbed: e.g. the defective cross-linking in

bone of Bruck syndrome patients results in
highly brittle bone.3o ln this view, it is clear
that the mechanical properties of connective
tissues are adversely affected by the accu-

mulation of nonenzymatically formed AGE
cross-links. Accumulation of AGEs is corre-
lated with increased tissue stiffness in ar-
teries,3ff lens capsules,22 skin,277 tendon,l"
and articular cartilage.2s Moreover, an in-

crease in AGE levels makes tissues increas-

ingly brittle, and thus more prone to me-

chanical damage. This effect has been shown
for human lens capsules22 and cortical
bone.tt'328 For articular cartilage, a decrease
in strength is observed with increasing

?ge,r5z':51 coinciding with an increase in

AGEs in the tissue.2s Although no direct
correlation between AGE levels and brittle-
ness has been shown, these data suggests

that also for articular cartilaSe the level of

TABLE l. AGES that have been identified in human tissue proteins

Cross-link/adduct Present in

Pentosidine

CML (N"-(carboxymethyl)lysine)

CEL (N"-(carboxyethyl)lysine)

furraline

lmidazolium salts:
- MOLD (methylglyoxal-lysine dimer)
- GOLD (glyoxal-lysine dimer)

Vesperlysine A

Argpyrimidine

lmidazolones

NFC-l (non-fluorescent cross-link l)

cross-link

adduct

adduct

adduct

cross-link

cross-link

adduct

adduct

cross-link

many tissues e.g. dura mater,2ts skin,es ar-
ticular cartilage,25 brain,l5e Bruch's mem-
branel2e

many tissues e.g. lens,er skin,s brainr6e

lens3

kidney222

lens and skinsT

lens32l

cornea,"' diabetic kidnef 5s

diabetic aorta and kidney,2a3 diabetic retinar2s

diabetic skin,2r aorta3oa
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AGEs determines its resistance to mechani-
cal trauma or fatigue failure.rs2

ln addition to affecting the mechanical
properties of tissues, AGEs also interfere
with cellular processes. lt has been sug-

gested that many of the effects of matrix
glycation are mediated by specific AGE re-
ceptors (for review see Ref. 325). AGE-
binding receptors include: scavenger recep-
tors types I and 11,286 the receptor for AGE
(RAGE),r70'2'r'287 oligosaccharyl transferase-
48 (oST-48, AGE-Rl),r88 80K-H phospho-
protein (AGE-R2),366 and galectin-3 (AGE-
R3).344 AGE receptors are found on a vari-
ety of cell types such as monocytes, macro-
phages, endothelial cells, pericytes, podo-
cytes, astrocytes and microglia.32s Cell acti-
vation in response to binding of AGE-
modified proteins results in activation of key
cell signaling molecules, such as NF-rB, and

changes in gene expression.rT0'288 Depending
on the cell type, this can be associated with
cell proliferation, oxidative stress, or apop-
tosis.rss'220'287 ln addition, AGE-modified pro-
teins affect the synthesis of matrix compo-
nents: AGE-modified albumin has been re-
ported to stimulate collagen type lV synthe-
sis in glomerular mesangial cells.r2'7s ln con-
trast, mesangial cells grown in the presence
of glycating sugars or on glycated matrix
show decreased synthesis of collagen types I

and 1V.303 Type I collagen synthesis is also
inhibited in endothelial cells and in fibroblast
cell lines upon exposure to glycated albu-
rn1n.74'2s3 Furthermore, AGE-modified albu-
min has been shown to inhibit matrix met-
alloproteinase-2 mRNA production by mes-
angial cells while stimulating TIMP-l expres-
sion, which likely results in decreased extra-
cellular matrix proteolysis.12 ln addition to
effects mediated by specific AGE receptors,
accumulation of AGEs in extracellular ma-
trix proteins also directly interferes with
cell-matrix interactions. A decreased adhe-
sion of cells to the extracellular matrix, pos-
sibly mediated by glycation of the arginine
residue in the RGD (Arg-Gly-Asp) recogni-
tion sequence for integrins has been dem-
onstrated for osteosarcoma and fibrosar-
coma cells.'27'2s'

2t

Besides cell-mediated effects of AGEs on
matrix turnover, accumulation of AGEs also

directly affects matrix turnover by changing
the physical and chemical properties of pro-
teins. AGE-modification of proteins changes

their structure such that it may interfere
with highly specific enzyme-substrate inter-
actionsr0 and thereby prevent proteolysis. ln
addition, increased inter- and intramolecular
cross-linking may diminish the accessibillty
of the matrix to proteinases or the release
of degraded matrix constituents.2o The latter
may result in chondrolysis due to the
stimulation of chondrocytes by unremoved
matrix degradation products.r# Alterna-
tively, modification of lysine and arginine
residues changes the charge distribution of
the protein,r23 thereby influencing its tertiary
structure as well as its interactions with
other proteins. As a result, the susceptibility
of matrix proteins for proteolytic degrada-
tion may be changed, which influences tissue
turnover. lndeed, a decrease in the suscep-
tibility of extracellular matrix proteins to
proteolytic degradation has been reported
at elevated AGE levels. Degradation of
AGE-modified collagen by matrix metallo-
proteinases is impaired compared to un-
modified collagen.23r Furthermore, the pro-
portion of pepsin-released skin collagen de-
creases with age,2eo which coincides with the
age-related increase in AGE levels in skin.e3

5. HYPoTHES]s
Age is undoubtedly the treatest risk factor
for OA, but the mechanisms underlying this
relationship are largely unknown. Yet, age-

related structural changes in articular carti-
lage are potential factors in increasing the
susceptibility of cartilage to develop OA.
Since damage to the collagen network is the
first sign of cartilage degeneration, the main
focus of our research has been on age-

related changes in the collagen network in

human adult articular cartilaSe. Prior to the
start of this project, it was known that no
age-related changes occur in the enzymatic
collagen modifications, lysyl hydroxylation
and pyridinoline cross-linking, but that the
AGE cross-link pentosidine accumulates
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with age in human afticular cartilage.2s Fur-
thermore, preliminary data showed in-
creased stiffness of the cartilage collagen
network after in vitro glycation by ribose.2s

These results led us to hypothesize that the
age-related increase in AGE cross-linking in
cartilage collagen results in increased stiff-
ness, and subsequently increased brittleness
of the collagen network. lncreased brittle-
ness may in turn contribute to the age-

related failure of cartilage to resist mechani-
cal damage, and thus be a factor that predis-
poses aged cartilage to damage and, eventu-
ally, the development of OA. Consistent
with our hypothesis, the stiffness of the col-
lagen network in human afticular cartilage
increases with age,3s'|22 while its resistance
to fatigue damage decreases.'"''s0 Further-
more, AGEs are expected to impair extra-
cellular matrix turnover by chondrocytes, as

has been shown for other cell types such as

fibroblasts and mesangial cells.r2'2s3 This may
result in a diminished ability of chondrocytes
to maintain or repair matrix integrity and

may thereby contribute to the progression
of cartilage defects to OA. The combination
of increased cartilage brittleness with di-
minished repair capacity, both due to the
age-related accumulation of AGEs, is likely
to contribute to the age-related increase in
susceptibility to develop OA.

6. Oururxe oF THrs rHEsrs
To test our hypothesis that the age-related
accumulation of AGEs in articular cartilage
predisposes to the development of OA we
have used a variety of experimental ap-
proaches. The results of these studies are
described in two theses. The effects of
AGEs on the synthesis and degradation of
caftilage extracellular matrix by chondro-
cytes and the effect of AGE accumulation on
the development of OA in a canine in yiyo

model are described in "Advanced glycation
endproducts in the development of osteoar-
thritis: cartilage synthesis and degradation",
by Jeroen DeGroot.s2 The present thesis
describes the biochemistry of Maillard reac-
tion products in human adult articular carti-
lage, the effect of protein turnover on the

CHAPTER I

accumulation of AGEs and the effect of AGE
cross-linking on the stiffness of the collagen
network. Furthermore, the relation be-
tween AGE cross-linking of cartilage colla-
gen and the occurrence of cartilage degen-
eration was studied in a cross-sectional
study. The eventual result of age-related
changes in the properties of the cartilage
collagen network also depends on the net-
work's "starting quality" at adolescence.
Therefore, biochemical characteristics of
the cartilage collagen network laid down at
adolescence were also related to the devel-
opment of OA at old age.

The work described in the present thesis
was aimed at answering the following ques-
tions:

Which Moillord reoction produas occumulote

with oge in cortilage collogen ond how do their
levels compore to those in other long-lived

proteins?

The results of our extensive exploration of
Maillard reaction products in cartilage colla-
gen are summarized in chapter 2. Sell and

Monnier2es had previously shown that pen-
tosidine levels in tracheal cartilage are rela-
tively high compared to other tissues.
Therefore, we set out to determine levels

of several well-characterized products of
glycation (fructose-lysine) and subsequent
AGE formation (CML, CEL, and pento-
sidine) in cartilage collagen and compared
those levels to levels measured in skin colla-
gen and lens proteins. ln addition, we de-
termined general measures of glycation and

AGE formation, such as AGE fluorescence
(at 3601460 nm), browning (absorption at
340 nm), levels of the glycation-sensitive
amino acids arginine and (hydroxy-)lysine,
and digestibility of cartilage collagen by bac-
terial collagenase.

Whot is the influence of the rote of protein
turnover on the occumulation of AGk, ond con
pentosidine levels be used os o quontitotive
meosure of protein turnover?

It is known from literature that besides
sugar concentration, temperature, pH and

oxygen tension, the rate of protein turnover
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may also play an important role in deter-
mining AGE levels in a tissue or pro-
tein.4'r66'2es High levels of AGEs accumulate

in cartilage compared to other tissues such

as skin.2e5 Therefore, we measured levels of
pentosidine, CML, and CEL in cartilage and

skin collagen and compared these AGE lev-
els between the two collagens in relation to
their respective rates of turnover (chapter
3). The residence time of these collagens, i.e.

a measure of protein turnover, was ob-
tained by measuring the percentage D-
aspartic acid. This unique measure of pro-
tein residence time is based on the relatively
fast racemization of aspartic acid from the L-

form, in which it is built into proteins, into a

racemic mixture of D- and L-forms with ad-

vancing age.'"'''o
Thus far, focus has been on AGE accu-

mulation in collagen from human articular
cartilage. ln chapter 4, we investigated

whether pentosidine also accumulates with
age in the other maior component of the
caftilage extracellular matrix, namely aggre-

can which has a faster turnover than colla-
gen. Furthermore, pentosidine levels in ag-

grecan subfractions of known different resi-
dence times were used to explore pento-
sidine levels as a quantitative measure of
aggrecan turnover, as can be derived from
levels of aspartic acid racemization.2e Be-

cause the OA disease process results in in-

creased agSrecan turnover,'"''82'2m pento-
sidine levels in 2ggrecan isolated from OA
cartilage were compared to normal cartilage

to see whether aggrecan pentosidine levels

reflect the increased turnover.

Does A6E crossJinking affea the mechonicol
properties of the collogen network in orticulor

cortiloge?

lnasmuch as a substantial number of AGEs

are cross-links, we investigated whether
AGE cross-linking influences the mechanical
properties of the collagen network in ar-
ticular cartilage. ln chapter 5, the effect of in
vitro glycation of human articular cartilage

with threose on the stiffness of the collagen

network is described. The collagen network
stiffness was assessed by measuring the in-
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stantaneous deformation of the tissue after
step-loading of a cylindrical cartilage sample

in unconfined compression,22a and confirmed
by the osmotic stress technique.3s Stiffness

of the collagen network was related to the
level of AGE cross-linking, which was also

specifically measured in collagen.

Do AGEs in orticulor cortiloge collogen

predispose to the development of OA?

lf AGE cross-linking indeed plays a role in

increasing the susceptibility of articular car-
tilage collagen to mechanically induced dam-

age, individuals with a high level of cartilage

collagen AGEs may develop OA more often
or earlier in life than individuals whose ar-
ticular cartilage contains less AGEs. To test
this hypothesis, AGEs were measured in

normal cartilaSe from joints with focal, pre-
clinical cartilage degeneration at autopsy and

compared to cartilage from donors without
any sign of degeneration. The results of this
comparison are described in chapter 6.

Do properties of the collogen network os it is

Ioid down ot odolescence ploy o role in the

development of OA ot old oge?

The previous chapters have focussed on the
age-related accumulation of AGEs in articu-
lar cartilage collagen and its influence on the
age-related increase in the susceptibility of
caftilage for degeneration. However, be-

sides the extent of change with age, the
eventual quality of the collagen network will
also be determined by its starting quality. ln

chapter 7, it was investigated whether dif-
ferences in enzymatic modifications of the
cartilage collagen network as it is laid down
at adolescence play a role in the develop-
ment of OA at old age. For this purpose,
hydroxylysine (Hyl) and pyridinoline cross-
link (HP and LP) levels were compared be-

tween paired samples of degenerated and

macroscopically normal carcilage from the
same donor.
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Ace-Relareo AccuMULATroN or Maruano ReacrroN PRooucrs
rN HumaN ARrrculan Canrrlace CouaceN
Nicole Verziil,abJeroen DeGroot,nb Esther Oldehinkel," Ruud A. Bank,'Suzanne R.

Thorpe,'John W. Baynes,'Michael T. Bayliss,dJohannes W.J. Billsma,b Floris PJ.G.
Lafeberb and Johan M. TeKoppele"

Non-enzymotic modificotion of tissue proteins by reducing sugors, the so-colled Moillord reoction, is o
prominent feoture of oging. ln orticulor cortilage, relotively high /eve/s of the odvonced glycot)on

endprodua (AGE) pentosidine occumulote with oge. Higher pentosidine leyels hove been ossocioted with
o stiffer collagen network in cortilage. However, even in cortiloge, pentosidine leye/s themselyes represent
< / crossJink per 20 collogen moleculeg ond os such connot be expected to contribute substontiolly to
the increose in collogen network stiffness. In the present study, we investigoted o brood ronge of Moillord
reoction products in cortiloge collogen in order to determine whether pentosidine seryes os on odequote
marker for AGE /evels. Not only did the well-chorocterized AGEs pentosidins, l\l'-(corboxymethyl)lysine
(CML), ond N'-(corboryethyl)lysine (CEL) increose with oge in cortiloge collogen (oll p < 0.0001), but
olso generol meosures of AGE crossJinkrng such os browning ond fluorescence (both p < 0.0001),
increosed. Ihe levels of these AGEs ore all higher in cortiloge collogen thon in skin collogen. As o

funaionol rneosure of glycotion the digestibility of orticulor collogen by boaeriol collogenose wos

investigoted; digestibility decreosed lineorly with oge, proportionol to the extent of glycotion. Furthermore,
the orginine content ond the sum of the hydrorylysine ond lysine content of cortilage collogen decreose

significontly with oge (p < 0.0001 ond p < 0.01 respeaively), possibly due to modificotion by the
Moillord reoction. The observed relationship between glycotion ond omino ocid modificotion hos not been

repofted previously in vivo. Our present results indicote thot extensiye occumulotion of o voriety of
Moillord reoction products occurs in cortiloge collogen with oge. Altogether our results support the
hypothesis that glycotion contributes to sdnbr ond more briule cortiloge with odvoncing oge.

BrocurNrcelJouRNAL 2000; 350: 38 l-387

!NrRooucrlox
During aging, Iong-lived proteins such as

collagen and eye lens proteins are nonen-
zymatically modified by reducing sugars. The
major initial product is fructose-lysine
(FL),'o''' which results from glycation of e-

amino groups on lysine residues. ln subse-
quent Maillard or browning reactions, prod-
ucts known as advanced glycation endpro-
ducts (AGEs) are formed from FL,a'3s7 and

accumulate with age in long-lived pro.
teins.2s'83'e0'el'2et'"' These AGEs include struc-
turally characterized adducts such as N'-
(carboxymethyl)lysine (CML)4'e0'er and N'-
(carboxyethyl)lysine (CEL),3 fluorescent
cross-links, such as pentosidine formed be-
tween lysine and arginine residues,e2'2es as

well as chemically unidentified compounds
which result in protein-bound browning or
fl uorescence, and cross-linking.tss'226'2s0'zet

ln comparison with other collagen-rich
tissues such as skin, cartilage contains rela-
tively large amounts of pentosidine.22T'2es

Pentosidine levels in articular cartilage in-
crease linearly with age,2s'83'33r as was previ-
ously described for skin collagene3 and lens
proteins.e2 Pentosidine is also present in the
proteoglycans in articular cartilage,2s but
appears to be localized predominantly in the
collagen component of the tissue.2s Age-
related accumulation of AGE cross-links in
articular cartilage collagen may result in in-
creased stiffening of the collagen network,
as was shown after in vitro ribosylation of

"Gaubius Laboratory, TNO Prevention and Health, Leiden, The Netherlands.
bDepartment of Rheumatology & Clinical lmmunology, University Medical Center Utrecht, The Netherlands.
'Department of Chemistry and Biochemistry, University of South Carolina, Columbia, SC, U.S.A.
oDepartment ofVeterinary Basic Sciences, The Royal Veterinary College (University of London), London, U.K.
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cartilage.2s Thus AGE cross-linking in vivo

may contribute to the age-related impair-
ment of the ability of articular collagen to
resist mechanically induced damage and

eventually caftilage degeneration.r I r'rs7'3s0

Even though pentosidine levels in carti-
lage collagen are high compared with the
levels found in other long-lived pro-
teins,'2''2es the absolute number of pento-
sidine cross-links is less than I cross-link per
20 collagen molecules,2s'83 and as such can-

not be expected to substantially increase

collagen network stiffness. ln the present
study, we investigated a range of Maillard

reaction products in human articular carti-
lage collagen to determine whether the ex-
tensive accumulation of pentosidine in ar-
ticular cartilage can be confirmed by other
AGEs.

FL, CML, CEL and pentosidine were
measured in cartilage collagen, and their
levels were compared with those previously
reported for skin collagen and lens pro-
tein.sr'eo'er ln addition, general measures of
glycation-derived cross-links, i.e. browning
and Maillard-type fluorescence,"' were de-

termined. Modification of arginine, lysine

and hydroxylysine residues in cartilage colla-
gen was also determined as a possible

measure of overall glycation and AGE for-
mation. The digestibility of articular collagen
by bacterial collagenase was explored as a

functional measure of cross-linking.

ExprnIrreNrAL PROCEDURES

Cartilage samples
Macroscopically normal human articular car-

tilage was obtained post mortem from femo-
ral condyles within l8 h of death. Patients

had no clinical history of loint disorders.
Cartilage from a total of 60 donors was
used; ages ranged from 2.5 to I 03 years.

Different subsets of samples were used for
the various assays. ln a few cases (n = 6),
paired cartilage and skin samples were col-
lected. All tissue samples were stored at
-20'C until analysis.

Purifi cation of collagen
Articular cartilage collagen was purified by

Cnrpren 2

depleting the tissue of all proteoglycans and

other non-collagenous proteins by sequen-

tial enzymatic treatment with chondroit-
inase ABC (Sigma), trypsin (Boehringer
Mannheim), and Streptomyces hyaluronidase
(Sigma) at 37'C, as described by Schmidt et

o,."' This procedure resulted in the removal
of more than 97% of the total glycosamino-
glycans with a minimal loss of collagen (<
l%, measured as hydroxyproline; results not
shown). Skin collagen was isolated by se-

quential extraction for 24 h at 4'C with I M
NaCl, chloroform/methanol (2: l, v/v), and

0.5 M acetic acid as described previously.reT

Analytical procedures
For analysis of FL, samples of cartilage colla-
gen (l mg in I ml of 6 M HCI)were hydro-
lysed for 24 h at I lO'C under nitrogen.
CML and CEL were measured separately in

2 mg samples that were first reduced over-
night at 4'C in 500 pl of 0.1 M NaBH,
(Sigma) in 0. I M sodium borate buffer (pH
9.0). To remove excess NaBHa, samples

were washed three times with 5 ml of de-

ionized water and then hydrolysed in I ml

of 6 M HCl, as described above. An aliquot
(30%) of the reduced hydrolysates was re-
moved for pentosidine and amino acid

analysis, described below. The FL, CML,
CEL and lysine contents of the collagen hy-

drolysates were measured as their N-
trifluoroacetyl methyl esters by isotope-
dilution selected ion monitoring GC-MS,3'r
using deuterated internal standards. The FL,

CML and CEL content of the collagen sam-

ples is expressed as mmol per mol of lysine

residues. Historical data for lens protein and

skin collagen have been determined using

the same methodology as described

above.3'''''o'''
Pentosidine content and amino acid

composition were determined by HPLC as

described previously.2T'z8 ln short, dried hy-

drolysates were dissolved in internal stan-

dard solution containint l0 pM pyridoxine
(Sigma) and 2.4 mM homoarginine (Sigma).

For pentosidine analysis, samples were di-
luted fivefold with 0.5% (v/v) heptafluorobu-
tyric acid (Fluka) in l0% (vlv) acetonitrile
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(Rathburn, Walkerburn, Scotland, U.K.) and

analysed by HPLC.27 Pentosidine was gener-
ously given by Professor V.M. Monnier
(Case Western Reserve University, Cleve-
land, OH, U.S.A.), and calibrated against our
pentosidine standard.e2 For amino acid

analysis, an aliquot of the pentosidine sam-

ples was diluted SO-fold with 0. I M borate
buffer (pH I 1.4), derivatized with 9-fluor-
enylmethyl chloroformate (Fluka) and ana-

lysed by HPLC.28 The pentosidine content of
the collagen samples is expressed as mmol
per mol of lysine residues. The quantities oI
arginine and the sum of the primary amines
hydroxylysine and lysine, i.e. (hydroxy-)ly-
sine, are expressed as mol per mol of colla-
gen, assuming 300 hydroxyproline residues
per triple-helical collagen molecule.2T

Collagen-linked fluorescence and brown-
ing were measured in cartilage and skin col-
lagen (l-5 mg) digested for 2 h at 65"C with
2.5 units/ml of papain (from Papaya latex,

Sigma) in 300 pl of papain buffer [50 mM
phosphate buffer (pH 6.5), 2 mM L-cysteine

and 2 mM EDTA].|68 Fluorescence of the
papain digests was measured at 1"",=360 nm

and 1.u,=460 nm in a Cytofluor ll Multi-Well
Plate Reader (PerSeptive Biosystems), be-
cause those filters were available for the
plate reader. A high correlation was found
between these fluorescence measurements
and the fluorescence measured at 370
nml440 nm (the excitation-emission maxima

for AGE fluorescence;726 r = 0.99, p <

0.000 l; results not shown) in an SFM-25

fluorometer (Kontron, Milan, ltaly). Brown-
ing was measured as absorption at 340 nm
in a Titertek Multiskan MCC/340 plate

reader (Labsystems, Helsinki, Finland). The
measurements were made against papain

buffer. An aliquot of the papain digests was
hydrolysed in I ml of 5 M HCI at llO'C for
20-24 h for hydroxyproline analysis.Te'313

Both fluorescence and browning were nor-
malized to the hydroxyproline content ol
the digest (papain contributed < l% of the
hydroxyproline in the digests).

Collagen digestibility was measured fol-
lowing the digestion of cartilage collagen for
6 h at 37'C with Clostridium histolyticum col-

29

lagenase (CLS 2; Worthington Biochemical
Corp., Freehold, NJ, U.S.A.) at a final con-
centration of 5 pg collagenase per mg colla-
gen in a 50 mM Tris buffer containing 5 mM

CaClr, 0.15 M NaCl, I yYl ZnClr, 0.02%
(w/v) NaN,, and 0.01% (v/v) Bril 35. After
incubation, the supernatant and remaining
tissue were separated and hydrolysed in I

ml of 6 M HCI at llO'C for 20-24 hours.
The relative amount of collagen in the su-

pernatant was estimated by measuring the
amount of hydroxyproline in the hydroly-
sates of both the supernatant and the re-
maining tissue.Te'3r3 The mean collagenase
digestibility was calculated from duplicate
analyses. ln a subset ofthe donors (n = l2),
an additional cartilaSe collagen sample was
digested with papain for measurement of
browning and AGE fluorescence and pento-
sidine content (after hydrolysis of the papain

digest) as described above, in order to cor-
relate collagenase digestibility of articular
collagen with levels of AGE cross-linking.

Statistical analysis
Linear regression analyses and paired Stu-

dent's t tests were performed with SPSS

version 8.0 for Windows (SPSS, Chicago, lL,

U.S.A.); p < 0.05 was considered to repre-
sent statistically significant differences.

REsur-ts
Age-related variation in levels of
Maillard reaction products in articular
cartilage collagen
ln articular cartilage from healthy individuals,
a slight, but statistically significant, age-

related increase in collagen glycation (meas-

ured as FL) was found (r = 0.37, p < 0.05;
Figure lA). The glycation of lysine residues
in cartilage collagen was about 5 mmol of
Fl/mol of lysine in a sample from a 2.5-year-
old and increased only by an additional 23%

up to the age of 80 years. Thus the extent
of modification of lysine residues in cartilage
collagen by FL ranged from 0.5 to 0.77" over
the entire human life span.

ln contrast with the marginal age-related
increase in the concentration of FL, AGE
concentrations per amount of lysine resi-
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FtcURE I - AGEs in articular cartilage collagen increase markedly with age. (A) Levels of the initial

glycation product FL in cartilage collagen; (B-D) levels of the AGEs CML, CEL and pentosidine in cartilage col-

lagen as a function ofage. Normal full-depth femoral condylar cartilage of 33 subjects in the age range 2.5-103
years was analysed; data are expressed as mmol of residues/mol of lysine. Linear regression analysis was Per-
formed on all data for FL and on data > 20 years for CML, CEL and pentosidine.

dues increased considerably with age in car-
tilage collagen. ln immature cartilage (< 20
years), AGE levels are very low, but after
maturity (> 20 years) levels of CML (r =
0.87, p < 0.0001 ; Figure I B), CEL (r = 0.76,
p < 0.000 l; Figure lC), and pentosidine (r =
0.88, p < 0.0001; Figure lD) in cartilage

collagen increased Z7-fold, 6-fold and 33-
fold with age respectively. When expressed
per collagen triple helix, similar correlations
and increases of CML, CEL and pentosidine
levels with age were found (results not
shown). Summed levels of CML, CEL, and

pentosidine reached 5.6 mmol/mol of lysine

B. CML O
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o
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p < 0.000'1
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FrcuRE 2 - General measures of Maillard-type cross-linking of articular cartilage collagen increase
linearly with age. (A) Browning (absorbance at 340 nm) and AGE fluorescence (B) in cartilage collagen ver-
sus age. Normal full-depth femoral condylar cartilage of45 subjects in the age range 7-103 years was analysed;

data are expressed as relative units per hydroxyproline. Linear regression analysis was performed on data > 20

years.

in 80-year-old cartilage collagen (approx.
0.6% of the total lysine residues in cartilage
collagen).

Besides the concentrations of the chemi-
cally characterized AGEs, the levels of gen-

eral measures of Maillard-type cross-linking
were also determined. Both browning (ab-

sorbance at 340 nm) and AGE fluorescence
increased significantly with age in cartilage
collagen (r = 0.61, p < 0.0001; Figure 2A and

r = 0.88, p < 0.000 l; Figure 28 respectively).
The threefold increase in browning and the
fivefold increase in fluorescence from age 20
to 80 were less pronounced than the age-

related increases in CML, CEL, and pento-
sidine (Figures I B- l D).

With increasing age, a decrease in the
arginine, hydroxylysine and lysine content of
cartilage collagen was observed. While the
decrease in lysine content was not signifi-
cant, the arginine content and the sum of
the primary amines decreased significantly
with age (r = -0.55, p < 0.0001 and r = -0.47,

p < 0.0 I respectively; Figure 3). Over the
entire human life span (0-80 years), 15 ar-
ginine residues (9.5%) and seven (hy-

droxy-)lysine residues (6.9%) are lost per
cartilage collagen molecule, suSgesting that
they have been subjected to modification
during aging. Both the sum of three well-
characterized AGEs (CML, CEL and pento-
sidine) and the AGE fluorescence correlated
significantly with the mean degree of modifi-
cation of arginine, hydroxylysine and lysine

residues in collagen (r = 0.58, p < 0.001 and

r = 0.52, p < 0.05 respectively).
Besides the age-related increase in Mail-

lard reaction products, we also explored
functional properties of articular collagen
(i.e. enzymatic digestibility) as a measure of
glycation cross-links. An age-related decline
in digestibility of cartilage collagen by bacte-
rial collagenase of 0.3% per year was ob-
served (r = -0.75, p < 0.0001; Figure 4A),
which may well be indicative of increased
AGE cross-linking with advancing age. Cor-
respondingly, the collagenase digestibility
showed a strong negative correlation with
the pentosidine content (r = -0.87, p <

0.0005), browning (r = -0.82, p < 0.005), and

AGE fluorescence (r = -0.87, p < 0.0005;
Figure 48) of the collagen.
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Comparison of Maillard reaction
products in cartilage collagen with
those in skin collagen and lens protein
Levels of the chemically well-characterized
AGEs in cartilage collagen from elderly do-
nors were compared with previously re-
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FTGURE 3 - Arginine and (hydroxy-)lysine con-
tent of articular cartilage collagen decrease
with age. Arginine (o) and (hydroxy-)lysine (O; sum
of hydroxylysine and lysine) content of cartilage col-
lagen as a function of age. Normal full-depth femoral
condylar cartilage of 33 subjects in the age range 2.5-
103 years was analysed; data are expressed as mol of
residues/mol of collagen, assuming 300 hydroxypro-
line residues per triple helix. Linear regression analy-
sis was performed on all data.

ported data on human skin collagen and lens
protein.3'8r'eo'er The pentosidine level in aged

carcilage collagen was fourfold higher than in

skin collagen and 25-fold higher than in lens

protein from donors of a comparable age

(Table l). This comparison confirms previ-
ously published data that pentosidine levels
in cartilage are extremely high.227'2es Fur-
thermore, CML and CEL concentrations in
cartilage collagen are higher than in skin
collagen (2.5-fold and 1.4-fold respectively;
Table l). As a general measure of AGE
cross-linking, Maillard-type fl uorescence was
measured in paired samples of cartilage and

skin collagen of aged donors (n= 6,age76.4
t 4.4 years; means t S.D.). The fluorescence
in cartilage collagen (36.6 t 3.7 relative fluo-
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FtcuRE 4 - Digestibility of articular cartilage collagen by bacterial collagenase decreases with age
and with AGE cross-linking. The proportion of cartilage collagen digestedby C.histolyticum collagenase (A)
as a function ofage (n = 24,age range I l-103 years) and (B) as a function ofAGE cross-linking determined as

Maillard-type fluorescence (see the Experimental section; n = 12, age range l3-103 years). Linear regression
analysis was performed on all data.
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FTGURE 5 - Maillard-type fluorescence is higher
in cartilage compared with skin collagen. AGE
fluorescence was measured in paired samples of car-
tilage and skin collagen of aged donors (n = 6, age
76.4 t 4.4 years: mean t S.D.). Data are expressed as

relative units per hydroxyproline. The significance of
the difference between cartilage and skin collagen
was tested using a paired Student's t test.

rescence units/nmol of hydroxyproline) was
about 2.5-fold higher than in skin collagen
(14.4 ! 5.3 relative fluorescence units/nmol
of hydroxyproline, p < 0.001; Figure 5).
Thus AGE levels in general are severalfold
higher in caftilage collagen than in skin col-
lagen. Although pentosidine levels in carti-
lage collagen are as much as 25-fold higher
than in the lens, CML and CEL levels in aged
caftilaSe collagen are comparable with
(CML) or even lower (CEL) than in lens
protein from elderly donors.

ln addition to their absolute levels in tis-
sues from elderly donors, the mean
CMUCEL ratio was compared between car-
tilage collagen, skin collagen and lens pro-
tein, because this ratio may yield insight into
the chemical origin of these lysine modifica-
tions in proteins. The highest CMLiCEL ra-
tio (6.06) was measured in cartilage colla-
gen, being 1.8-fold higher than in skin colla-
gen (3.40) and 4.5-fold higher than in lens
protein ( 1.3 l; Table l).

p < 0.001

Cartilage Skin

DrscussroN
Maillard reaction products in articular
cartilage collagen
There have been only limited studies of
non-enzymatic glycation and AGE accumula-
tion in human articular cartilage.25'83'254'3le'331

Most of the relevant studies have focused
on pentosidine, a well-known marker for
advanced glycation reactions,e2'2es which is

present in cartilage collagen in relatively high
amounts compared with other tissues.227'2e5

Recently, the AGEs CML and CEL were
shown to be present in human skin collagen
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TABLE I - Comparison of cartilage collagen levels of Maillard reaction products in elderly subiects
with previously reported data for skin and lens. Levels of Maillard reaction products expressed as

mmol/mol of lysine (means + S.D., if available). Cartilage collagen data are from the present study and repre-
sent an age range of 6l-87 years (n = l2). FL data for skin collagen and lens protein (mean for ages 60-85
years) are taken from Ref.90 and 91. The levels ofAGEs in skin collagen (85-year-old donor pool) and lens
protein (ages 60-85 years) are reproduced from Ref. I I .

Content (mmol/mol)

Cartilage collagen Skin collagen Lens protein

FL

Pentosidine

CML

CEL

CMUCEL

6.36 t 1.60

0.098 r 0.030

4.24 t t.5t

0.70 r 0. t9

6.06

5. t2

0.025 r 0.004

t.70 t 0.3 I

0.50 r 0.09

3.40

1.57

0.004 t 0.002

4.95 r 0.50

3.78 r 0.28

t.3 I
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and lens protein at concentrations consid-
erably higher than that of pentosidine.leo'el

ln the present study, we also demonstrate
the presence and age-related accumulation
of CML and CEL in cartilage collagen in a

broader study of Maillard reaction products
in articular cartilage collagen.

Glycation (measured as FL) of articular
caftilage collagen is relatively constant
throughout adult life. During the first two
decades of life, low levels of the AGEs CML,

CEL and pentosidine are measured. This
sugSests that cartilage collagen undergoes

relatively rapid turnover during this phase of
life, so that AGEs are efficiently removed
and do not accumulate.2s After maturity has

been reached, the concentrations of the
AGEs increase up to 3O-fold with age, con-
sistent with the slow turnover reported for
collagen in adult cartilage.2l2o8 As expected,
CML and CEL are present in cartilage colla-

gen at considerably higher concentrations
than pentosidine, as was previously de-

scribed for skin collagen and lens pro'
tein.3'e0'er Not only the well-characterized
AGEs, but also general measures of AGE
content, browning and Maillard-tyPe fluo-
rescence, increased with donor age.

Even though the levels of CML, CEL and

pentosidine are relatively high in cartilage

collagen compared with those in skin colla-
gen,eo'e3 and the level of pentosidine is high

compared with that in lens protein,rer it is

not possible to draw conclusions on the ex-

tent of cartilaSe collagen modification solely

based on the levels of these AGEs, because

these analyses are limited to the few AGEs

that are chemically characterized. Therefore
we measured the cartilage collagen content
of amino acids that become modified during
glycation and AGE formation. Both the ar-
ginine and (hydroxy-)lysine content of carti-
lage collagen decrease significantly with age,

implying an age-related increase in amino
acid modification. The age-related modifica-
tion of amino acids can be due to several
processes, including glycatlon and lipid oxi-
dation."t'"3 Furthermore, the modification
of (hydroxy-)lysine residues can also be the
result of enzymatic collagen cross-linking.

CHAPTER 2

Mature pyridinoline cross-links comprise
over 90% of the presently characterized en-

zymatic cross-links in type ll collagen in ar-

ticular cartilage.e6 lnasmuch as the extent of
cross-linking of cartilage collagen by mature
pyridinoline cross-links remains constant
throughout the entire lifespan,25 it is ex-
pected that the age-related increase in

modification of both arginine and (hydroxy-)
lysine amino acids in cartilage collagen re-
sults from glycation or oxidation Processes.
Based on our present results, only 4.7% ol
the age-related loss of (hydroxy-)lysine resi-
dues can be explained by the well-
characterized AGEs CML, CEL and pento-
sidine. Still, this is consistent with data from
in vitro incubations of cartilage collagen with
ribose or threose in which respectively 3.9%

and l.l% of the modified (hydroxy-)lysine
residues were identified as CML, CEL, or
pentosidine (N. Verzill, J. DeGroot, R. A.

Bank, A. Maroudas, S. R. Thorpe, J. W. Bay-

nes, J. W. J. Biilsma, F. P. J. G. Lafeber and J.

M. TeKoppele, unpublished work). ln acid

hydrolysates of skin collagen22r and lens pro-
tein,73'8'''' no age-related changes in arginine

and (hydroxy-)lysine content of the protein
are detected, implying that, unlike cartilage

collagen, the age-related accumulation of
acid-stable modifications is not high in these

proteins. Thus not only on the basis of the
high AGE levels in cartilage collagen, but

also on the basis of amino acid measure-

ments, it is suggested that cartilage collagen

is extensively modified by glycation.
The fact that the solubility of human skin

collagen by enzymatic digestion with pepsin

decreases with age is attributed to the in-

creased AGE cross-linking with advancing

"g"."0'"' 
Similarly, our data show that the

digestibility of articular cartilage collagen by

bacterial collagenase decreases substantially

with age: from approx. 30% in 2O-year-old

cartilage to l0% in 8O-year-old cartilage. ln-

asmuch as the collagenase digestibility of
cartilage collagen is strongly correlated with
its pentosidine content and AGE fluores-
cence (Figure 4B), the age-related decrease

in digestibility is most likely due to the in-

crease in AGE cross-linking with age.
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Maillard reaction products in cartilage
compared with skin and Iens
It is assumed that the extent of glycation of
long-lived tissue proteins is in equilibrium
with the tissue glucose concentration.'o This
assumption is based on the 3-4-fold higher
extent of glycation of skin collageneo com-
pared with lens protein,er which is consis-
tent with the higher glucose concentration
in plasma and skin extravascular fluid (ap-
prox. 5 mM) than in the lens (l -2
mM).e0'r34'r84'327 ln articular cartilage, the glu-
cose concentration is equal to the plasma

glucose concentration.zor Therefore it was
not surprising that the level of glycated ly-
sine residues in cartilage collagen (5-7 mmol
of FUmol of lysine) is comparable with that
in skin collageneo (Table l).

Throughout life, skin collagen contains
lower levels of CML and CEL compared
with FL.eo ln lens, the CML and CEL content
is considerably higher than its FL content.3'el

As proposed by Dunn et o/.,eo this indicates
that skin collagen undergoes relatively more
initial glycation than lens protein, but is ex-
posed to less oxidative stress. The last find-
ing is corroborated by the much lower lev-
els in skin collagen compared with lens pro-
tein of o-tyrosine, a marker of oxidative
damage to tissue proteins."tst' ln cartilage
collagen, as in skin collagen, lower levels of
CML and CEL are present than of FL, sug-
gesting that in cartilage oxidative processes
may also play a less important role than in
the lens. This is consistent with the low
oxyten tension of articular cartilage, due to
the avascular nature of the tissue.2a'203 ln
general, the results suggest that parameters
determining concentrations of CML and
CEL relative to the initial glycation product
FL, such as tissue glucose concentration and
oxidative stress, are relatively similar for
cartilaSe and skin collagen, and different
from lens protein. However, AGE levels are
also dependent on protein turnover
rates.se'227'2es'332 Lens protein'l'r30 and carti-
lage collagen2os essentially do not turn over,
whereas skin collagen has a turnover faster
than cartilage and lens.2er While cartilage
and skin collagen are relatively comparable
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in glucose concentrations and oxidative
stress as determinants of AGE levels, the
difference in protein turnover is clearly re-
flected in the higher CML, CEL and pento-
sidine levels in cartilage compared with skin
collagen (Table l).

Ahmed et o/.3 indicated that the CML/CEL
ratio in different tissues provides insight into
the chemical origin of these lysine modifica-
tions in proteins. ln cartilage collagen a

higher CMUCEL ratio (approx. 6.1) was ob-
served compared with skin collagen (ap-
prox. 3.4) and lens protein (approx. 1.3).

The approximate l: I ratio in lens proteins
was close to the CMUCEL ratio obtained
with 3-deoxyglucosone and ascorbate upon
incubation of collagen with these carbohy-
drates in yitro.3 ln cartilage collagen the
CML/CEL ratio is closer to the ratios found
after in vitro incubation with ribose, glu-
cosone and also glucose. A high CMUCEL
ratio in cartilage and skin collagen compared
with lens protein is consistent with the
higher glucose concentration in plasma

compared with the lens,eo and with the
higher ascorbate than glucose concentration
in the lens.r3a't63'321'327 ln addition, the ability
of ascorbate to glycate and cross-link lens

proteins is much greater than that of glu-
cose.'tt These observations suggest that gly-
cation and AGE formation in cartilage and

skin collagen is more dependent on glucose,
whereas ascorbate may be more important
in these processes in the lens.

From our present results it is clear that,
in human cartilage collagen, not only pento-
sidine levels, but also the levels of other
well-characterized AGEs and general meas-

ures of AGE cross-linking, substantially in-
crease with age. Predominantly on the basis

of the 5-10% decrease in arginine and (hy-
droxy-)lysine content of cartilage collagen
during the human lifespan, we conclude that
overall cartilage collagen modification by
glycation is relatively high compared to
other long-lived human proteins, and that
pentosidine serves as an adequate marker
for overall AGE levels. The age-related ac-

cumulation of high levels of AGEs in articu-
lar cartilage collagen may contribute to the
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observed stiffening of the cartilage collagen
network with advancing age."''" The in-
creased stiffness might make the cartilage

collagen network more brittle, as described
for vascular tissues,3oa and as such impair the
resistance of articular collagen to fatigue and

predispose aged cartilage to damage and

eventual degeneration. Thus the accumula-

tion of AGEs represents a conceivable mo-
lecular mechanism whereby age is a predis-
posing factor for the development of osteo-
arthritis.2s
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AovaNceo GlvcartoN Er.ropRoDucrs
Nicole Verzijl,abJeroen DeGroot,u'b Suzanne R. Thorpe,' Ruud A. Bank,"J. Nikki Shaw,'
Timothy J. Lyons,d Johannes WJ. Bijlsma,b Floris PJ.G. Lafeber,b John W. Baynes' and

Johan M. TeKoppele"

Collogen molecu/es in orticulor cortiloge hove on exceptionolly long life-time, which makes them
susceptible to the occumulotion of odvonced glycotion endproduas (AGEs). ln foa, in comporison to
other collagen-rich tissueq orticular cortiloge contoins relotively high omounts ofthe AGE pentosidine. To

test the hypothesis thot this higher AGE occumulotion is primorily the resu/t of the slow turnover of
cartiloge collogen, AGE levels in cortiloge ond skin collogen were compored with the degree of
rocemizotion of osportic acid (%D-Asp, o meosure of the residence time of o protein). AGE (N'-
(corboxymethyl)lysine, N'-(corboryethyl)lysine, ond pentosidine) ond %D-Asp concentrotions increosed
lineorly with oge in both cortiloge and skin collagen (p < 0.0001). The rote of increose in AGEs wos

greoter in cortiloge collogen thon in skin collogen (p < 0.0001). %D-Asp wos o/so higher in cartiloge
collagen thon in skin collogen (p < 0.000 I ), indicoting thot cortiloge collogen hos o longer residence time
in the tr'ssug ond thus o slower turnover, thon skin collogen. ln both types of collogen, AGE

concentrotions increosed lineorly with %D-Asp (p < 0.0005). lnterestingly, the s/opes of the curves ol
AGEs versus %D-Asp, i.e. the rotes of occumulotion of AGEs corrected for turnover, were identicol for
cottiloge ond skin collogen. The present study thus provides the first experimental evidence thot protein

turnover is o mojor determinont in AGE accumulotion in different collogen types. From the oge-related
increoses in %D-Asp the holf-life of cortiloge collagen wos calculoted to be I 17 yeors ond thot of skin
collogen I 5 years, thereby providing the frst reosonoble estimotes ofthe holf-lives ofthese collogens.

THr JounNru oF BroLoGrcAL CurrrrsrRy 2000;275 39027-3903 I

INTRoDUcTtoN
Nonenzymatic glycation is a post-trans-
lational modification of proteins in vivo,

which is initiated by the spontaneous reac-
tion of sugars with lysine residues in pro-
teins and eventually results in the formation
of advanced glycation endproducts (AGEs),
such as N"-(carboxymethyl)lysine (CML),
N"-(carboxyethyl)lysine (CEL) and pento-
r161n".:'rt'zrs Because AGEs are irreversible
chemical modifications of protein, they ac-
cumulate with age in long lived proteins
such as lens crystallins and tissue colla.
gens.2s'83'e0'el'le6'2es 

33l'140 Because collagen mol-
ecules in articular cartilage have an excep-
tionally long lifetime (>100 years),'o'''ot they
are highly susceptible to the accumulation of
AGEs. lndeed, in comparison to other colla-
gen-rich tissues (such as skin), articular car-

tilage contains relatively high amounts of
pentosidine.22T'2es Although differences in
AGE levels between different proteins have

been attributed to differences in protein
turnover fate5,se227zrs::2 no quantitative evi-
dence to support this assumption is avail-
able.

To compare protein turnover rates, in-
formation on the residence time of a pro-
tein in tissue can be obtained from the rac-
emization of aspartic acid. Amino acids are
incorporated into peptides and proteins as

the L-enantiomers. During aging, racemiza-
tion slowly converts the L-form into a ra-
cemic mixture of D- and L-forms. Aspartic
acid is one of the fastest racemizing amino
acids,r3s'2r0 so that D-aspartic acid can be
detected in proteins that turn over slowly.
There is a close relationship between

"Gaubius Laboratory, TNO Prevention and Health, Leiden, The Netherlands.
oDepartment of Rheumatology & Clinical lmmunology, University Medical Center Utrecht, The Netherlands
'Department of Chemistry and Biochemistry, University of South Carolina, Columbia, SC, U.S.A.
oDepartment of Medicine, Medical University of South Carolina, Charleston, SC, U.S.A.
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chronological age and D-aspartic acid accu-

mulation in the white matter of the brain,ree

the eye lens,2l0 dentin,'3t and bone.2*7'260 Fur-

thermore, several studies have shown the
age-related accumulation of D-aspartic acid

in cartilagenous tissues such as the interver-
tebral disc,280 rib cartilage,26r and articular
cartilage.2oa'2o8 Measu rement of aspartic acid

racemization has proven to be a valuable

tool to derive quantitative information on

protein residence time, i.e. protein turn'
over.2ot'2oB

The present study was designed to es-

tablish the effect of protein turnover rate on
the kinetics of accumulation of CML, CEL,

and pentosidine in cartilage and skin colla-
gen. Differences in the rate of accumulation
of these AGEs were then corrected for dif-

ferences in residence times of these colla-

gens in the tissue, estimated from the de-

gree of racemization of aspartic acid. The
results indicate that differences in levels of
AGEs in cartilage and skin collagens may be

almost solely attributed to differences in the
rate of turnover of these proteins.

ExPERIMENTAL PROCEDURES

Tissue samples
Macroscopically normal human articular car-

tilage was obtained post mortem from femo-
ral condyles within 18 h after death from
patients who had no clinical history of ioint
disorders or diabetes (n = 23). Skin samples

were obtained from the medial aspect of the
buttock of nondiabetic donors (n = 27;

healthy volunteers or at autopsy within 6 h

after death). ln a few additional cases, paired

cartilage and (knee) skin samples (n = 6; age

76.4 ! 4.4 years; mean * S.D.) were ob-
tained at autopsy within 18 h after death.

Bovine articular cartilage and skin were ob-
tained from the metacarpophalangeal .ioint
of a 6-month-old calf. AII samples were
stored at -20'C until analyzed.

Purifi cation of collagen
Articular caftilaSe collagen was isolated by

depleting the tissue of all proteoglycans and

other non-collagenous proteins using se-

quential enzymatic treatment with chondro-

Culpren 3

itinase ABC (Sigma), trypsin (Roche Mo-
lecular Biochemicals), and Streptomyces hya-

luronidase (Sigma) for 20 h at 37"C as de-

scribed by Schmidt et ol."' This procedure
resulted in the removal of more than97% ot
the glycosaminoglycans with a minimal loss

of collagen (<l%, measured as hydroxypro-
line). Skin collagen was isolated by sequen-

tial extraction for 24 h at 4'C with I M

NaCl, chloroform/methanol (2:l), and 0.5 M

acetic acid as described previously.eo All
collagen samples were lyophilized following
purification.

CML, CEL, and pentosidine analyses
For analysis of CML and CEL, 2 mg of dry
collagen was reduced overnight at 4'C in

500 pl of 0.1 M NaBH. (Sigma) in 0.1 M so-

dium borate buffer (pH 9.0). To remove ex-

cess NaBH., the samples were washed 3

times with 5 ml of deionized water and then
hydrolyzed in I ml of 6 M HCI for 24 h at
ll0'C under nitrogen. After hydrolysis, an

aliquot of these samples (30%) was removed
for pentosidine analysis. CML, CEL, and ly-

sine content of the collagen hydrolysates
were simultaneously measured as their N-
trifluoroacetylmethyl esters by isotope dilu-
tion-selected ion monitoring gas chromatog-
raphy-mass spectrometD/,3'e0 using deuter-
ated internal standards. Pentosidine was de-

termined in collagen hydrolyzates by re-
versed-phase high-performance liquid chro-
matography, as described previously.2T'e2 The
CML, CEL, and pentosidine content of the
collagen samples are expressed as pmol or
mmol per mol of lysine residues.

Percentage D-Asp in collagen
The percentage D-Asp (%D-Asp) in cartilage

and skin collagen was determined by high-

performance liquid chromatography ac-

cording to AswadrT with slight modifications.
ln short, collagen samples (l-2 mg dry
weight) were digested for 2 h at 65'C with
5 units/ml papain (from Papaya latex, Sigma)

in 300 pl of papain buffer (50 mM phosphate

buffer (pH 5.5), 2 mM L-cysteine, and 2 mM

EDTA).|68 An aliquot of the papain digests
(50 pl) was subsequently hydrolyzed in I ml
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of 6 M HCI at 100'C for 4 h. After drying,
the hydrolysates were dissolved in I ml of
0. I M sodium borate buffer (pH 9.5) of
which 20 pl was derivatized with o-
pthaldialdehyde/N-acetyl-L-cysteine (Sigma)

in a MIDAS autosampler (Spark Holland,
Emmen, The Netherlands). Derivatized D-
and L-Asp were separated on a Cl8 column
(TSKgel ODS-80TM, 150 mm x 4.6 mm, 5-
pm particle size; TosoHaas, Stuttgart, Ger-
many) at a flow rate of 0.8 ml/min. Solvent
A was 50 mM sodium acetate (pH 5.9). Sol-
vent B was 80% (v/v) methanol (Rathburn,
Walkerburn, U.K.) and 20% (vlv) solvent A.
Elution of D- and L-Asp was achleved in two
steps as follows: isocratic elution with 9%

(v/v) solvent B for 5 min and then a linear
increase in the content of solvent B to I 00%

over a period of 5 min. The column was
washed for l0 min with 100% solvent B and

equilibrated for l0 min in 9% (vlv) solvent B

before injecting the next sample. Fluores-
cence was monitored at 3401440 nm. Stan-
dard solutions of either D- or L-Asp were
calibrated using nonchiral FMOC (9-
fluorenylmethyl chloroformate) derivatiza-
tion as described previously2s and mixed
into standards of known %D-Asp.

All of %D-Asp data were corrected for
the amount of D- and L-Asp present in pa-

pain (5-10% of the aspartic acid in the sam-

ples) and for racemization during the hy-
drolysis step. The latter was performed ei-
ther by subtracting the intercept of the
graph for %D-Asp versus donor age (for the
caftilage and skin collagen age ranges) or by
subtracting the %D-Asp measured in young
bovine cartilage and skin collagen (for the
paired cartilage and skin samples of n = 6

aged donors), with both methods resulting
in comparable corrections.

Measurement of in yitro rate of
aspartic acid racemization in different
collagen types
ln order to estimate the rate of aspartic acid

racemization in cartilage collagen (type ll)
and in skin collagen (type l), a heating ex-
periment on young bovine cartilage and skin
collagen was per{ormed as described by

4l

Ohtani.2a5 Dry collagen samples (2-7 ng)
were placed in glass test tubes and heated at
120, 140, or 160'C for l5-120 min. Samples

were digested in papain (5 units/ml in papain

buffer, 100 pl per mg of collagen), and the
racemization of aspartic acid (i.e. the D/L-
Asp ratio) was determined after hydrolysis,
as described above.

Amino acid racemization follows first-
order kinetics described by Equation l,r8'307

ln(( I +D/L)/( I -D/L)), =
2kA.e.t + ln((l+D/L)/( l-D/L)),=o (EC. l)

in which D/L is the ratio of D- to L-Asp; t is

any given time during racemization; ko,o is

the rate constant of asparcic acid racemiza-
tion, and the logarithmic term at t = 0 de-
scribes the amount of D-Asp measured in

unheated collagen. The Arrhenius equation
was used to determine the activation energy
for the racemization of aspartic acid resi-
dues in each type of collagen. This equation
describes the quantitative relation between
temperature and reaction rate'' as shown in

Equation 2,

ln[ko,J = -Eal(RT) + constant (Eq.2)

in which Ea is the activation energy; R is the
gas constant; and T is the absolute tempera-
ture. The racemization rate constant
(ko.r(h)) was determined at each tempera-
ture by using Equation I and by using only
the data that showed a linear increase in
ln((l+DiL)/(l-D/L)) with time (defined as a

correlation constant r > 0.95 in linear re-
gression analysis). The ln[ko,o(h)] values

were plotted against the corresponding re-
ciprocals of the absolute temperature to
obtain a linear transformation of the Ar-
rhenius equation.

Statistical analysis
Linear regression analysis, analysis of covari-
ance (ANCOVA), and paired Student's t
tests were performed with SPSS version 8.0
for Windows (SPSS, Chicago); p < 0.05 was
considered to represent statistically signifi-
cant differences.
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FrcuRE I - AGEs accumulate linearly with chronological age in both cartilage and skin collagen,
but the accumulation rate is higher in cartilage collagen. A-C show the age-dependent increase in the

concenrration of CML (A), CEL (B), and pentosidine (C) in human articular caftilage collagen (o) and skin col-
lagen (A). Normal full depth femoral condylar caftilage of 20 subjects in the age range 3-81 years and normal
skinfromthemedial aspectof thebuttockof 26subjectsintheagerange 19-91 yearswereanalyzed.Linear
regression analysis and ANCOVA were performed on caftilaSe (solid line) and skin (dashed line) collagen data

> I 8 years.

Resulrs AND DrscussroN
ln the present study, AGE levels in cartilage
and skin collagen were compared with the
degree of racemization of aspaftic acid, a

measure of the residence time of a pro-
tein,72' 

I r8' I 3s'20a'208 to provide quantitative data
on the relationship between turnover rates
and AGE accumulation.

AGE Ievets in human cartilage
collagen and skin collagen
After maturity has been reached (> l8
years), CML levels increase linearly with age

in both human articular cartilage collagen (r
= 0.89, p < 0.0001; Figure lA) and skin col-
lagen (r = 0.80, P < 0.0001; Figure lA). The
rate of CML accumulation with age is signifi-
cantly higher in cartilage collagen than in

skin collagen (ANCOVA with age as covari-
ant; p < 0.000 l). Consistent with the results
for CML, the levels of CEL and pentosidine
in cartilage and skin collagen also increase
linearly with age (p . O.OOO| in all cases;

Figure l, B and C), with the rate of accu-
mulation being higher in cartilage than in

skin collagen (p . O.OOOt for both; Figure l,
B and C). Taken together, our data on three

different AGEs consistently show that AGE
levels in cartilage collagen increase more
rapidly with age and eventually reach higher
levels than in skin collagen. ln the late 1980s,

Sell and Monnier2es already reported higher
levels of pentosidine in cartilage compared
to skin from elderly subjects and suggested

that this difference may be due to a higher
turnover of skin. Up to this time, no quanti-
tative data on protein turnover have been
related to AGE levels to substantiate this
suggestion.

Rate constant of racemization of
aspartic acid in cartilage and skin
collagen
Using %D-Asp levels in cartilage and skin
collagen to compare the residence time of
collagen in these two tissues assumes that
the intrinsic rate constant of aspartic acid

racemization at body temperature is identi-
cal in both collagens. Because differences in

the rate of aspartic acid racemization have

been shown to exist between collaSens

from other sources, e.g. bone and

dentin,"s'2" a comparison of these rates in

cartilage and skin collagen was necessary.
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Therefore, the relation between the rate
constant of racemization of L-Asp into
D-Asp and temperature was determined for
both cartilage and skin collagen in an in vitro

heating experiment. The Arrhenius equa-
tions, describing the quantitative relation
between the rate constant of racemization
of aspartic acid (ko,o) and the reciprocal of
the absolute heating temperature (l/T), are
shown in Figure 2. This relation is identical
for cartilage and skin collagen (ANCOVA
with l/T as covariant; p = 0.58). The
temperatures of human knee cartilage and

skin are lower than 37'C but comparable;
the intra-articular temperature in the knee
joint is 31.7-33.9'C,r26'r47 and the mean body
skin temperature is 32.6"C.6e Extrapolating
the Arrhenius equations to 33"C shows that
the respective rate constants for aspartic
acid racemization in cartilage and skin
collagen in the human body are 1.78 x 10'6

and 1.7 I x l0-6 per year, respectively.
Consequently, the %D-Asp levels in cartilage
and skin collagen can be used validly as a
measure of residence time of the collagen in
the tissue.

Racemization of aspartic acid in
human cartilage collagen and skin
collagen
lnasmuch as the intrinsic rate constant of
aspartic acid racemization at body tempera-
ture is identical in human articular cartilaSe
collagen and skin collagen, rates of turnover
of these collagens were compared by meas-

uring the degree of racemization of aspartic
acid. ln both cartilage collagen and in skin
collagen, the racemization of aspartic acid
(%D-Asp) increases linearly with age (r =
0.95, p < 0.0001, and r = 0.78, p < 0.0001,
respectively; Figure 3). Like the rate of AGE
accumulation (Figure l), the rate of D-Asp
accumulation is also higher in cartilage colla-
gen than in skin collagen (ANCOVA with
age as covarianti P < 0.000 l). The latter im-
plies that cartilage collagen has a longer
residence time in the tissue, i.e. a slower
turnover, than skin collagen that may con-
tribute to the observed higher AGE levels in

cartilage collagen.

cartilage vs. skin: p = 0.58

-15.0

0.0022 0.0024 0.0026

(1tr)

FTGURE 2 - The intrinsic rate constant for rac-
emization of aspartic acid is identical in carti-
lage and skin collagen. Arrhenius plot showing the
identical relation between the rate constant for rac-
emization of aspartic acid (k^,r(h)) and the reciprocal
of the absolute temperature (l/T) for bovine carti-
lage (o) and skin (A) collagen, determined in a heat-
ing experiment as described under "Experimental
Procedures". Data are mean t S.D. The Arrhenius
equation for cartilage (solid line) and skin (dashed
line) were ln(ko,r(h)) = -11,347 (lfi) + 14.77 

^n4ln(ko,o(h)) = -11,472 (l/T) + 15.13), respectively.

Relation between collagen AGE Ievels
and residence time
The goal of the present study was to estab-
lish the effect of protein turnover rate on
the accumulation of AGEs in cartilage and

skin collagen. The rate of AGE accumulation
was higher in cartilage collagen than in skin
collagen (Figure l, A-C) and cartilage colla-
gen had a longer residence time in the tis-
sue, and thus a slower turnover, than skin
collagen (Figure 3). These results strongly
sugSest that turnover is an important de-
terminant of the rate of AGE accumulation
in proteins. lncubation of collagen in high
glucose under aerobic conditions3t' did not
induce aspartic acid racemization (N. Verzijl,

J. DeGroot, J.M. TeKoppele, S.R. Thorpe,
and J.W. Baynes, manuscript in preparation),

43

c

c
=
c
G
oc
a
o
g
c
o
o
.N
E
0)oot

-10.0

-1 1.0

-12.0

-13.0

-14.0



T:^-.. ^ kn,p Half-life
I rssue (x lo'a/year) (years)

46

TaBLE I - D-Asp accumulation in human colla-
gen. Comparison of the in vivo rate constants of D-
aspartic acid accumulation with age in the collagen

fraction of different human collagen-containing tis-
sues.
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to levels of aspartic acid racemization, a di-
rect measure of Protein residence time, im-
plying that protein turnover is an important
factor in the accumulation of AGEs. Fur-

thermore, consistent with a slower turn-
over of cartilage collagen comPared with
skin collagen, both %D-Asp levels and AGE
levels are higher in cartilage collagen than in
skin collagen. As a result, the rate of accu-

mulation of AGEs corrected for turnover
(based on %D-Asp) is similar for cartilage

and skin collagen, which provides direct ex-
perimental evidence that protein turnover is

a major determinant of AGE accumulation.

AcrrowteocEMENTs
This study was supported by grants from
the Netherlands Organization for Scientific

Research (NWO), the Dutch Arthritis As-
sociation, NIDDKD Grant DK 1997 I from
the National lnstitutes of Health, National
lnstitutes of Health Grant EY 10697, and the
Diabetes Research and Wellness Foundation
(Fairfax, VA). We thank Mark Sochaski

(University of South Carolina, Columbia,
SC), Tom VanDenBroek and Esther Olde-
hinkel (TNO Prevention and Health, Leiden,

The Netherlands) for excellent technical
assistance.

Skin

Articular cartilage

Articular caftilagezoe

Dentin2ag > 500

rate of D-Asp accumulation in cartilage col-
lagen as determined in the present study is
close to the rate in cartilage collagen as de-

termined by Maroudas et o1208 Because Ta-

ble I compares collagens with similar intrin-
sic aspartic acid racemization rates, these in

vivo rate constants of D-Asp accumulation
probably reflect the rate of turnover of the
protein. Therefore, we conclude that the
rate of collagen turnover is higher in skin

than in cartilage (see above), whereas dentin
collagen has the slowest rate of turnover.

ln summary, we have shown that in both
cartilage and skin collagen AGE levels (CEL,

CML, and pentosidine) are linearly related
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Ace-Relareo AccuMULATtoN oF THE AovaNceo GlycertoN
ENopRooucr PeNrostDtNE rN Humax ARrrculaR CaRtltace
AccnecaN; THE Use or PeNrosrorNe Levels As A QuaNrlrarrve
Measune or PRorerN TunNoven
Nicole Verzijl,nbJeroen DeGroot,'b Ruud A. Bank," Michael T. Bayliss,'Johannes WJ.
Bijlsma,b Floris P.J.G. Lafeber,b Alice Maroudasd and Johan M. TeKoppeleb

During o$ng, nonenzymotic glycotion resu/ts in the formotion ond occumulotion of the odvanced
glycotion endprodud pentosidine in long-lived proteins, such os orticulor cortiloge collogen. /n the present

study, it wos invest(oted whether pentosidine occumulotion o/so occurs in cortiloge oggrecon despite its

higher turnover thon collogen. Furthermore, pentosidine /eyels in oggrecon subfroaions of different
residence time were used to explore pentosidine leyels os o quontitotive meosure of oggrecon turnover.
ln order to compore protein turnover rotes, protein residence time wos meosured os rocemizotion ol
osportic ocid. Pentosidine leve/s increose with oge in cortiloge oggrecon, os hos previously been shown for
collogen. Consistent with the foster turnover of oggrecon (compored to collogen), the rote of pentosidine

occumulotion wos 3-fold lower in oggrecon thon in collogen. ln the subfroaions of oggrecon, pentosidine
levels increosed with protein residence time. Ihese pentosidine leve/s were used to estimote the holf-life
of the globulor hyoluronon binding domoin of oggrecon to be 19.5 yeors, which is in good ogreement
with the estimoted holf-life of 23.5 yeors bosed on osportic ocid rocemizotion. ln oggrecon from
osteoorthritic (OA) cortiloge decreosed pentosidine /eye/s were found compored to normol cortilage,
which refleas increosed oggrecon turnover during the OA diseose process. ln conclusion, we showed thot
pentosidine occumulotes with oge in oggrecon ond that pentosidrne levels con odequotely be used os o

meosure ofturnover oflong-lived proteins, both during normal oging and during diseose.

SuaMn-reo FoR PUBLtcATtoN

INTRoDUcTIoN
Nonenzymatic modification of tissue pro-
teins by reducing sugars is a prominent fea-
ture of aging. These sugar-derived modifica-
tions, known as advanced glycation endpro-
ducts (AGEs), accumulate with age in long-
lived proteins.2s'83'e02e5 Once formed, they
are only removed when the protein is re-
moved. Pentosidine, a cross-link resulting
from lysine, a sugar, and arginine, is one of
the best characterized AGEs and is consid-
ered an adequate marker for the process of
nonenzymatic glycation.e2'2esJa0 Pentosidine
levels in collagen differ considerably be-
tween tissues: e.g. cartilage collagen contains
three-fold higher pentosidine levels than
skin collagen.227'2es'3ar X"a"ntly, we have been
able to quantitatively relate AGE accumula-
tion to rates of collagen turnover in these
two tissues.sol

The two major extracellular matrix pro-
teins in articular cartilage, collagen and ag-
grecan, differ largely in structure and func-
tion,r76'233 and - most importantly - turnover
rate.'ot The half-life of collagen in healthy
human cartilage is estimated to be more
than 100 years,208'3'r meaning that in normal
adult cartilage collagen turnover is virtually
absent. ln contrast, the turnover of aggrecan

is relatively fast compared to that of colla-
gen. Aggrecan monomers form aggregates in
cartilage by interaction of their N-terminal
globular hyaluronan binding (G l)-domain
with hyaluronan.r3r'r76 During aging, degrada-
tion products of aggrecan (C-terminal frag-
ments) diffuse out of the tissue, while the
remaining hyaluronan-bound N-terminal
fragments accumulate with advancing age

(Figure l).t:t'zo+ As a result, aggrecan sub-
fractions can be obtained that contain mole-

"Gaubius Laboratory, TNO Prevention and Health, Leiden, The Netherlands.
bDepartment of Rheumatology & Clinical lmmunology, University Medical Center Utrecht, The Netherlands.
'Department ofVeterinary Basic Sciences, The Royal Veterinary College (University of London), London, U.K.
dDepaftment of Biomedical Engineering, Technion - lsrael lnstitute for Technology, Haifa, lsrael.
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cules of different size (AlDl to AlD6); the
smaller the fragments the higher their resi-

dence time in the matrix (Figure l;.2m The
half-life of the aSgrecan subfractions in

healthy adult human cartilage has been esti-
mated to range from 3 to 24 years:2q the
initial processing of the intact monomer
(AlDl) to a smaller molecule has a half-life

of 3 years, while the ultimate processing of
aggrecan as a "free" Gl-domain (FGl), i.e.

the actual turnover of aggrecan, has a half-

life of 24 years.
The goal of the present study was to in-

vestigate pentosidine levels in cartilage a8-

grecan and collagen in relation to their re-
spective rates of protein turnover. Pento-

sidine levels in aggrecan subfractions were
used, together with biochemical data, to ar-
rive at a quantitative measure of aggrecan

turnover. For these calculations a theoreti-
cal model was used analogous to that used

for determining the turnover rate of human

articular cartilage aggrecan based on asPartic
acid racemization data.2c Furthermore, pen-

tosidine levels in aSSrecan isolated from os-

teoarthritic (OA) cartilage, in which the
turnover of aggrecan has often been re-
ported as increased,ls4'178'ls2'200'324 were com-
pared to those in normal cartilage. Estima-

CHAPTER 4

FtcuRE I - Turnover of aggrecan monomer.
Degradation of the aqgrecan monomer with age re-

sults in loss of C-terminal fragments from the tlssue

and accumulation of the smaller fragments that re-

main bound to hyaluronan through their Gl-domain.
This results in aggrecan subfractions that contain
molecules of decreasing size (AlDl to AlD6), cor-
responding to aggrecan pools with different turnover
rates i.e. residence time. G l: globular hyaluronan

binding domain, IGD: interglobular domain, G2:

globular domain 2, KS: keratan sulfate-rich region,

CS: chondroitin sulfate-rich region, G3: globular do-

main 3.

tions of the protein residence time were
obtained from the racemization of aspartic

acid.20t'3'' This measure of protein residence

time is based on the relatively fast racemiza-

tion of aspartic acid from the L-form, in

which it is built into proteins, into the D-

form during residence in the tissue.rss'2r0

EXPERIMENTAL PROCEDURES

Cartilage
Macroscopically normal human articular car-

tilage was obtained post mortem from femo-
ral condyles within 18 hours after death

from patients who had no known clinical

history of loint disorders (age 7 to 103

years, n=50). For proteoglycan extraction
and aggrecan purification, normal cartilage

was obtained from knee ioints surgically re-
sected for bone tumors not involving the

loint (age 9 to 93 years, n=25). OA cartilage

was obtained from knee and hip ioints at the
time of joint replacement (age 39 to 77

years, n= I l). All tissue samples were stored
at -20"C until analyzed.

Purifi cation of collagen
Articular cartilage collagen was purified by

depleting the tissue of all proteoglycans and

other non-collagenous proteins by sequen-

tial enzymatic treatment with chondroit-
inase ABC (Sigma, St. Louis, MO, U.S.A.)

trypsin (Boehringer Mannheim, Mannheim,

Germany), and Streptomyces hyaluronidase
(Sigma) at 37"C as described by Schmidt et

oL'8' This procedure resulted in the removal
of more than 97% of the glycosaminoglycans

with a minimal loss of collagen (< l%, meas-

ured as hydroxyproline).
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Proteoglycan extraction and
preparation of aggrecan subfractions
Proteoglycans were extracted from full-
depth cartilage, cryosectioned in 20 pm
slices, with 4 M GuHCI (pH 7.0) at 4'C for
24 hours.38 Aggrecan aSSregates (Al prepa-
ration) were purified from the dialyzed ex-
tract by associative CsCl equilibrium density
gradient centrifugation.ao

The aggregates in the Al preparation of a
55-year-old donor were dissociated with 4
M GuHCI and subsequently fractionated
into aggrecan monomer subfractions of de-
creasing buoyant density and decreasing
molecular weight (A I D I to A I D6).2e "Free"
Gl-domain (FGl) was prepared from the
A I D6 fraction by size exclusion high-
per^formance liquid chromatography
(HPLC).sl

Pentosidine and amino acid analysis
Pentosidine and amino acid content were
determined by HPLC after acid hydrolysis as

described previously.2T'28 ln short, samples
were hydrolyzed in 6 M HCI at ll0'C for
20-24 hours. After drying, the samples were
dissolved in internal standard solution con-
taining l0 pM pyridoxine (Sigma) and 2.4
mM homoarginine (Sigma). For pentosidine
analysis, samples were diluted five-fold with
0.5% (vlv) heptafluorobutyric acid (Fluka,
Buchs, Switzerland) in l0% (vlv) acetonitrile
(Rathburn, Walkerburn, U.K.) and analyzed
by HPLC.27 Pentosidine analysis was stan-
dardized using the calibrated pentosidine
solution kindly provided by Professor J.W.
Baynes (University of South Carolina, Co-
lumbia, SC, U.S.A.). An aliquot of the sam-
ples used for pentosidine analysis was di-
luted SO-fold with 0. I M sodium borate
buffer (pH I 1.4) and derivatized with 9-
fluorenylmethyl chloroformate (Fluka) for
HPLC amino acid analysis.2s

The pentosidine content of the collagen
and aggrecan samples is expressed either as

nmol per gram of protein (assuming a molar
weight of 300 kD for a triple helical collagen
molecule2T and 264 kD for an ?ggrecan core
proteinss) or as pmol per mol of lysine or
arginine residues.

5l

Percentage D-Asp in proteoglycan
PreParations
The percentage D-Asp (%D-Asp) in 2ggre-

can subfractions (AlDl to AlD6, and FGI)
is taken from our previous work.2s ln Al
preparations from normal and OA cartilage,
%D-Asp was determined by HPLC as de-
scribed previously.3ar ln short, samples were
hydrolyzed in 5 M HCI at 100'C for 6

hours. After drying, the hydrolysates were
dissolved in 0. I M sodium borate buffer (pH
9.5) and derivatized with o-pthaldialdehyde/
N-acetyl-L-cysteine (Sigma) for HPLC analy-
sis.34r All of the %D-Asp data were cor-
rected for racemization during the hydroly-
sis step by subtracting the %D-Asp meas-
ured in the Al preparation purified from
young pig laryngeal cartilage (approximately
6 months old).2m

Statistical analysis
Analysis of covariance (ANCOVA) and lin-
ear regression analysis were performed on
data from mature subjects only (> 20 years)
using SPSS version 8.0 for Windows (SPSS,

Chicago, lL, U.S.A.); p < 0.05 was consid-
ered to represent statistically significant dif-
ferences.

RESULTS

Age-related changes in pentosidine
levels in cartilage proteins
After maturity (> 20 years), pentosidine ac-

cumulates linearly with age in human articu-
lar cartilage collagen (r = 0.93, p < 0.000 l;
Figure 2).2sr3r'3{ ln a way that is qualitatively
comparable to collagen, pentosidine levels
accumulate with age in Al preparations of
cartilage aggrecan (r = 0.82, p < 0.000 l; Fig-

ure 2). Nevertheless, over the entire age

range pentosidine levels increased only 5-
fold per mg ,ggrecan protein, compared to
a l5-fold increase per mg collagen (rate of
accumulation 0. I I vs. 0.32 nmol/gram pro-
tein/year, respectively; ANCOVA with age

as covariate p < 0.000 l). This 3-fold differ-
ence in accumulation rate could not be ac-

counted for by differences in lysine or ar-
ginine content since collagen xnd :ggrecan

contain similar amounts of lysine (l .5-2%)



r = 0.93
p < 0.0001

p < 0.0001
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FTGURE 2 - Rates of pentosidine accumulation
in articular cartilage aggrecan and collagen as
a function of age. Pentosidine levels (nmol/gram
protein) increase with ase in aggrecan Al prepara-
tions (o; 25 subjects, 9 - 93 years) and in collagen

(O; 50 subjects, 7 - 103 years) isolated from normal
human articular cartilage. A significant difference in

pentosidine accumulation was observed between
aggrecan and collagen (p < 0.0001).

and arginine (5-6%).23'28'88 Hence, the rate of
pentosidine accumulation expressed per ly-

sine or arginine residue was also 3-fold
lower in 2ggrecan than in collagen (0.37 vs.

1.40 pmol pentosidine/mol Lys/year and

0.2 I vs. 0.64 pmol pentosidine/mol Arg/
year, respectively; ANCOVA with age as

covariate p < 0.0001 for both; data not
shown). Based on the known proportions of
collagen, aggrecan and other proteins in
human articular cartilage,2o' it was calculated
that in healthy adult cartilage more than
80% of the total pentosidine in cartilage was
present in collagen (84.4% at age 70) and

less than l0% was present in aggrecan (9.0%

at age 70). This result was corroborated by
pentosidine analyses of articular caftilage
from which all proteoglycans and other non-
collagenous proteins had been enzymatically
removed: 82. I t 8.4% (n=50) of the total
pentosidine in cartilage resided in collagen.

CHAPTER 4

TABLE I Pentosidine in 55-year-old aggrecan

Pentosidine/protein
(nmol/gram)

AI

AIDI

AID2

A ID3

AI D4

AI D5

AI D6

FGI

Pentosidine Ievels in aggrecan
subfractions
The pentosidine levels for different buoyant
density fractions ef:ggrecan (Figure l), iso-

lated from 55-year-old knee cartilage, are

summarized in Table L Clearly, pentosidine
levels increased from fraction AlDl to
AlD6, i.e. with decreasing size of the aggre-

can molecules. Comparison of the pento-
sidine data with the extent of aspartic acid

racemization (%D-Asp; previously published

in Ref. 204) as a measure of protein resi-
dence time showed that pentosidine levels

in the aggrecan subfractions increased with
%D-Asp (Figure 3).

Since the Gl-domain is relatively rich in

arginine and lysine residues,ss the increase in

pentosidine concentration from AlDl to
AlD6 could also result from the greater
concentration of the G I -domain, and there-
fore arginine and lysine residues, in the small
molecules compared to the large molecules
(Figure l). However, also when expressed
per arginine or lysine residue pentosidine
levels increased from Al Dl to Al D6 (3.1 to
ll.7 pmol/mol Arg and 4.5 to 18.0 pmol/
mol Lys, respectively).

Pentosidine Ievels in aggrecan from
norma! and osteoarthritic cartilage
Pentosidine levels in Al preparations from
OA cartilage were significantly lower than in

Al preparations from normal cartilage (Fig-
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ure 4A; ANCOVA with age as covariate p <
0.001), suSSesting 1[21 aggrecan turnover is

increased in OA cartilaSe. This was sup-
ported by the lower residence time (%D-
Asp) measured for OA cartilage aggrecan
(Figure 48; ANCOVA with age as covariate
p < 0.05). Thus, both pentosidine levels and

%D-Asp of aggrecan from OA cartilage
were low compared to aggrecan from nor-
mal cartilage (Figure 4 and 5). lnterestingly,
the relation between pentosidine levels and

%D-Asp in Al preparations from normal
and OA cartilaSe of l6 donors (Figure 5) fits
the same curve as the subfractions (AlDl
to AlD6) from the 55-year-old donor (pre-
sented in gray in Figure 5).

DrscussroN
After maturity, pentosidine accumulates in
aggrecan in articular cartilage in a way that is

qualitatively comparable to collagen. The
rate of pentosidine accumulation in lggrecan
is 3-fold lower than that in collagen. A quan-

AlD5 o o AlDo

.A1D4

. 41D3

.41D2

tA1D1

01234
Residence time (%D-Asp)

FtcuRE 3 - Relationship of pentosidine levels
with %D-Asp in aggrecan subfractions. Pento-
sidine levels (nmol/gram protein) increase with %D-
Asp in aqgrecan fractions containing molecules of
different size (AlDl to AlD6). The fractions were
purified from knee cartilage of a 55-year-old donor.

53

^7C,'o
oo
o-
O)E

=Jo
tr

=4o
Ca
EJ'6
92c
oo-1

FtcuRE 4 - Pentosidine levels and %D-Asp in Al preparations from human normal and osteoar-
thritic (OA) articular cartilage as a function of age. (A) Pentosidine levels (nmol/gram protein) in Al
preparations of normal (o; 25 subiects, 9 - 93 years) and OA (O; I I subjeca, 39 - 77 years) human afticular
cartilage. A significant difference in pentosidine content was observed between aggrecan from normal and OA
cartilage (p < 0.001). (B) %D-Asp in Al preparations of normal (a; 12 subjects, 9 - 93 years) and OA (O; I
subjects, 39 - 77 years) human articular cartilage. A significant difference in %D-Asp was observed between
aggrecan from normal and OA cartilage (p < 0.05).
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titative comparison of these accumulation
rates is only valid if pentosidine formation
proceeds at similar rates in eggrecan and

collagen. We have calculated pentosidine
formation rates in both proteins based on
data available from literature and from our
own work; these calculations are presented
in part A of the Appendix. ln vivo pento-
sidine formation rates in aggrecan and colla-
gen appeared to be very similar to one an-
other: the calculated rate constants, kr, for
pentosidine formation in 2ggrecan and colla-
gen are 2.22 and 1.99 pmol pentosidine per
mol lysine per year, respectively (see Ap-
pendix parc A). Therefore, the lower rate of
pentosidine accumulation in agSrecan than in
collagen most likely results from the higher
rate of turnover 6f aggrecan compared to
collagen.2os

Pentosidine measurements in aggrecan

fractions that contain molecules of different
size (AlDl to AlD6; Figure l), revealed
that pentosidine levels increase with in-
creasing residence time of the protein
(measured as aspartic acid racemization;
%D-Asp2n). lnterestingly, the relationship
between pentosidine levels and %D-Asp in
Al preparations was very similar to that of
the aggrecan subfractions (Figure 5). The
fact that these different approaches yielded
similar results supports the argument that
turnover is an important determinant of
AGE accumulation.

CHAPTER 4

FrcuRE 5 - Relationship of pentosidine levels
with %D-Asp in Al preparations. Pentosidine
levels (nmol/gram protein) increase with %D-Asp in

Al preparations of normal (o; 8 subiects, 39 - 93

years, mean age 73.3 + l7.l years) and OA (O; 8

subjects,39 -77 years, mean a8e 63.6 t 13.0 years)

human afticular cartilage. The results obtained for
AlDl-AlD6 subfractions (Figure 3) are shown in
Bray.

The quantitative relation between pento-
sidine accumulation and protein turnover
was studied within one protein, i.e. ,ggrecan,

by using experimental pentosidine values to
calculate the rate of turnover of the Gl-
domain (krro,). ln doing this, we assumed
that pentosidine per lysine increases linearly
with age in the aggrecan Gl-domain (as we
showed for aggrecan Al preparations) and

that pentosidine formation occurs with
similar kinetics throughout the aggrecan

core protein. From our calculations in part
B of the Appendix, we obtained kr,",,=
0.0355 per year, which is fairly close to our
previous value of 0.0287 that was based on
%D-Asp levels.2n The present value of k-,",,
corresponds to a half-life for the atgrecan
Gl-domain of 19.5 years as compared with
the previously determined value of 23.5
years'* (see Appendix part B). Thus, with
the assumptions made, the data suSgest that
pentosidine concentrations in the aggrecan

subfractions, together with quantitative bio-
chemical data, can be used as a quantitative
measure to calculate the turnover rate of
aggrecan Gl. Since each aggrecan monomer
is considered to be ultimately processed as

its "free" Gl, the calculated turnover equals

the actual turnover of aggrecan itself.
From our data on asgrecan subfractions

it seems that pentosidine and %D-Asp levels
are equally good measures of protein resi-
dence time. However, when different types
of protein are compared, it depends on the
similarity of the formation rate of pento-
sidine or D-Asp between the proteins as to
which of the parameters will be preferred.
As an example, pentosidine formation rates
in aggrecan and collagen are similar (see

Appendix part A), while the rate of aspartic
acid racemization in aggrecan is much higher
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than that in collagen.2e'208 Thus, in the com-
parison of cartilage aggrecan and collagen,
pentosidine levels can be readily used as a

measure of protein residence time, while
%D-Asp levels can only be used when the
difference in racemization rates is taken into
account.

Since it is generally accepted that AGE
levels increase with age in long-lived pro-
teins, it was at first sight surprising that no

age-related increase in pentosidine levels

was found in human agsrecan by Pokharna

et ol.;2u their purified AlDl fractions pre-
dominantly contained full-size, relatively
"young" agSrecan monomers, irrespective of
the age of the donor.r3r'204 ;n the present
study, we show a clear age-related accumu-

lation of pentosidine in human articular car-
tilage aggrecan in Al preparations that con-
tain a mixture of "young" and "old" aggrecan

species. The difference between Pokharna's

AlDl and our Al preparations in pento-
sidine accumulation with age is consistent
with data on asparcic acid racemization: the
AlDl fractions also failed to show an age-

related increase in %D-Asp, while a clear
age-related increase in 7"D-Asp is observed
in the Al preparations.2* Thus, our study
explains the apparent lack of pentosidine
accumulation in iggrecan as reported by

Pokharna et o1.24 and clearly shows that
studies of separate molecular entities lead

to different conclusions from studies per-
formed on mixtures of different species.

Our data on both pentosidine levels and

%D-Asp in aggrecan Al preparations from
OA and normal cartilaSe show that the
residence time of the aggrecan molecules in

55

OA cartilage is significantly lower than that
in normal cartilage, i.e. OA cartilage aggre-
can is "younger". This could be due either to
increased synthesis of the intact agSrecan

monomer (AlDl) in OA cartilage3''2m or to
an increased rate of removal of small aggre-

can fragments, FG I and link protein, from
the tissue.rTs Our present results are incon-
clusive on the relative contribution of these
processes to the increased aSSrecan turn-
over during the OA disease process.

ln summary, in the present study we have

con{irmed that protein turnover is a maior
determinant of AGE levels by comparing
pentosidine levels in the different protein
constituents of human articular caftilage, i.e.

aggrecan and collagen. Our results suSgest

that the increase in pentosidine levels with
protein residence time can be used as a

quantitative measure of turnover of long-

lived proteins, with advantages over aspartic

acid racemization when cartilaSe collagen
2nd eggrecan are compared. As illustrated
by changes in pentosidine levels in OA car-

tilage, pentosidine concentrations in pro-
teins from healthy and diseased tissues can

be used to obtain more insight into the
turnover changes that occur during disease

Processes.
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APPENDIx

Part A: Rate constant of pentosidine formation in collagen and aggrecan
The rate constant of pentosidine formation in collagen was calculated using our experimental data on the age-

related increase in pentosidine in collagen (from Figure 2: pentosidine (nmol/gram protein) = 0.3189 x a8e

(years) - 5.79 I 3) and a mass balance equating the rate of accumulation of pentosidine in collagen with age to
the difference between the rates of pentosidine formation and protein turnover (r.e. pentosidine removal). The

increase in pentosidine relative to the amount of lysine is linear with age (data not shown). We have taken ly-

sine concentrations in cartilage collagen from our experimental findings: the lysine concentration in collagen

type ll is 2.0 x I 0-a mol per gram protein (60 residues per 300 kD protein).
Using the mass balance on pentosidine in collagen and the fact that in collagen there is no change in lysine

content with age (p = 0.58, data not shown), we have:
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[Lys].o.d[pentosidine/Lys].o./dt = krlcory[L/slcor- k ,.or[Lys].o,[pentosidine/Lys].o, t|]

where [Lys].o. is the concentration of lysine in collagen type ll, in mol per gram collagen; [pentosidine].o. is

the concentration of pentosidine in collagen in mol per gram protein at age 55 (from Figure 2: [pentosidine]* =
I I.7 x l0-e mol per gram protein); kr,.o., is the rate constant of pentosidine formation in collagen in mol per
mol lysine per year; kr,.o,, is the turnover constant for collagen (years-r), and t is age (years). Taking k ,.o., to
be equal to 6.7 x l0'r per year (based on %D-Asp levels)3ar and the linear increase in pentosidine per year in
collagen to be 0.32 x l0-e mol pergram protein (from Figure 2), we have:

kr,co,r = d[pentosidine/Lys].o./dt + kr,.o.,[pentosidine/Lys].o, t2l
=(0.32x l0r/2.0x loi)+(6.7x l0'3x ll.7x l0r/2.0x l0'1)

= 1.99 Umol pentosidine per mol Lys per year

Using a similar approach as for collagen, we calculated the rate constant of pentosidine formation in aggrecan.

The calculation is based on a mass balance on the large monomer (A I D l), equatinS the rate of accumulatlon of
pentosidine with age in this species to the difference between the rates of pentosidine formation and protein
turnover. As was shown by Pokharna et oL,2& pentosidine does not accumulate in the AlDl fraction with age,

resulting in a mass balance on aggrecan AlDl that directly equates the rate of pentosidine formation to the
rate of pentosidine removal through protein turnover. We have taken the lysine concentration in AlDl from
Doege et oL:88 the lysine concentration in the AlDl fraction is 1.04 x l0-a mol per Sram protein (28 residues

per 268 kD protein).
Using the mass balance on pentosidine in AlDl and the fact that in this fraction there is no pentosidine

accumulation with age,26a we have:

d([Lys]o,o,[pentosidine/Lys]^,o,)/dt = kr[Lys]^,r,-kr(o,o,r[Lyt]o,r,[pentosidine/Lys]o'o' t3]

where [Lys]o,r, is the concentration of lysine in the AlDl fraction, in mol per gram AlDl; [pento.
sidine/Lys]^,o, is the concentration of pentosidine in the AlDl fraction in mol per mol lysine; k, is the rate
constant of pentosidine formation in aggrecan in mol per mol lysine per year; k ,o,o,, is the turnover constant
for the large monomer to undergo initial processing to a smaller molecule (years'r), and t is age (years). Taking
k,o,o,,fromourpreviousstudy2oatobeequal to0.2IIperyearandthepentosidinelevel inAIDI tobe I.06x
l0-e mol per gram protein (Table l), we have:

kr= k,o,o,,[pentosidine/Lys]o,o, =0.218x (1.06x l0''/ 1.04x 104)

= 2.22 Fmol pentosidine per mol Lys per year

Part B: The use ofpentosidine levels as a quantitative measure ofaggrecan turnoyer
We have employed a similar approach as in our previous study2n to investigate whether pentosidine levels in
different buoyant density fractions of aggrecan of one donor can be used as a quantitative measure of turnover,
in a similar way to that based on aspartic acid racemization.

The model is based on mass balances on the large monomer (AlDl; see Appendix A) and the Gl-domain,
equating the rate of accumulation of pentosidine with age in these species to the difference between the rates
of pentosidine formation and protein turnover. The turnover constants and changes in composition with age

are taken from our previous work.2n Because the pentosidine level in the lowest buoyant density fraction of
aggrecan (AlD4) that could be isolated from the Al preparation of a 22-year-old donor was similar to that in

the Al preparation and in the AlDl (all -l nmol/gram protein; data not shown), we have taken the pento-
sidine level in the aggrecan Gl-domain at age 20-25 to equal I nmol/gram protein. The formation constant, kF,

of pentosidine per mol lysine is assumed to be the same in the Gl-domain as in the remainder of the mono-
mer. The increase in pentosidine relative to the amount of lysine in the Gl-domain is taken to be linear with
age, as is observed for the aggrecan Al preparations (data not shown). The lysine concentration in the Gl-
domain is taken from Doege et ol.i$ 2.19 x l0{ mol of Lys per gram protein (8 residues per 36 kD protein).

To calculate the rate of Gl turnover (k,o,) we used the mass balance on pentosidine in Gl:

d([Lys]*r.[pentosidine/Lys]rrr.)/dt = kr[Lys]*r. - k-,o,,[Lys]*r[pentosidine/Lys]ssy, t5l

where [Lys]*r. is the concentration of lysine in the FG I at age 55 years, in mol per gram of wet cartilage; [pen-
tosidine/Lys]*r. is the concentration of pentosidine in the FG I at age 55 years in mol per mol lysine, and k ,o,,
is the turnover constant for the ultimate processing of the FG l, i.e. the actual turnover of aggrecan measured
as turnover of its G I -domain (years-r).

t4l
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To calculate d[Lys]"r./dt at age 55, a value for d[FGl]/dt*r. of 1.83 nmol per gram cartilage per year was
used.2s A concentration of 107 nmol FGI per gram of wet caftilage at age 55 years'' was used to calculate

[Lys]*r. Unfortunately, the amount of FG I material of the 55-year-old donor available for pentosidine analysis
was limited, causing the pentosidine peak to approach the detection limit of the HPLC. lnasmuch as a reliable
pentosidine number for FGI is essential for the proposed calculations, the mean value for isolated FGI and
A I D5 (very similar to FG I ) was used (Table l), viz. 6.05 nmol per gram of protein. lnasmuch as A I D6 contains
not only FGI but also a substantial amount of link protein, the pentosidine value of this fraction was excluded
from the calculations. Using this pentosidine value for FGl, the value of k, as determined in Eq. [4] and a mass

balance for FGI as in Eq. [5], we obtain kr(Gr) = 0.0355 per year which, considering the assumptions made, is
not inconsistent with the previously determined value of 0.0287 that was based on %D-Asp levels.zs The pres-
ent value of k ,o,, corresponds to a half-life for the aggrecan G I of I 9.5 years.
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Cnoss-LTNKTNG By AovaNceo GlvcarroN ENopRoDUcrs
lNcneases rne SrrrrNEss oF rse CoUAGEN Nerwonr rN HuMaN
ARrrculaR CaRrtacE; A Possrslr MecnaNrsr{ Txnoucn Wnrcx
Ace rs a Rrsr Facron roR OsreoARTHRrrrs
Nicole Verzijl,"b Jeroen DeGroot,nb Chaya Ben Zaken,'Orit Braun-Benjamin,' Alice
Maroudas,' Ruud A. Bank," Joe Mizrahi,'Casper G. Schalkwiik,o Suzanne R. Thorpe," John
W. Baynes," Johannes W.J. Bijlsma,b Floris PJ.G. Lafeberb and Johan M. TeKoppele"

Objective. Age is on importont risk foctor for osteoorthritis. During oging, nonenzymotic glycotion results

in the occumulotion of odvonced glycotion endproducts (AGEs) in cortiloge collogen. We studied the

effea of AGE crossJinking on the stiflhess of the collogen network in humon orticulor cortiloge.

Methods. To increose AGE levels, humon odult orticulor coriloge wos incuboted with threose. fhe
stiflfness of the collogen network wos meosured os the instontoneous deformotion (lD) of the cortiloge

ond os the chonge in tensile stress in the collogen network os o function of hydrotion (osmotic stress

technique). AGE levels in the collogen network were determin O ,r, 5li(corbory@)ethyl)lysine,
pentosiding amino ocid modification (loss of orginine ond (hydroxy)lysine), AGE fluorescence (3601460

nm), ond digestibility by boaeriol collogenose.

Results. lncubotion of cortiloge with threose resu/ted in o dose-dependent increose in AGEs ond o

concomitont decreose in lD (r = -0.81, p < 0.001; up to 40% decreose ot 200 mM threose), i.e.

increased stifflnesq which wos confirmed by resu/ts from the osmotic stress technigue. fhe increosed

stifflness strongly correloted with AGE leve/s (e.g. AGE fluorescence r = -0.8 I , p < 0.000 l). Co-incubotion

with orginine or lysine, glycotion inhibitors, ottenuoted the threose-induced increase in stiffness (p <

0.0s).
Conclusion. lncreosing cartiloge A6E cross-linking by in vitro incubotion with threose resulted in
increosed stiffness of the collogen network. lncreosed stiFFness by AGE cross-linking moy contribute to the

oge-reloted foilure of the collogen network in humon orticulor cortiloge to resist domoge. Thus, the oge-

reloted occumulotion of AGE crossJinks presents o putotive moleculor mechonism whereby oge is o
predisposing foaor for the development of osteoorthritis 

suBMrrrED FoR puBLrcATroN

INTRoDUcTIoN
Osteoarthritis (OA) is a common chronic
disabling disorder for which age is the single

greatest rlsk factor."'rot Although age-

related changes in articular cartilage are
likely to play a role, the mechanism through
which age increases the susceptibility for
joint degeneration is largely unknown. Swel-
ling of cartilage, which is proportional to the
amount of damaged collagen,3r is the initial
event in cartilage degeneration,2o2 indicating
that the development of OA starts with fail-
ure of the cartilage collagen network. With

increasing age, the stiffness of the collagen
network in articular cartilage increases,3s'r22

which may result in an age-related increase
in susceptibility to mechanically induced
damage. lndeed, the resistance of the colla-
gen network in articular cartilage to fatigue
damage decreases with increasing age."''"0
We hypothesize that the age-related in-
crease in stiffness of the cartilage collagen
network results in a decreased resistance of
this network to mechanical failure and con-
sequently an increase in the risk to develop
oA.
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The question that has yet to be answered is:

what causes the stiffness of the articular car-

tilage collagen network to increase with age?

Because of the exceptionally long half-life
(>100 years) of collagen molecules in ar-
ticular cartilage,sor they are susceptible to
the accumulation of endproducts of nonen-
zymatic glycation. Nonenzymatic glycation of
proteins is initiated by the reaction of sugars

with lysine and arginine resldues in proteins
and eventually leads to the formation and

age-related accumulation of advanced glyca-

tion endproducts (AGEs) such as N"-
(carboxymethyl)lysine (CML)'r and N"-
(carboxyethyl)lysine (CEL),3 and cross-links
like pentosidine,e2'2e5 methylglyoxal-lysine
dimer (MOLD),57 and threosidine.26e ln ar-
ticular cartilage, relatively high levels of
AGEs accumulate with increasing ?gs.3re'33r'3ro

ln a preliminary experiment, generation of
AGEs resulted in stiffening of the articular
cartilage collagen network,2s consistent with
reports on other collagenous tissues.22'304

Thus, accumulation of AGEs makes the col-
lagen network more brittle, as was de-

scribed for lens capsules22 and bone
(Catanese J, Bank RA, TeKoppele JM, lver-
son EP, Yeh OC, Keaveny TM; submitted)
and as such increase the susceptibility of
cartilage collagen to mechanical failure.
Thus, accumulation of AGEs could be a

molecular mechanism that causes age to be

a major predisposing factor for the devel-

opment of OA.
Threose is a highly reactive carbohydrate

that is formed by nonenzymatic degradation
of ascorbic acid both in vitro and in vivo.te3'252

Among the ascorbic acid degradation prod-
ucts L-threose is the most abundant (ap-

proximately 20-25%) and the most reactive
degradation product.'"'237'"' L-threose rap-
idly modifies lysine residues in proteinsrss

leading to the formation of characteristic
AGEs, including CML,8e formyl threosyl pyr-
role,'3' threosidine,26e and pentosidine.236

The present study was designed to de-
termine the effects of AGE cross-linking on
the stiffness of the collagen network in ar-
ticular cartilage. The collagen network stiff-
ness was mainly measured as the instanta-
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neous deformation (lD) of the tissue in un-

confined compression.22' These lD results

were confirmed by the osmotic stress tech-
nique as described by Basser et o/.35 To pre-
vent other age-related changes in articular
cartilage from confounding the interpreta-
tion of these experiments, cartilage was gly-

cated in vitro (using threose as a model
compound). ln the present study, not only
the stiffness, but also the extent of amino
acid modification and AGE cross-linking of
the collagen network were determined.
Stiffness measurements were correlated
with AGE levels. Furthermore, to confirm
that the effects of threose on mechanical

properties of the collagen network were
indeed the result of increased AGE cross-

linking, we tested the effect of incubation of
cartilage with threose in combination with
lysine or arginine, both inhibitors of the gly-

cation process.2l e'2e7

EXPERIMENTAL PROCEDURES

Tissue samples
Macroscopically normal human articular car-

tilage was obtained post mortem within l8
hours after death from patients who had no

clinical historT of loint disorders. Samples of
full-thickness caftilage, excluding the under-
lying bone, were taken from the femoral
condyles of 30-, 3 l- and 37-year-old donors
and from the superior region of a femoral
head of a 43-year-old donor. AII tissue sam-

ples were stored at -20'C until analyzed.

Carbohydrate incubations
Healthy full-depth cylindrical cartilage sam-

ples (5.5 mm diameter) were punched from
the joints and immersed in 0. l5 M NaCl for
24 hours at 4'C. Prior to the incubations,

fixed charge density (FCD; see below) was

measured to distribute samples evenly

among the incubation Sroups according to
their FCD. lncubations with threose were
carried out in PBS, pH 7.4, containing 25

mM EDTA (Spectrum, Laguna Hills, CA,
U.S.A.) as proteinase inhibitor in two inde-

pendent experiments. Cartilage samples of a

37- and a 43-year-old donor were incubated

with 0 to 200 mM threose (Sigma, St. Louis,
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MO, U.S.A.) and with 200 mM threose in
combination with 20 mM L-lysine (Sigma) or
L-arginine (Sigma). All incubations were
performed for 6 days at 37'C; control sam-
ples were incubated in the same solution
without threose. Two or three cartilage
samples were used per condition. After the
incubations, samples were washed for 24
hours in 0. 15 M NaCl at 4"C with a change

of the NaCl solution after l6 hours. Samples

were subjected to unconfined compressive
loading to determine the lD (see below)
both before and after the incubations. Using
a similar approach as for threose, cartilage
samples of a 30- and a 3l-year-old donor
were incubated with methylglyoxal (0-20
mM) and ribose (0-200 mM; Sigma). Methyl-
glyoxal was prepared freshly by the acid hy-
drolysis of l,l-dimethoxyacetone (Sigma)

and the preparation was purified by destilla-
tion.2la

Fixed charge density
Fixed charge density (FCD) is defined as the
concentration of negatively-charged groups
in the tissue (meq/gram) and represents the
glycosaminoglycan content.337 The FCD was
determined by means of the tracer cation
method described elsewhere,2oe using 0.0 l5
M NaCl labeled with 22Na as the equilibrat-
ing solution.

lnstantaneous deformation
As a measure of the stiffness of the collagen
network the instantaneous deformation (lD)
of the cartilage was determined. lD was
measured by sublecting the full-depth sam-
ples to unconfined compressive step-loading
in a custom-built apparatus.22a During the
experiment, the sample was immersed in

0. 15 M NaCl at 4'C in a transparent glass

cell. The top surface of the sample was
compressed against a transparent rigid
plunger and viewed with a microscope
equipped with a photo camera. Prior to
loading, a preload of approximately 0.03
MPa was applied to ensure contact between
the surface of the sample and the plunger.
The sample was then loaded so that the ini-
tial pressure on its top surface was 3.0 MPa.
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The lD, expressed as the percentage in-
crease in area of the articular surface, was
measured within l0 seconds after loading.
The lD of the samples was measured before
and after the incubations and data are pre-
sented as the ratio of the lD after incuba-
tion over that before incubation.

Since the proteoglycan content of carti-
lage modulates the tensile stresses in the
collagen network, it plays an indirect role in
determining the lD.22a Addition of EDTA to
the carbohydrate solutions was used to pre-
vent matrix metalloproteinase- and aggre-
canase-mediated proteoglycan loss from the
tissue during the incubation, which was con-
firmed by FCD measurements before and

after the incubation.

Osmotic stress technique
To corroborate the effect of AGE cross-
linking on the stiffness of the cartilage colla-
gen network, the tensile stress in the colla-
gen network as a function of hydration was
determined for control and threose-
incubated cartilage samples.3s Full depth car-
tilage plugs, obtained from the femoral head

of a 3O-year-old donor, were sliced on a

freezing microtome (Leitz), 400 pm sections
being removed from the cartilage surface as

well as from the deep zone. The test speci-
mens thus represented mainly "middle zone"
cartilage. We chose to use sections from
the middle zone because in normal cartilage
the FCD is known to be relatively uniform
in this region.'ot Samples were incubated in

0. l5 M NaCl, containing 300 mM L-threose
(Sigma), 25 mM EDTA (Spectrum), 5

units/ml penicillin (Sigma), and 5 pg/ml

streptomycin (Sigma). The incubation was

carried out for 5 days at 37"C. The osmotic
stress technique was carried out on sets of
control samples and threose-incubated sam-

ples taken from adjacent sites on the femo-
ral head. The method involved incubation of
samples enclosed in dialysis tubing (Spec-

trum) in calibrated, osmotically active poly-
ethylene glycol (PEG 20 kDa; Fluka, Buchs,

Switzerland) solutions. The tensile sress
exerted by the collagen network, P., can be

calculated from the 'balance of forces' at
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equilibrium hydration.3s At equilibrium hy-

dration, P. together with the externally ap-

plied osmotic StF€sS, npg6r both of which
tend to squeeze water out of the tissue, are
balanced by the osmotic pressure of the
cartilage proteoglycans, nro. The tensile
stress in the collagen network, P., is plotted
as a function of collagen network hydration
(normalized tissue volumei Vno.,ari,"d = (V,oor -

V.orr"g"n)ry.or"gun) that was also obtained by the
method given in Basser et o/.3s The larger
the change in collagen tensile stress per
change in hydration, i.e. the steeper the
slope of the P.Ay'no.,",,,ed curye, the greater
the tensile stiffness of the collagen network.

Determination of collagen AGE Ievels
The methods employed for analysis of car-

tilage collagen AGE levels have extensively
been described in our previous work."o Ar-
ticular cartilage collagen was purified by de-
pleting the tissue of all non-collagenous pro-
teins by sequential enzymatic treatment with
chondroitinase ABC (Sigma), trypsin (Boe-
hringer Mannheim, Mannheim, Germany),
and Streptomyces hyaluronidase (Sigma).3a0

For analysis of CML, CEL, and pentosidine,
purified caftilage collagen was reduced with
sodium borohydride (Sigma).340 After acid
hydrolysis, an aliquot of these samples was

removed for pentosidine and amino acid

analysis. CML, CEL, and lysine content of
the collagen hydrolyzates were measured as

their N-trifluoroacetyl methyl esters by iso-
tope dilution selected ion monitoring gas

chromatography - mass spectrometry (SlM-

GC/MS), using deuterated internal stan-
dards.s'er The pentosidine and amino acid
content of the hydrolyzates were deter-
mined by high-per^formance liquid chroma-
tography (HPLC).'?228 The pentosidine con-
tent of the collagen samples is expressed as

mmol per mol collagen, while the CML,
CEL, arginine (Arg), hydroxylysine (Hyl), and

lysine (Lys) contents of the collagen samples

are expressed as mol per mol collagen, as-

suming 300 hydroxyproline residues per tri-
ple-helical collagen molecule.2T From the
comparison of the sum of the Arg, Hyl, and

Lys residues per collagen molecule in thre-
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ose treated samples with control samples,

the mean percentage of modification of
these glycation sensitive amino acids was

calculated, assuming 0% modification in the
control samples.

AGE fluorescence ()"u,=360 nm, ),",=450
nm) in purified cartilage collagen was meas-

ured after digestion of the collagen with pa-

pain (from Papaya latex, Sigma).340 Papain

buffer was used as a blank. AGE fluores-
cence is expressed as relative fluorescence
units and normalized to the hydroxyproline
content of the digest, measured after acid

hydrolysis (papain contributed <l% of the
hydroxyproline in the digests).7e3r3

The susceptibility of purified cartilaSe

collagen to collagenase digestion was meas-

ured following digestion with Clostridium his-

tolyticum collagenase (CLS 2, Worthington,
Freehold, NJ, U.S.A.).340 After the incuba-
tion, the supernatant and remaining tissue

were separated and the amount of collagen
in both fractions was estimated by measur-
ing the amount of hydroxyproline.Te'3r3

Statistical analysis
Linear regression analyses and one-way
analysis of variance (ANOVA) with post-hoc
Tukey-HSD tests were performed with SPSS

version 10.0 for Windows (SPSS, Chicago,

lL, U.S.A.); p-values < 0.05 were considered
to represent statistically significant differ-
ences. When no individual data are given,

data are expressed as mean + S.D.

RESULTS

Effect of threose on AGE levels in
articular cartilage co!lagen
AGE levels were determined in collagen that
was purified from cartilage samples that had

been incubated with different concentra-
tions of threose. Following incubation with
threose, the levels of CML and CEL in-
creased significantly (2.7- and 7.2-fold, re-
spectively; Figure lA), while only a slight in-

crease in the collagen pentosidine concen-
tration was observed at 200 mM threose
(1.2-fold; data not shown). Besides the con-
centrations of these chemically well-
characterized AGEs, more general measures
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FlcuRE I - lncubation with threose (6 days, 37'C) results in increased AGE levets in the collagen
network in human articular cartilage. Data are mean (1 S.D.) for measurement of CML and CEL levels
(A), amino acid modification (B), AGE fluorescence (C), and collagenase digestibility (D) of the collagen net-
work in at least 2 cartilage samples. Except for graph A, combined data of two independent experiments are
shown.

of glycation and AGE cross-linking were de-
termined in the threose incubated cartilage
samples. Threose incubation resulted in ex-
tensive modification of Arg, Hyl, and Lys
residues in cartilage collagen (17.7 ! 7.2,
57.2 ! 7.4, and 60.0 t 10.7%, respectively at
200 mM of threose, n=2 independent ex-
periments; the overall modification of Arg,
Hyl, and Lys is shown in Figure lB). The
well-characterized AGEs (CML, CEL, and
pentosidine) account for only a small frac-
tion of all the AGEs formed during the incu-
bation with threose in vitro: the total amount
of CML, CEL and pentosidine represented

only l.f 3 ! 0.21% of the lysine modifica-
tions. AGE fluorescence, a general measure
of cross-linking AGEs, was also increased in
threose-incubated samples (Figure lC).
Consistently, threose reduced the digesti-
bility of the collagen by bacterial collagenase,
which represents a functional measure of
cartilage collagen cross-linking (Figure I D).

Except for pentosidine, all AGE measures
(CML and CEL levels, overall amino acid
modification, AGE fluorescence, and colla-
genase digestibility) correlated very well
with one another (r > 0.80 in all cases).
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FtcuRE 2 - lncubation with threose (5 days'
37'C) results in a concentration dependent
decrease in lD of the collagen network, i.e.

increase in stiffness. Data represent the lD af-

ter/before for each individual cartilage sample (com-

bined results of two independent experiments).

Effect ofthreose on the stiffness ofthe
articular cartilage collagen network
The stiffness of the collagen network in the
threose-incubated cartilase samPles can be

expressed as the ratio of the lD after incu-
bation over the lD before incubation (lD
after/before). lf the incubation does not af-

fect the stiffness of the collagen network,
this ratio will equal l. As expected, the ratio
of the control samples was 1.00 t 0.05 (Fig-

ure 2, incubation with 0 mM threose). A
ratio < I reflects a decrease in deformation,
and therefore an increase in stiffness of the
collagen network due to the threose incuba-

tion. Clearly, incubation of cartilage with up

to 200 mM of threose resulted in a dose-

dependent increase in stiffness (r = -0.8 I, p
< 0.000 l; Figure 2). At 200 mM threose, the
lD was decreased by 40%, reflecting a maior
increase in stiffness of the collagen network.
Curves of the tensile stress in the collagen

network (P.) as a function of hydration
(Vno,-"ri,"ai Figure 3) were obtained by the
osmotic stress technique of Basser et oL3s

lncubation with threose resulted in a

steeper slope of the P.4y'no..",'."0 curve, i.e. an

increase in tensile stiffness of the collagen

network in human articular cartilage. ln-

CsapreR 5

o Control

a Threose

567
Vnormalized

FIGURE 3 - lncubation with threose (300 mM' 5

days, 37"C) results in an increase in tensile
stiffness of the collagen network in human ar'
ticular cartilage. The collagen network tension' P.,

is plotted versus the normalized volume of the sam-

ple, V"o..,;;."a, for both control and threose-incubated

samples. The graph after threose incubation has a

steeper slope (AP./4V"..,.rr,"d) than that of the con-

trol samples, indicating increased stiffness of the col-

lagen network.

creased AGE cross-linking of collagen in the

threose-incubated cartilage samples was

confirmed by analyses of AGE fluorescence'
pentosidine, and amino acid modification.

Consistent with the lD experiments, all

AGE measures were increased in collagen

purified from the threose-incubated samPles

compared to the control samples; pento-

sidine and AGE fluorescence increased 2.4-

and 9-fold respectively, while the overall

amino acid modification in the threose-

incubated samples was 28.5 t 1.5% (data

not shown).

Correlation of collagen network
stiffness with AGE levels
ln the present study, we investigated the
effect of in vitro glycation by threose on the

stiffness of the carcilage collagen network, in

combination with measurements of AGE

levels. Because AGE levels were measured

specifically in collagen (purified from carti-

lage by enzymatic removal of all non-

collagenous proteins) and because stiffness
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FIGURE 4 - The stiffness of the collagen network in articular cartilage is highly corretated with all
AGE measures. Correlation of the ID after/before of cartilage samples incubated at different threose concen-
trations with the sum of CML, CEL and pentosidine (AGE sum; A), amino acid modification (B), AGE fluores-
cence (C), and collagenase digestibility (D). Except for graph A, combined data of two independent experi-
ments are shown. Note that the X-axis of graph D has a reversed scale for a lower digestibility represents a
higher degree of AGE cross-linking.

methods were used previously validated as
measuring the stiffness of the collagen net-
work,3s'224 stiffness measurements could be
directly related to AGE levels.

The decrease in lD, i.e. the increase in
stiffness, of the cartilage collagen network
due to threose was strongly correlated with
the collagen AGE levels. The decrease in lD
correlated significantly with the sum of the
well-characterized AGEs CML, CEL, and
pentosidine in the collagen (r = -0.90, p <

0.0 l; Figure 4A). The lD also decreased with
increasing overall amino acid modification
and AGE fluorescence in the collagen (r = -
0.73, p < 0.0005; Figure 48 and r = -0.81, p
< 0.000 l; Figure 4C, respectively). Further-
more, the threose-mediated increase in
stiffness (decrease in lD) was related to a

decrease in digestibility of the collagen by
bacterial collagenase (indicative of increased
collagen cross-linking; r = 0.78, p < 0.0005;
Figure 4D).
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FTGURE 5 - Addition of Lys or Arg to the incu-
bation with threose (6 days' 37oC) attenuates
the threose-induced increase in stiffness ofthe
cartilage collagen network. The mean (t S.D.) lD
after/before is shown for at least 2 cartilage samples

per condition. Cartilage was incubated with 0 (con-

trol) or 200 mM threose (black bars) and with 200

mM threose with the addition of 20 mM Arg or Lys

(white bars). Asterisks indicate statistically signifi cant

differences compared to control (one asterisk; p <

0.05) or compared to 200 mM threose without addi-

tions (two asterisks; P < 0.05). The increase in colla-

gen network stiffness by threose is glycation-specific

because it can be inhibited by co-incubation with Arg
or Lys.

mM) used in the present study resulted in a
40% decrease in lD (Figures 2 and 5), i.e. a

substantial increase in stiffness of the cafti-
lage collagen network. This decrease in lD
by 200 mM threose could be inhibited by

50% in the presence of 20 mM Arg (p < 0.05

compared to 200 mM threose alone; Figure

5). As high as 68% inhibition was observed
in the presence of 20 mM LYs (P ' O.OS

compared to 200 mM threose alone; Figure

5). The resulting stiffness was unchanged

from control levels (p = 0.09; Figure 5)' The
fact that Lys is a more Potent inhibitor than

Arg is consistent with the higher reactivity
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lnhibition of the effect of threose on
cartilage collagen stiffness
To confirm that the threose-induced in-

crease in stiffness of the collagen network
was indeed due to the increased AGE cross-

linking, Arg or Lys were added to the thre-
ose incubations as inhibitors of the glycation
and cross-linking process.2rt'2'7 These amino
acids were expected to comPete with the
cartilage proteins for the available threose,
thereby preventinS threose from forming
AGE cross-links in the cartilage proteins.
The highest threose concentration (200
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FtcURE 6 - Correlation of the stiffness of the collagen network in afticular cartilage with AGE levels, as ob-

served after threose incubation (Figure 4), could be confirmed by incubation of human articular carcilage with

ribose and methylglyoxal (6 days, 37'C). The lD after/before of cartilage samples incubated with different con-

centrations of ribose (up to 200 mM; A) and methylglyoxal (up to 20 mM; B) was significantly correlated with

AGE fluorescence.
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of threose towards Lys than towards Arg
(this manuscript and Ref. 185).

Effect of other carbohydrates on the
stiffness of the articular cartilage
collagen network
Besides the effect of threose, the effects of
ribose and methylglyoxal on the stiffness of
the cartilage collagen network were investi-
gated to see whether the results obtained
with threose could be generalized to other
carbohydrates. The increase in stiffness of
caftilage collagen was significantly correlated
with AGE fluorescence after ribose and
methylglyoxal incubation (one-tailed regres-
sion analysis r = -0.64, p < 0.02 and r = -

0.62, p < 0.05; Figure 6,4 and 68, respec-
tively). Thus, both the experiments with ri-
bose and methylglyoxal confirm the relation
between AGE levels and collagen network
stiffness that is observed after threose incu-
bation.

DrscussroN
ln the present study, we show that incuba-
tion of human articular cartilage with thre-
ose resulted in extensive AGE formation in
the cartilage collagen network. Consistent
with previous reports, CML and CEL were
formed in substantially greater amounts than
pentosidine.se'23t Threose preferentially re-
acted with the amino-group of Hyl and Lys
residues, and to a lesser extent with the
guanidino-group of Arg residues. The ob-
served 3-fold difference in reactlvity be-
tween Hyl/Lys and Arg is consistent with
results by Lee et oLrss Also consistent with
previous findings using other carbohydrates
is that only l.l% of the Lys loss in cartilage
collagen in our incubations can be explained
by formation of the well-characterized
AGEs CML, CEL, and pentosidine.3rT ln ad-
dition, our recent in vivo findings indicated
that only 4.7% of the age-related loss of
(hydroxy-)lysine residues in articular carti-
lage collagen can be explained by CML, CEL,
and pentosidine.3'o Thus, these AGEs do not
complete the mass balance and should only
be considered as markers of overall AGE
cross-linking. Other AGEs including formyl
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threosyl pyrrole, a major threose-derived
AGE,236 and threosidine, a Lys-Lys cross-
link,26e as well as MOLD and GOLDST were
not measured in this study, but probably
also contribute to threose mediated cross-
Iinking of collagen. The cross-linking nature
of the AGEs formed during the threose in-
cubation was shown not only by the thre-
ose-induced AGE fluorescence,"' but also
by the decrease in digestibility of caftilage
collagen by bacterial collagenase after thre-
ose incubation.3ao

lncubation of articular caftilage with
threose clearly resulted in an increase in the
stiffness of the collagen network, and this
increased stiffness correlated very well with
AGE levels measured in purified collagen.
These results, based on measurements of
lD, were confirmed by the osmotic stress
technique. The correlation of stiffness with
AGE levels is not unique to threose; similar
correlations were found after incubation of
cartilage with ribose, which results in the
formation of AGE cross-links such as pento-
sidinee2'2es and the non-fluorescent NFC- 1,2s6

and methylglyoxal, which forms AGE cross-
links such as MOLD.5T

The addition of Lys or Arg to the incuba-
tion of cartilaSe collagen with threose pro-
foundly reduced the effect of threose on the
stiffness of the collagen network, as has

been shown for rat tail tendons incubated
with glucose.''' Lys appeared to be a more
potent inhibitor than Arg, which is consis-
tent with the higher reactivity of threose
with Lys than with Arg (this manuscript and
Ref. 185). Thus, specifically interfering with
the glycation process through the addition
of Lys or Arg to the threose incubations,
resulted in inhibition of stiffening of the col-
lagen network. This indicates that the effect
of threose on the stiffness of the collagen
network is not only highly correlated with
AGE levels, but also that it is indeed due to
the AGE cross-linking.

ln the present study, we used the ascor-
bic acid degradation product threose as a

model glycating agent. As a consequence,
our results may also contribute to our un-
derstanding of the role of ascorbic acid in
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the development. of OA.2r2 The limited
studies available suSgest that ascorbic acid

may have a protective effect on develop-
ment of spontaneous OA in guinea pigs and

progression of established OA in hu'

mans.2'''''t The potentially beneficial effect of
ascorbic acid has been attributed to its anti-
oxidant propercies, the fact that it is a cofac-

tor for collagen prolyl and lysyl hydroxy'
lase,r'2'"' and its ability to stimulate chon-
drocyte collagen and aggrecan synthesis,so'234

which likely results from stimulation of col-
lagen type ll, aggrecan and prolyl hydroxy-
lase gene and protein expression (Virginia
Kraus, personal communication). The pres-

ent results suggest that high levels of ascor-
bic acid may increase the susceptibility of
the collagen network to degeneration
through AGE cross-linking of collagen by

threose, a product of ascorbic acid degrada-

tion. Pro-oxidant activities of ascorbic acid

resulted in oxidation of articular cartilage

collagen in vitro in explant cultures (Virginia
Kraus, personal communication). Thus,

ascorbic acid can potentially impact ioint
health by a variety of means. A trial is cur-
rently being conducted in a spontaneous in

vivo OA model in guinea pigs, exploring the
effects of high and moderate levels of ascor-
bic acid on the development of OA com-
pared to a minimal, but nonscorbutic, level

of the vitamin.
Based on our in vitro results we conclude

that AGE cross-linking of articular cartilage

collagen results in increased stiffness of the
collagen network. Although AGE levels in
vivo are lower than in our in vitro incuba-

tions, the age-related accumulation of AGE
cross-links in collagen in human adult ar-
ticular cartilage seems a plausible mecha-

nism for the observed age-related increase

in collagen network stiffness in human ar-
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ticular cartilag"."''" As a result of stiffening,

accumulation of cross-linking AGEs makes

the cartilage collagen network more brittle
(Chen AC, Temple MM, Ng DM, Richardson

CD, DeGroot J, Verziil N, TeKoppele JM'
Sah, RL; unpublished results). lncreased brit-
tleness may in turn contribute to the age-

related failure of cartilaSe to resist mechani-

cal damage, and thus be a factor that predis-

poses aged cartilage to damage and, eventu-

ally, the development of OA.
Furthermore, the inhibitory effect of Lys

and Arg on the induction of stiffness in the

collagen network through AGE cross-linking
presents interesting therapeutic possibilities.

According to our hypothesis and present

data, agents that prevent AGE accumula'

tions2 as well as agents that are proposed to
"break" already formed AGE cross-links33s'362

may, through Prevention of an increase in

collagen network stiffness, slow down the

development of OA.
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AovaNceo Glvcarrox ENopRoDUcrs rN HumaN ARrrcutan
Canrrlace CollaceN PneorsposE To rne DeveLopMENT oF
OsreoaRTHRrrrs
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Obiective. Ihe most prominent risk faaor for osteoorthritis (OA) is oge. The oge-reloted occumulotion

of odvonced glycotion endproduas (AGEs) in cortiloge is believed to contribute to the susceptibility to

develop OA. We performed o cross-sectionol study to compare cortiloge collogen AGEs between OA-

offeaed ond -unoffeaed individuals.

Methods. Collogen turnover is known to influence AGE levels ond is increosed in eorly OA. Therefore,

our study wos strialy limited to mocroscopicolly normol knee cortiloge from donors with ond without

focol cor-tilage degenerotion at outopsy (Nrr": n=22, oge 5l-85 yeors, ond control: n=23, oge 46-83
yeors, respectively). Despite this limitotion, collogen turnover wos meosured os the leve/ of osportic ocid

rocemizotion. AGEs were measured os fluorescence ot 3601460 nm, browning (obsorption ot 340 nm),

ond pentosidine levels.

Results. Unexpeaedly, collogen turnover wos increosed in Nor" cortiloge compored with control cortiloge

(p < 0.05), which hompers proper comporison of obso/ute AGE levels. To compensote for the effeas ol
turnover differences, AGE /evels were corrected for collogen turnover. Correaed A6E /evels, i.e. AGE

formotion rote$ were higher in Nor" cor-tiloge thon in control cortiloge (fluorescence ond browning both

p < 0.01; pentosidine; N.5.).

Conclusion. An increased rote of AGE formotion in normol cortiloge collogen of subjeas with focol
cortiloge degenerotion supports o role for A6E crossJinking as o risk foctor for OA. Furthermore, our

results of increosed collagen turnover in N or" cortiloge suggest thot successful remodeling of the collogen

network is possible in odult humon orticulor cortiloge. Whether or not this increosed collogen turnover is

o primory or secondory event in cortiloge degenerotion reguires further investigotion.
Sugt4trrro FoR PUBLtcATtoN

INTRoDUcTIoN
Osteoarthritis (OA) is the most common
joint disorder in older sublects and contrib-
utes strongly to functional disability of the
elderly. Although age is the main risk factor
for OA,78'r02'r0s the mechanisms underlying
this relationship are largely unknown. Age-
related structural changes in articular carti-
lage are potential factors in the susceptibility
of cartilage to develop 94.2s'54'83'ts8

A prominent feature of aging is the
nonen4/matic modification of tissue proteins
by reducing sugars. Nonenzymatic glycation
is initiated by the reaction of a sugar with a

protein lysine or arginine residue. This even-
tually leads to the formation of a variety of
fluorophores and chromophores, collec-
tively known as the advanced glycation end-
products (AGEs). Once formed, AGEs are

not removed unless the protein is removed.
Consistently, AGEs accumulate with age in
long-lived proteinsto'2's at a rate that is

largely determined by the rate of protein
turnover.'o' Articular cartilage collagen has

an exceptionally long half-life3ar which re-
sults in the accumulation of an abundant

amount of AGEs such as pentosidine, a

cross-link formed from lysine, a sugar, and

arginine.2es'3a0 Besides this well-characterized
AGE, general measures of AGE cross-linking
like fluorescence at 3601460 nm and

browning also increase with age in cartilage
collagen.3ao

AGE cross-linking results in stiffening of
the collagen network,2s which - through in-

creasing brittleness22'68 - increases the sus-

ceptibility to damage. Furthermore, high

AGE levels in cartilage impair the synthetic

"Gaubius LaboratorT, TNO Prevention and Health, Leiden, The Netherlands.
bDepartment of Rheumatology & Clinical lmmunology, University Medical Center Utrecht, The Netherlands.
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capacity of chondrocytes, which diminishes
the ability of chondrocytes to restore ma-
trix integrity after injury and may contribute
to progression of cartilage defects into
OA.83 Based on these findings, age-related
accumulation of AGE cross-links in cartilage
collagen may well explain why age is a pre-
disposing factor for the development of OA.
Recently, in vivo prool of our hypothesis was
obtained from a study in which AGE levels
in articular cartilage in the knee loints of
Beagle dogs were selectively enhanced by
intra-articular ribose inlections prior to in-
duction of OA by anterior cruciate ligament
transection.26s Dogs with enhanced cartilage
AGE levels showed an increased sensitivity
to develop OA.8' ln humans, our hypothesis
is not easily tested because the age-related
increase in AGE levels occurs over a period
of 20 to 50 years. Therefore, a cross-
sectional study was designed using human
afticular cartilage obtained at autopsy. lf in-
deed AGEs predispose to the development
of OA, individuals with high cartilage colla-
gen AGE levels should develop more severe
OA (or earlier in life) than individuals with
low AGE levels. Thus, caftilage collagen
from individuals with OA should contain
higher levels of AGE cross-links than that
from age-matched healthy controls.

Because collagen AGE levels are largely
determined by the rate of protein turn-
over3tl and because an increase in collagen
turnover is an early feature of O4,e'tsr'z+z'rse

our hypothesis needed to be tested by
measuring collagen AGE levels in normal
cartilaSe from OA-affected and -unaffected
individuals. Therefore, we chose to use

visually intact cartilage from knees with fo-
cal, preclinical caftilage degeneration at
autopsy (Noro)"' and compared its AGE
levels with levels in cartilage from donors
without any sign of cartilage degeneration
(control). Nrro cartilage has a normal pro-
teoglycan content, synthesis and release, a

low level of damaged collagen, and a low
Mankin grade (0-l; which is comparable to
control cartilage),2e'r80''oo and therefore can

be considered "normal". Notwithstanding,
to account for the effect of possibly differ-
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ent rates of collagen turnover on AGE lev-
els,3ar the residence time of collagen was
also measured in the present study. As in

our previous work, a good estimation of
collagen residence time was obtained by
measuring the percentage D-aspartic acid

(%D-Asp).3ar This unique measure of protein
residence time is based on the relatively fast
racemization of aspartic acid from the L-

form, in which it is built into proteins, into
the D-form during the course of time.r3s'2r0

ln addition to AGE measures and collagen
residence time, the enzymatic collagen mod-
ifications lysyl hydroxylation and pyridinoline
cross-linking were determined, because

these modifications may also affect the qual-

ity of the cartilase collagen network.3a
Thus, the main focus of the present study

was to compare AGE levels in normal (un-
affected) cartilage from individuals with and

without focal cartilage degeneration in or-
der to address the question whether high

AGE levels are associated with and there-
fore might predispose to OA. Because a

difference in the residence time of the colla-
gen network would bias possible differences
in AGE levels the collagen residence time
was determined as well.

ExPERIMENTAL PROCEDURES

Cartilage samples
Human articular caftilage was obtained post

mortem from femoral condyles within l8 h

after death. Donors had no known clinical
history of joint disorders. Donors were se-

lected either for knees with focal degenera-
tive cartilage (i.e. affected donors with pre-
clinical caftilage degeneration)r3a or for
knees without any sign of degeneration (r.e.

unaffected donors).r80 Slices of full-thickness
carcilage, excluding the underlying bone,
were cut from the weight-bearing areas

(central parts) of the condyles of both
knees. Macroscopically normal cartilage
from knees with focal cartilage degeneration
(Np6"; Mankin grade 0-l) was compared to
cartilage from knees without any sign of de-
generation (control; Mankin grade 0-l).r80
Both Nrro and control cartilage had a glossy,

completely smooth surface and a healthy
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appearance. Cartilage was used from a total
of 22 donors with Nor" cartilaSe and 23 age-

matched controls; ages ranged from 46 to
85 years (mean age of Noro and control car-
tilage donors was 69.5 I 2.0 and 66.3 t 2.5

years, respectively; N.S.). For each donor, 3

cartilage samples were analyzed that were
taken randomly from the weight-bearing ar-
eas of the condyles of both knees. lt was
demonstrated that the mean value of 3 ran-
dom samples was representative of the en-
tire joint for all parameters tested (data not
shown). AII tissue samples were stored at
-20'C until analysis.

Purifi cation of collagen
Articular cartilage collagen was purified by
depleting the tissue of all proteoglycans and

other non-collagenous protelns by sequen-
tial enzymatic treatment with chondroit-
inase ABC (Sigma, St. Louis, MO, U.S.A.),
trTpsin (Boehringer Mannheim, Mannheim,
Germany), and Streptomyces hyaluronidase
(Sigma) at 37oC.28e'3or From some of the
Nrro cartilage donors, degenerated cartilage
(DEG; Mankin grade 4-8), identified macro-
scopically by its fibrillated surface, was ana-

lyzed as well.r8o ln subsets of control sam-

ples (donors aged 62-83 years, n=7) and

paired samples of Nor" and DEG caftilage
(donors aged 62-77 years, n=4) collagen loss

during the enzyme treatments was moni-
tored. For this purpose, supernatants from
the subsequent enzymatic extractions were
collected and hydrolyzed in 6 M HCI at
I l0'C for 20-24 h. The percentage collagen
loss was estimated by measuring the amount
of hydroxyproline in the hydrolyzates of all

three supernatants and the remaining tissue
using a colorimetric assay.Te'3r3

Analytica! procedures
Collagen-linked fluorescence (7,",=360 nm,
1"".=460 nm) and browning (absorption at
340 nm) were measured in papain digests of
cartilage collagen (0.5-2 mg collagen in 250
pl of papain buffer) as described else-

where.3oo One aliquot of the papain digests
(100 pl) was hydrolyzed in I ml of 6 M HCI
at llO"C for 20-24 h for cross-link and

amino acid analysis, while another aliquot
(25 pl) was hydrolyzed in I ml of 6 M HCI
at 100"C for only 4 h for %D-Asp analysis

(analyses are described below). Both fluo-
rescence and browning were expressed in
relative units and normalized to the hy-
droxyproline content of the digest that was
obtained from amino acid analysis (papain

contributed <l% of the hydroxyproline in

the digests).
Collagen cross-link content and amino

acid composition were determined by high-
performance liquid chromatography
(HPLC).'?7''?8 After drying, overnight (20-24 h)

hydrolyzates of the papain digests were dis-
solved in water containing the internal stan-
dards pyridoxine (10 pM; Sigma) and homo-
arginine (2.4 mM; Sigma). For collagen
cross-link analysis (hydroxylysylpyridinoline
(HP) and pentosidine), samples were diluted
five-fold with 0.5% (v/v) heptafluorobutyric
acid (Fluka, Buchs, Switzerland) in l0% (vlv)
acetonitrile (Rathburn, Walkerburn, U.K.)
and analyzed by HPLC.'?7 For amino acid

analysis, an aliquot of the cross-link samples
was diluted 20-fold with 0. I M borate buffer
(pH I 1.4), derivatized with 9-fluorenyl-
methyl chloroformate (Fluka) and analyzed
by HPLC.28 Pentosidine, HP, and hydroxyly-
sine (Hyl) contents of the collagen samples

are expressed as mol per mol collagen, as-

suming 300 hydroxyproline (Hyp) residues
per triple-helical collagen molecule.2T

The percentage D-Asp (%D-Asp) in car-

tilage collagen was determined by HPLC in
aliquots of the papain digests that had been
briefly (4 h) hydrolyzed in 6 M HCl.r7'34r

Dried hydrolyzates were dissolved in I ml

of 0. I M sodium borate buffer (pH 9.5). An
aliquot of the samples (20 pl) was derivat-
ized with 5 pl reagent containing o-phtal-
dialdehyde (30 mM; Sigma) and N-acetyl-L-
cysteine (60 mM; Sigma) in 30% (v/v)
methanol (Rathburn) in 0. I M sodium bo-
rate buffer (pH 9.5) and analyzed by

HPLC.34| All of %D-Asp data were cor-
rected for the amount of D- and L-Asp pre-
sent in papain (10-20% of the aspartic acid in
the samples) and for racemization during
the hydrolysis step. With respect to the lat-
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ter, papain digests of reference cartilage
collagen samples (n=5, ages 2.5, 17,28,46,
and 74 years) were included in each hy-
drolysis series. The intercept of the graph
for %D-Asp versus donor age of these ref-
erence samples was subtracted from all in-
dividual %D-Asp values.3al

Based on the %D-Asp data, half-lives of
control and NDEG cartilage collagen were
calculated using a method similar to that
employed in our previous work.rar For each
individual sample the %D-Asp per donor age

was assessed, which represents the mean
residence time of collagen in the particular
cartilaSe sample over the entire life span of
the donor. The mean (t SEM) value of each
group was used to calculate the collagen
half-life (mean + 95% confidence interval)
based on the model described by Maroudas
et 01.208

Statistical analysis
Statistical analyses were performed using
SPSS software version 10.0 for Windows
(SPSS, Chicago, lL, U.S.A.). Two-group com-

parisons were analfzed using Student's t
tests. Multiple-group comparisons were
tested by analysis of variance (ANOVA)
with post-hoc Tukey tests. The relation be-
tween %D-Asp and age was tested by linear
regression analysis. The difference in
%D-Asp between Noro and control cartilage
was tested by analysis of covariance
(ANCOVA) using age as covariant. p-values
< 0.05 were considered to represent statis-
tically significant differences; absence of sta-
tistical significance is indicated by N.S. (not
significant). Data are presented as individual
data or as mean t SEM.

Resulrs
Collagen residence time in Nrro and
control cartilage
As a measure of collagen residence time the
%D-Asp was determined. ln both control
and Noro caftilage collagen, the %D-Asp in-
creases with donor age (r = 0.77, p < 0.001
and r = 0.70, p < 0.00 l, respectively; Figure
lA), which is consistent with our previous
findings.3ar Strikingly, %D-Asp levels are sig-
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AGE levels, i.e. the rate of AGE formation, are higher in collagen from Noro caftilage than in control cartilage

collagen.

nificantly lower in Noro cartilage than in

control cartilage (p < 0.00 l), indicating that
the residence time of collagen in the macro-
scopically normal (Noro) cartilage from do-
nors with focal cartilage degeneration is

lower than in normal cartilage from unaf-

fected controls, r.e. the rate of collagen

turnover is increased.
Based on the %D-Asp results a half-life

for control cartilage collagen of 88 years

was calculated (95% confidence interval: 63-

136 years; Figure I B). This value is in good
agreement with the previously determined
value of I l7 years that was based on a more
extensive age range.34r The mean half-life of
collagen in Noro cartilage was significantly
lower and \Mas only 43 years (95% confi-
dence interval: 35-54 years; p < 0.00 l).

AGE cross-!inking of collagen from
No.o and control cartilage
Levels of AGE cross-links were measured as

fluorescence (at 360i450 nm), browning (ab-

sorption at 340 nm) and pentosidine in Noro

and control cartilage collagen. Consistent
with our previous data,"o all measures of
AGE cross-linking increased with increasing
age of the donor (data not shown). Because

collagen AGE levels are greatly influenced by

the rate of collagen turnover,3ar the in-

creased rate of collagen turnover in Noro

cartilage compared to control cartilage (Fig-

ure l) confounds the comparison of abso-

lute AGE levels. To correct AGE contents
for the difference in collagen turnover, AGE
levels per %D-asp were calculated. This ra-

tio provides us with a modified measure for
the AGE content of cartilage collagen,
namely the AGE level corrected for collagen

turnover, i.e. the rate of AGE formation.
The rates of formation of AGE fluores-

cence and browning were substantially
higher in Noro cartilage than in control car-

tilage: fluorescence in Noro cartilage collagen

was 23% higher than in control cartilage,

browning was28% higher (p < 0.0 I in both
cases; Figure 2). Pentosidine per %D-asp

was 8% higher in Noro cartilage compared
to control caftilage, but this difference did

not reach statistical signifi cance.

lntegrity of the collagen network in
Noro and control cartilage
Because enzymatic posttranslational modifi-
cations of collagen may affect the quality oI
the cartilage collagen network,34 lysyl hydro-
xylation and pyridinoline cross-linking were
also compared between Noro and control
cartilage. Both hydroxylysine (Hyl) and hy-
droxylysylpyridinoline (HP) levels remained

constant with increasing age of the donor2s

and were identical in the two groups (both
N.S.; Figure 3). The latter finding indicates

that levels of enzymatic modifications do not
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confound our study into possible effects of
AGEs. Furthermore, these results indicate
that despite the substantially increased
turnover in NeE6 cartilage collagen, the
newly synthesized collagen has the same ex-
tent of enzymatic modifications (both Hyl
and HP) as control cartilage collagen and is
properly cross-linked into a network (HP).

The isolation of cartilage collagen - as

performed in the present study - involves
removal of the proteoglycans and other
non-collagenous proteins from the tissue by
sequential enzymatic treatment with chon-
droitinase ABC, trypsin and hyaluronidase.'8'
Especially the treatment with trypsin could
result in loss of collagen from the samples
during the incubation. Collagen loss during
the three subsequent enzyme incubations
was measured in subsets of pairs of DEG
and Noro cartilage (n=4 pairs; aged 62-77
years) and of control cartilage (n=7; aged
52-83 years). The collagen that was lost
during the enzyme treatments was pre-
dominantly lost during the trypsin step irre-
spective of the type of cartilage (data not
shown). Overall collagen loss was identical
in Nrr6 and control cartilage (N.S.), and, as

expected, significantly higher in DEG carti-

lage (p < 0.05). The fact that from Noro and

control cartilage only a small and compara-
ble amount of collagen is lost during the en-
zyme treatments indicates that our com-
parison of collagen from these two sources
is not confounded by either extensive loss

or a difference in loss of collagen during
sample preparation.

Actually, the data from trypsin treatment
(Figure 4A) provide a similar measure for
damaged collagen as can be obtained from
measuring the a-chymotrypsin sensitive
collagen.2e The high collagen release from
DEG cartilage upon trypsin incubation re-
sults from the presence of a substantial
amount of denatured collagen in the sam-

ples.2' The low level of trypsin-sensitive
collagen in Noro and control cartilage shows
that collagen triple helices are equally intact
in Noro and control cartilage. As indicated in

Figure 48, the residence time of collagen in
the subset of Nor" and DEG caftilage sam-
ples is significantly lower than in the subset
of control samples 1p < 0.0 l; Figure 4B).
The ages of the control and Noro/DEG car-
tilage donors were comparable (75.6 t 2.9

and 69.3 t 3.7 years, respectively; N.S.). ln
conclusion, these results indicate that in-
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FTGURE 4 - The amount of trypsin-sensitive collagen (% of total collagen; A) and collagen aspartic acid racemi-
zation (%D-Asp; B) in a subset of control cartilage (n=7) and in pairs of normal (Noro) and degenerated (DEG)
cartilage from knees with focal degeneration (n=4). The amount of trypsin-sensitive collagen (indicative of the
amount of damaged collagen) is increased only in DEG cartilage, while collagen turnover is increased in both
No.o and DEG cartilage.

creased collagen turnover in Noro cartilage
(Figure 48) resulted in considerably
"younger" collagen that is intact and nor-
mally integrated in the network (Figure 4A).

DrscussroN
We have previously postulated that the age-

related increase in AGE cross-linking of ar-
ticular cartilage collagen plays a role in the
increase in OA incidence with age.25'83'340 ln
the present cross-sectional study, AGEs
were compared between visually intact car-
tilage from individuals with focal cartilage
degeneration (Nor") and cartilage from age-

matched individuals without any sign of car-
tilage degeneration (control).

Although we limited our comparison to
macroscopically (and histologically) normal
cartilage, the residence time of collagen in

Noro cartilage was substantially lower than
in control cartilage, i.e. the rate of turnover
of collagen is increased in Ne66 cartilaSe.
Noro cartilage was obtained from knees in

which only mild to moderate focal cartilage
degeneration was observed (Mankin grade
of the lesions was only 5-6 compared to

9-10 in clinical 0A).200'334 Ar first sight, such

focal lesions are not expected to affect the
metabolism in normal cartilaSe remote from
the lesion. lndeed, we have previously
shown that Nor" cartilage has a Mankin
grade (0- l) and proteoglycan metabolism
comparable to control cartilage.rEo ln fact,
even the visually intact cartilage from knees
displaying clinical OA has been shown to be

comparable to camilage from control joints
with respect to swelling, proteoglycan con-
tent, proteoglycan metabolism, and collage-
nase activity, indicating that degenerative
changes are focal in origin.ss'r13 ln contrast,
others have reported decreased stiffness
and proteoglycan content and upregulated
type ll collagen expression in macroscopi-
cally normal cartilage remote from localized
areas of degeneration.T'lse'l6l Our present
data indicate increased collagen turnover in

Nor" cartilage and consequently that the
visually intact cartilage in joints with focal
degenerative changes is in that respect not
"normal". Nevertheless, despite its in-
creased turnover, the integrity of the colla-
gen network in Noro caftilage can still be
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considered normal. This suggests, contra-
dicting current belief,s'rre that chondrocytes
in adult human articular cartilage are able to
remodel the collagen network extensively
and maintain a functional collagen network.
As collagen turnover is a key determinant of
AGE levels,3ar the residence time of the col-
lagen needs to be taken into account when
comparing AGE contents of collagens with
different turnover rates. Consequently, we
calculated the AGE level corrected for resi-
dence time, i.e. the AGE formation rate, to
provide a valid measure for comparison of
AGEs between Noro and control cartilage
collagen. AGE formation rates were signifi-
cantly higher in No." cartilage than in con-
trol cartilage, indicating that a high rate of
AGE formation in cartilage collagen is re-
lated to the occurrence of focal cartilage
degeneration.

These results, combined with the ob-
served increase in collagen turnover in Nor"
cartilage, may provide new insight into the
role of cartilage collagen network proper-
ties in the development of OA. The explana-
tion of our results strongly depends on
whether the observed increase in collagen
turnover in Noro cartilage is regarded a pri-
mary or a secondary event in the develop-
ment of OA. lnasmuch as our cross-
sectional study is inconclusive on this, we
discuss two possible explanations of our re-
sults in the light of OA development.

On the one hand, it could be that colla-
gen turnover was increased prior to the de-
velopment of lesions and therefore in itself
presents a risk factor for cartilage degenera-
tion at old age. This would imply that the
high rate of AGE formation and increased
collagen turnover in Noro cartilage inde-
pendently contribute to the development of
OA. At present, we have no indication of
the mechanism through which increased
cartilage collagen turnover may lead to OA,
especially since the normal integrity of the
collagen network is maintained. Neverthe-
less, these results provide interesting new
information on cartilaSe properties related
to the development of OA that merit fur-
ther attention.
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On the other hand, assuming that the
increase in collagen turnover in Nor" carti-
lage occurs secondary to the disease proc-
ess, the presence of both a high AGE forma-
tion rate and increased collagen turnover in
Nor" cartilage may be explained as follows.
The high rate of AGE formation leads to
substantial AGE cross-linking of cartilage
collagen which results in increased stiffness

of the collagen network25 up to the level
where the collagen network becomes brit-
tle, Le. more sensitive to damage.ts The in-

creased sensitivity to damage eventually re-
sults in the development of cartilage degen-

eration. As a consequence of the degenera-
tive process, collagen turnover increases in
the entire loint as is substantiated by the
increased collagen turnover in Noro carti-
lage. Since levels of AGEs and %D-Asp are
equally reduced by increased turnover,3''
the AGE level corrected for turnover, i.e.

the rate of AGE formation, reflects the ex-
tent of AGE cross-linking of the collagen
network in Noro cartilaSe prior to the start
of the degenerative process. ln this line of
reasoning the high rate of AGE formation in

caftilage collagen is the major risk factor for
OA identified in the present study. Since the
rate of AGE formation is largely determined
by sugar concentration,s3 our data are con-
sistent with higher blood glucose levels in
patients with symptomatic OA compared to
healthy controls.'r lt would be interesting to
learn whether the increased rate of AGE
formation in cartilage from OA-affected in-
dividuals reflects a generalized process
which also affects other tissues such as skin.
lf that were the case, measures of AGEs in

skin or blood may provide new markers for
OA risk assessment.2e2'2e3

ln conclusion, the present results show
that a high rate of AGE formation in carti-
lage collagen is related to the occurrence of
focal carcilage degeneration. This supports
the hypothesis that collagen AGE cross-links
predispose to the development of OA.
Thus, the age-related accumulation of AGE
cross-links presents a putative molecular
mechanism whereby age contributes to the
risk to develop OA. Furthermore, the novel



ADVANCED GLYCATIoN ENDPRoDUCTS IN THE DEVELoPMENT oF OSTEoARTHRITIS

observation of increased collagen turnover
in macroscopically normal carcilaSe of OA-
affected individuals suggests that, probably
as a result of the initial cartilage damage,

adult human articular cartilage is able to re-
model its collagen network while maintain-
ing normal integrity.

AcrNowt-:ocEMENTs
This study was supported by grants from
the Netherlands Organization for Scientific
Research (NWO) and the Dutch Arthritis
Association. The authors thank the Depart-
ment of Pathology of the University Medical
Center Utrecht (The Netherlands) for pro-
viding cartilage samples. We also thank Dr.

J.M. van Noort for helpful comments.

8t



ftft
Chapter 7



Purartve Role or Lvsvt- HvoRoxyLATtoN ano PvRlotNoLlNE
Cnoss-LrNrrNc DunrNc AoolEscENcE rN THE OccunneNcE oF
OsreoaRTHRrrrs ar Olo Ace
Ruud A. Bank,"'b Nicole Verzijl," Floris PJ.G. Lafeber'and Johan M. TeKoppele"

Objective: The collogen network in humon orticulor cortiloge experiences a large number of stress

qcles during life os it shows hordly any turnover ofter odolescence. We hypothesized thot to withstond

fotigue foilure, the physicol condition of the collogen network loid down ot odolescence is of cruciol

importonce for the oge of onset of osteoorthritis (OA).

Methods: We hove compored the lysyl hydrorylotion level ond pyridinoline crossJink level of the collogen

network of degenerated (DEG) cortiloge of the femorol knee condyle (representing o preclinicol eorly

stoge of OA) with thot of normol cortiloge from the controlaterol knee. Ihe biologicol oge of the collogen

network wos determined by meons of pentosidine levels. For eoch donor, collogen modiftcotions of
normol cortiloge were compored with DEG cortilage thot showed no signiftcont remodeling of the

collogen network (os evidenced by identicol pentosidine leveh).

Results: DEG cortiloge contoined significontly more hydroxylysine residues per collogen molecule in

comporison to heolthy cartiloge from the some donor, both in the upper ond lower holf (the regton neor

the orticulor surfoce ond odjocent to bone, respeaively). ln oddition, o significontly higher level of
pyridinoline crossJinking wos obseryed in the upper holf of DEG cortiloge. Considering the biological oge

of the collogen networN the chonges observed in DEG coniloge must hove been present severol decodes

before cortiloge become degeneroted.
Conclusions: The doto suggest thot h(h levels of lysyl hydroxylotion ond pyridinoline cross-linking resu/t

in o collogen network thot foils mechonicolly in long term looding. Areos contoining collogen with low

hydrorylysine ond pyridinoline leyels ore less prone to degenerotion. As such, this study indicotes thot
posttranslotionol modificotions of collogen molecules synthesized during adolescence ore cousolly involved

in the pothogenesis o[OA.
SuBMtrrED FoR PUBLtcATtoN

INTRoDUcTIoN
The extracellular matrix of cartilage is es-

sentially a fiber-reinforced gel, containing
highly negatively charged proteoglycans en-
tangled in a network of collagen fibrils. Pro-
teoglycans have, because of their intrinsic
propefty to attract water, the tendency to
swell. The tensile stiffness of the collagen
network counteracts this swelling. lt is this
delicate balance which endows cartilage with
its load-bearing properties.62'207 As a conse-
quence of the swelling properties of proteo-
glycans, collagen is under constant tension,
even when cartilage is unloaded. When
loaded, e.g. during standing or walking, loint
cartilage undergoes high compressive forces,
ranging from 40 to 200 atmospheres.2
Loading is accompanied by a displacement of

proteoglycans; this bulk movement of the
proteoglycan-water gel is resisted by the
collagen network."' By doing so, the colla-
gen network must experience increased

tensile stresses. Especially under cyclic load-

ing, such as in walking, the collagen network
is continuously exposed to stress cycles.

The collagen network of articular carti-
lage consists of several collagen types,
namely collagen type ll, lX and Xl.ee One of
the earliest changes seen in osteoarthritis
(OA) is an increase in water content in ar-
ticular cartilage.20' This is due to a damaged

collagen network, resulting in a loss of ten-
sile stiffness.3r'3s'202 Several decades ago,

Freeman suggested that the primary event in

the pathogenesis of idiopathic (primary) OA
is a collagen fatigue failure.r12 Fatigue refers

"Gaubius Laboratory, TNO Prevention and Health, Leiden, The Netherlands.
bDepartment of Rheumatology, Leiden University Medical Center, The Netherlands.

'Department of Rheumatology & Clinical lmmunology, University Medical Center Utrecht, The Netherlands.



86

to the failure of a material because of re-
petitive stressing at a level below the ulti-
mate strength of the material. The fatigue

theory has been investigated in detail by

Weightman.3so-3s2 An important feature of
the collagen network in adult human articu-
lar cartilage is that it hardly shows turn-
over."'"' Thus, the collagen network expe-
riences a large number of stress cycles dur-
ing life. We hypothesize therefore that, to
withstand fatigue, the physical condition of
the collagen network laid down at adoles-
cence is of crucial importance towards the
age of onset of OA.

An implication of the above hypothesis is

that a qualitatively inferior collagen network
results in early-onset OA. lndeed, mutations
have been found in collagen type ll, lX and

Xl in hereditary osteochondrodysplasias
(such as spondyloepiphyseal dysplasia, Mar-
shall and Stickler syndrome) that are associ-
ated with severe and early-onset
oA.r20'177'2s0'310'31 

l'3se yoa" interestingly, two
recurrent point mutations (Argrr-Cys and

Argr,r-Cys) and a reduced expression of
collagen type ll have been found in patients

with early-onset, primary, generalized
OA.e,a7.a8,e8,ra0,les,27 

1,27s,776,358-360 ln theSe CaSeS,

the development of OA does not involve
anatomic abnormalities, and is primarily due

to an impaired collagen network. As a mat-
ter of fact, the role of collagen mutations in

the development of OA has been confirmed
in transgenic mice studies,l00'l2s'137'23e'27e once
more highlighting the important role of a

reduction of collagen fibril quality in the
pathogenesis of early-onset OA.

It has been found that the Argr,r+Cys
mutation in the ctl(ll) chain results in an in-
creased level of triple helical lysyl hydroxyla-
tion of collagen type ll.e8 A higher lysyl hy-
droxylation level of collagen has been found
in a variety of pathological conditions, such

as osteogenesis imperfecta, osteoporosis,
and osteochondrodysplasias.32'r7s'23s A rela-
tionship has been established between
overmodification and phenotypic severity of
the disease: the higher the level of lysyl hy-
droxylation, the more severe the pheno-
typ"."t A higher lysyl hydroxylation level is
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not always the result of collagen mutations,
but can also be due to e.g. increased levels

of lysyl hydroxylase.ss'r86 V!'e hypothesize

that an increase in lysyl hydroxylation of the
triple helix results in subtle changes of the
collagen network, giving rise to a qualita-

tively inferior network. lf so, lysyl hydroxy-
lation might play a role in the age of onset
of OA: a collagen network with hiSh hy-

droxylysine levels might be more prone to
fatigue.

Macroscopically fibrillated cartilage is fre-
quently observed in the knee of donors
without a clinical history of OA or other
joint disorders.'o' This degenerated (DEG)
cartilage, containing increased levels of dam-

aged collagen molecules, can be considered
an early, preclinical phase of OA.33a ln this
study, we have compared within each donor
the posttranslational modifications (lysyl hy-
droxylation and pyridinoline cross-linking) of
collagen as well as the proteoglycan content
of normal and DEG knee cartilage. To en-

sure that the collagen network of normal
and DEG cartilaSe of a donor was of the
same biological age, pentosidine levels were
measured. Pentosidine is a cross-link re-
sulting from non-enzymatic glycation. lt ac-

cumulates linearly with age in cartilage after
the age of 20 years, which is consistent with
the long half-life (around 100-200 years) of
collagen in adult caftilage.2s'3ar Pentosidine

serves as a suitable biomarker to estimate
the age and the remodeling of the collagen
network.2s'33'3t0'3'' Knowing the biological age

of the collagen network between normal
and DEG cartilage of each donor is of par-
ticular importance: if the collagen network
in DEG cartilage is of a younSer age than
that of normal cartilage, it is difficult to dis-

criminate whether changes in lysyl hydroxy-
lation and pyridinoline cross-linking in DEG
cartilage are of a secondary nature (i.e.

changes due to new collagen synthesis) or a
primary event involved in the degeneration.
When the collagen network is of the same

biological age, the extremely slow turnover
of the collagen network after adolescence
implies that differences in posttranslational
modifications between normal and DEG
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collagen precede OA pathology by several
decades. Thus, in the latter case, differences
in posttranslational modifications may have

played a causative role in the predisposition
of the collagen network to fatigue.

ExPERTMENTAL PROCEDURES

Cartilage
Normal and degenerated (DEG) cartilage
were obtained post mortem at autopsy from
weight bearing areas of human femoral knee
condyles within 24 h after death of the do-
nor. The age of the donors (n = 6) was 49,
60, 72,83, 86 and 92 years. None of the
donors had a clinical history of joint disor-
ders. The cartilage was cut with a scalpel
blade, excluding the underlying bone. DEG
cartilage, designated by macroscopic focal
fibrillation of the articular surface, was ob-
tained from the lateral or medial condyle
and represents a preclinical stage of OA.33a

Normal caftilage, designated by a glossy,
white, completely smooth surface and a

healthy appearance, was obtained from a

comparable position of the contralateral
knee from the same donor. All cartilage
cubes were divided in an upper half (the re-
gion near the articular surface) and a lower
half (the region adjacent to the bone). From
each donor (n = 6) three normal and three
degenerated pieces of cartilage were ob-
tained. This resulted in 36 cartilage speci-
mens from the upper part and 36 from the
lower part (18 normal and 18 DEG speci-
mens).

Lysyl hydroxylation and cross-!inking
of collagen
Normal and degenerated cartilage pieces
(routinely l-2 mg dry weight) were hydro-
lyzed (108'C, 20-24 h) with 6 M HCI in tef-
lon-sealed glass tubes. The hydrolyzed sam-

ples were dried and redissolved in 200 pl

water containing l0 pM pyridoxine (internal
standard for the cross-links) and 2.4 mM
homoarginine (internal standard for amino
acids) (Sigma, St. Louis, MO). Samples were
diluted S-fold with 0.5% (vlv) heptafluorobu-
tyric acid (Fluka, Buchs, Switzerland) in l0%
(v/v) acetonitrile for cross-link analysis; ali-

87

quots of the S-fold diluted sample were di-
luted 50-fold with 0. I M sodium borate
buffer pH 8.0 for amino acid analysis. De-
rivatization of the amino acids with 9-
fluorenylmethyl chloroformate and re-
versed-phase high-performance liquid chro-
matography of amino acids (hydroxyproline,
Hyp, hydroxylysine, Hyl, and proline, Pro)
and cross-links (hydroxylysylpyridinoline,
HP, lysylpyridinoline, LP, and pentosidine)
were performed on a Micropak ODS-8OTM
column (150 x 4.6 mm; Varian, Sunnyvale,

U.S.A.) as described previously.2T'28 The
quantities of cross-links as well as Hyl were
expressed as the number of residues per
collagen molecule, assuming 300 Hyp resi-
dues per triple helix. As acid hydrolysis con-
verts glucosylgalactosylhydroxylysine and

galactosylhydroxylysine into hydroxylysine
in a stoichiometric way, the data reflect to-
tal hydroxylysine levels. Although it is

known that pentosidine is present in non-
collagenous proteins as well, no attempt
was made to correct for this release, as

pentosidine in cartilage hydrolysates pre-
dominantly originates from the collagen net-
work.ch'P'"" No attempt was made to de-
plete the proteoglycans from the cartilage,

because we were interested in the amount
of proteoglycans in the cartilaSe as well. The
relative amount of proteoglycans was esti-
mated by the ratio Hyp/Pro as we reasoned

that the lower the Hyp/Pro ratio the more
non-collagenous proteins (mainly proteogly-
cans) are present in the tissue. The relation-
ship between proteoglycan content and

Hyp/Pro ratio was tested by comparing the
fixed charge density (FCD) and the Hyp/Pro
in a separate set of samples.

Determination of fixed charge density
(FCD)
The FCD is defined as the concentration of
fixed negatively charged Sroups (chondroitin
sulfate and keratan sulfate) in the tissue (ex-
pressed as mmol/g tissue). The relationship
between FCD and Hyp/Pro ratio was de-

termined in a series of full-depth cartilage
plugs derived from normal human femoral
heads obtained post rnortem at autopsy. The
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degeneratd degenerated

FrcuRE I - Variation in hydroxylysine (Hyl)
level of collagen (expressed as number of resi-
dues per triple helix) in normal and degener-
ated cartilage. Cartilage was divided in an upper
half ('top': the region near the articular surface) and a

lower half ('bottom': the region adjacent to the
bone). Lines connect normal and degenerated carti-
lage from one donor.
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degeneraled degenerated

FrcuRE 2 - Variation in hydroxylysylpyridino-
line (HP) level of collagen (expressed as num-
ber of cross-links per triple helix) in normal
and degenerated cartilage. Cartilage was divided
in an upper half ('top': the region near the articular
surface) and a lower half ('bottom': the region adja-

cent to the bone). Lines connect normal and degen-

erated cartilage from one donor.
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FCD was determined as described by Ma-

roudas and co-workers.3' After washing out
the radio-active tracer, the specimens were
freeze-dried to constant weight; subse-
quently, amino acid analysis was per{ormed
as described above.

Data presentation
From each donor only samples with compa-
rable (variation t l0%) pentosidine levels

were used to compare the posttranslational
modifications of the collagen network and

the Hyp/Pro ratio between DEG and normal
cartilage. DEG specimens that could not be

matched with normal specimens were omit-
ted: they all showed minimally l0% lower
pentosidine levels, indicating the presence of
newly synthesized collagen. ln the figures,
each point is the mean of the replicates de-
rived from one donor; thus, each point rep-
resents the mean of 3 replicates unless sam-
ples had to be excluded due to low pento-
sidine levels. Paired two-sided t-tests were
applied to test statistical significance be-
tween DEG and normal cartilage.

RESULTS

Chondrocytes in OA carcilaSe exhibit in-
creased synthesis rates of collagen.2a2 The
collagen network in OA cartilage may

therefore contain significant amounts of
newly synthesized collagen. ln such event,
comparing the posttranslational modifica-
tions of collagen of normal and OA cartilaSe
is severely hampered: it is impossible to dis-

criminate whether changes in OA are of a

secondary nature (due to newly synthesized
collagen in an attempt to repair the cartilage
defect) or a primary event. As we wanted to
compare collagen modifications (lysyl hy-
droxylation and pyridinoline cross-linking) in
cartilage that showed no significant remod-
eling of the collagen network, we investi-
gated normal and degenerated femoral con-
dyle cartilage obtained from donors without
a clinical history for joint diseases. This de-
generated cartilage represents a preclinical
stage of OA33a and was expected to contain
little newly synthesized collagen. lndeed, in

all six donors DEG cartilage was found that
contained negligible amounts of newly syn-
thesized collagen (as evidenced by pento-
sidine levels). Consequently, the collagen
network in these caftilage specimens is of
the same biological a8e as that of normal
caftilage, i.e. it was laid down at age < 20
years.

A paired Student's t-test revealed signifi-
cantly higher levels of Hyl in the upper and

lower part of DEG cartilage compared to
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degeneraled degene€ted

FTGURE 3 - Variation in lysylpyridinoline (LP)
level of collagen (expressed as number of
cross-links per triple helix) in normal and de-
generated cartilage. Cartilage was divided in an

upper half ('top': the region near the afticular sur-
face) and a lower half ('bottom': the region adjacent
to the bone). Lines connect normal and degenerated
cartilage from one donor.

degenerated degenerated

FTGURE 4 - Variation in the Hyp/Pro ratio (in-
dicative for the amount of non-collagenous
proteins compared to collagen) in normal and
degenerated cartilage. Cartilage was divided in an

upper half ('top': the region near the articular sur-
face) and a lower half ('bottom': the reSion adjacent
to the bone). Lines connect normal and degenerated
cartilaSe from one donor.
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normal cartilage (p < 0.005 and < 0.00 l, re-
spectively; Figure l). The Hyl levels in the
upper and lower part of DEG cartilage are
12 r. 7% and 8 + 3% (mean t S.D.) higher
than in normal cartilage, respectively. Fur-
thermore, a significantly higher HP level is

found in the upper part of DEG cartilage
compared to normal cartilage (p < 0.05; Fig-

ure 2). The HP level in the upper part of
DEG cartilage is 14 r. ll% higher than in

control tissue. ln contrast, the HP level of
the collagen molecules in DEG cartilage
from the lower part is the same as in nor-
mal cartilage (Figure 2). There were no sig-

nificant differences between DEG and nor-
mal cartilage with respect to the amount of
LP, neither in the upper, nor in the lower
part (Figure 3).

As there are no age-related differences in

the enzymatic modifications of collagen (ly-
syl hydroxylation and pyridinoline cross-
linking),2s the values of the six donors can be
pooled despite the considerable age range
(49-92 years). The mean t S.D. of the
amount of Hyl, HP, and LP per collagen
molecule for the normal upper part (degen-
erated upper part) is 38.5 t I .4 (43.2 ! 2.2),
l.4l t 0.15 (1.60 t 0.13) and 0.066 t 0.007
(0.062 t 0.0 l8), respectively. The mean +
S.D. of the amount of Hyl, HP, and LP per

collagen molecule for the normal lower part
(degenerated lower part) is 44.3 t 2.1 (48.0
!2.7),1.70 t 0.15 (1.70 t 0.17)and 0.056 t
0.008 (0.054 t 0.013), respectively. Consis-
tent with our previous findings,25 the
amount of Hyl and HP in normal cartilage
increased from the articular surface to the
bone, whereas for LP the reverse is seen.

The same zonal variation was found in DEG
caftilage.

We reasoned that the ratio Hyp/Pro is

indicative for the amount of non-collagenous
proteins (such as proteoglycans) compared
to collagen. lncreased proteoglycan levels
should result in increased Pro levels com-
pared to Hyp (giving rise to lower Hyp/Pro
ratios). This was tested in full-depth carti-
lage derived from normal femoral heads.

lndeed a strong correlation (r = 0.96 l; P <
0.001) was found between the FCD (mmol/g
dry tissue) and the Hyp/Pro ratio (Figure 5).
The Hyp/Pro ratio in the upper part of
normal (degenerated) cartilage is 0.772 t
0.077 (0.763 t 0.067); in the lower part of
normal (degenerated) cartilage it is 0.627 t
0.064 (0.615 + 0.062) (Figure 4). This is

consistent with the observation, that there
are more proteoglycans in the deep zone
than in the surface region.r22 There was no
significant difference between the Hyp/Pro
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FtcuRE 5 - Relation between the fixed charge
density (FCD) and Hyp/Pro ratio of cartilage.
The good correlation shows that the Hyp/Pro ratio
can be used as a measure of the proteoglycan con-
tent of cartilage.

ratio of normal and degenerated cartilage
(Figure 4), indicating that in normal and

DEG cartilage the amount of proteoglycans
compared to the amount of collagen is the
same.

DrscussloN
Because of their high osmotic pressure pro-
teoglycans are able to swell almost indefi-
nitely. The swelling tendency of proteogly-
cans is limited by, and hence induces tensile
stresses in, the collagen network.l''2oz'zz+ 1h"
higher the proteoglycan concentration, the
higher the tensile stresses in the collagen
network will be. lt is conceivable that higher
tensile stresses make collagen more prone
to fatigue. ln our samples, the proteoglycan
content between DEG and normal cartilage
were comparable. lt thus seems unlikely that
this phenomenon plays a role in the impair-
ment of the collagen network of the studied
DEG cartilage samples. lt is therefore rea-
sonable to assume that the defect is located
in the collagen network itself, the malor
structural component of cartilage.

Culpren 7

ln adult human articular cartilage, the
half-life of the collagen network is in the or-
der of 100-200 years.'*' Over several dec-

ades, pentosidine accumulates in articular
collagen.25'3t' As a result, de novo synthesis of
collagen (as occurs in OA cartilage), will re-
sult in decreased amounts of pentosidine
per collagen molecule.33'ch"tt"' o Specimens

were selected showing no differences in

pentosidine levels between DEG and normal
cartilage obtained from the same donor. ln

these specimens, comparison of DEG and

normal cartilage is not confounded by de

novo synthesis of collagen (i.e. the collagen
network in DEG cartilage reflects the situa-

tion before the onset of fibrillation). Signifi-
cantly more hydroxylysine residues and HP

cross-links were present per collagen mole-
cule in the upper part of DEG cartilage than
in healthy cartilage. ln addition, significantly
more hydroxylysine residues per collagen

molecule were found in the lower part of
DEG cartilage. Since these differences pre-
cede cartilage fi brillation, lysyl hydroxylation
(and likely pyridinoline cross-linking as well)
may be causally involved in the mechanically-
induced carcilage degeneration due to colla-
gen fatigue. An increased level of damaged

collagen molecules has been found in osteo-
arthritic and degenerated cartilage, the high-

est concentrations being localized in the up-

per part.2e'r4r lndeed, the largest differences

in enzymatic modifications between degen-

erated and normal cartilage are observed in

the upper part. This suggests a direct causal

relation between collagen modifications and

mechanical fatigue failure seen in preclinical

OA cartilage.
As noted before, Hyl and HP increase

with depth from the surface in the collagen

in articular cartilage.2s By sampling the top
half and the bottom half of the tissue, it
could be argued that the differences in Fig-

ures IA-B and 2A are explained by loss of
the top half of the degenerated tissue over
time. ln that case, the deeper tissue is now
sampled as the "surface" of degenerated car-
tilage and compared to the actual surface of
healthy cartilage. However, if this is the
case, one would expect to see differences

0.70.60.50.4
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between degenerated and normal carcilage

in LP and HypiPro ratios as well, as gradi-

ents have been found for LP2s and Proteo-
glycan concentration.r22 Since this is not the
case (Figures 3-4), it is unlikely that in our
samples erosion of the original surface of
degenerated cartilage took place.

Hydroxylation of triple helical lysyl resi-
dues (includinS the attachment of the gly-

cosides glucose and galactose on hydroxyly-
sine) seems to play a crucial role in the for-
mation of a properly functioning collagen

network. A decrease in Hyl levels results in

severe alterations of the ECM organization,
e.g. in Ehlers-Danlos type Vl syndrome.r5r A
relationship between lysyl overhydroxyla-
tion and phenotypic severity has been found
in osteogenesis imperfecta and osteochon-
drodysplasias.23s ln addition, a close relation-
ship has been found between the degree of
collagen overmodification and the severity
of osteopenia.s6 Eyre et oLe8 noted a lysyl

overhydroxylation in early-onset OA carti-
lage exhibiting the Argsre+Cys mutation.
Also Kashin-Beck disease, an endemic,

chronic and degenerative osteoarticular dis-

order found in China, is instructive of the
role of collagen modification in OA. This is

an acquired rather than an inherited disease:

selenium deficiency in the diet and a high

content of fulvic acid are the main causative

factors of the disease.363'364 Cartilage of Ka-

shin-Beck patients showed increased levels

of hydroxylysine.3" An increase in lysyl hy-

droxylation was also seen in selenium-

deficient mice and fulvic acid-supplemented
mice.363

A failure of the collagen network is the
principal postulate in many mechanical hy-

potheses of OA. We have recently argued

9t

that accumulation of non-enzymatic glyca-

tion products (such as pentosidine) in the

collagen network contribute to the age-

related decrease in the resistance of carti-

lage to fatigue.2sr4 Superimposed on these

age-related non-enzymatic modifications, we

now provide evidence that the "starting

quality" of the collagen network (as laid

down in the second decade of life) deter-
mines the susceptibility of cartilage to failure
as well. The increased level of the cross-link
HP in the upper part of degenerated carti-
lage may lead to changes in the physical

properties of cartilage, making the collagen

in the top layer more prone to mechanical

breakdown following normal (repetitive)

loading. In addition, lysyl overhydroxylation
seems to alter the fibrillar structure of the

collagen network, resulting in an impairment
of the functional integrity of the extracellu-
lar matrix. Altogether, changes in modifica-
tions of the articular cartilage collagen net-
work (either enzymatic or non-enzymatic)
seem to reduce its quality: the altered fibrils

may be less able in the long term to with-
stand the mechanical stresses that articular
cartilage endures throughout human adult

life. lnterventions aimed at altering the fa-

tigue properties of the cartilage collagen

network are expected to delay the age of
onset of osteoarthritis, thus enhancing the
quality of life.
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Osteoorthritrs (OA), or cortiloge degenerotion, is o chronic disobling diseose for which age is the single

greotest risk foctor.7g't1s Although the mechonism through which o$ng is involved is lorgely unknown,

oge-reloted chonges in articulor cortiloge ore expected to ploy on importont role in increosing the
susceptibility for cortiloge degenerotion.25'5a'tsq A prominent oge-reloted chonge in humon orticulor

cortiloge is the increose in the level of pentosidine,2s'33' on odvonced glycotion endprodua (AGE) thot

forms crossJinks between proteins. ln oddition, there is on oge-reloted increose in the stlflhess of the

orticular cortiloge collogen network3s'|22 ond collogen domoge is the flrst sign of cortiloge

degenerotion.21z Moreover, the resistonce of the coniloge collogen network to foil mechonicol foilure
decreoses with oge.tsT'3s1 fhis led to the following hypothesis: the oge-reloted increose in A6E cross-

linking in corilloge collogen results in increosed stiffness of the collogen network up to the level where the

collogen network becomes brinle, i.e. more sensitiye to domage, which results in on increosed risk to

develop OA (Figure l).
fo test this hypothesis, we hove investigoted the biochemistry of AGE occumulotion in humon odult

oritculor cortiloge ond the effea of AGE occumulotion on severol cortiloge properties thot ore importont

for mointenonce of the integrity of the tissug such os collogen network strflhesg chondrocyte

metobolism, ond proteoglycon ond collogen turnover. Furthermore, the effea of AGE crossJinking on the

sensitivity to develop OA wos studied in o canine in vivo model of OA ond in o cross-sectronol populotion

study. The results of these studies ore in port described in the thesis of leroen DeGroot "Advonced

glycotion endproducs in the development of osteoorthritis: cortiloge synthesis ond degrodotion".s2 The

focus of the present thesis wos on the biochemistry of AGE occumulation in humon odult orticulor

cortiloge, including the role of protein turnover, ond the effea of AGE cross-linking on the mechonicol

properties of the cortiloge collogen network. Finolly, the hyPothesis thot AGE occumulotion contributes to

the oge-reloted increose in OA incidence wos tested in o cross-sectio nol populotion study investigoting the
ossociotion of occumulotion of AGEs with development of OA. The eventuol result of oge-reloted chonges

in cortiloge collogen o/so depends on the "storting quolity" of the collogen network ot odolescence, ofter
which the turnover of collogen decreoses, ond consequently the obility to odopt to chonges in funaionol
requirements. Therefore, enzymotic modificotions of the cortiloge collogen network os it is ,oid down ot

odolescence were olso reloted to the development of OA ot old oge. The results of these studies ore

further discussed in this chopter.

FtcuRE I - Schematic representation of the mechanism through which the age-related increase in
AGE content in human adult articular cartilage may contribute to the increased risk to develop
osteoarthrtitis (OA) with increasing age, From left to right, the relation between cartilage AGE cross-
linking, collagen stiffness, collagen brittleness and OA incidence (y-axis) are plotted versus donor age (x-axis). I .

The age-related increase in AGE cross-linking results in increased stiffness of the cartilage collagen network. 2.

The increased stiffness of the cartilage collagen network results in an increase in brittleness, i.e. sensitivity to
damage. After a certain level of brittleness is reached (threshold), the collagen becomes increasingly damaged

(age "X"). 3. From age "X" onwards the risk to develop OA increases, which is illustrated by the age-related
increase in OA incidence.

AGE cross-linkino Collaoen stiffness Collaoen brittleness OA incidence
e.g. Bank et a1.25 

" Grulhko et a/.'" weiihtman et a/.35' e.g. Van Saase ef a/.331

X -)age X --->age
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Acr-nrlarrD AccuMULATroN oF
MAILLARD REACTIoN PRODUCTS IN
ARTICULAR CARTILAGE COLLAGEN
ln comparison to other collagen-rich tissues
such as skin, cartilage contains relatively
large amounts of pentosidine.2es Since pen-
tosidine can be considered a marker of the
overall process of glycation and AGE forma-
tion,e2'2es this suggests the presence of high

levels of Maillard reaction products in carti-
lage. Our analysis of several AGE measures
in human articular cartilage collagen and the
comparison of cartilage AGE levels to skin
collagen and lens proteins - both also typi-
cally long-lived proteins that accumulate
high amounts of AGEs - revealed that in-
deed cartilage collagen contains high AGE
Ievels (chapter 2). This was most strikingly
shown by the age-related decrease in the
content of unmodified (hydroxy-)lysine and

arginine residues in articular caftilage colla-
gen (up to l0%), which is the result of an

increase in modification of these glycation-
sensitive amino acids. No age-related in-
crease in amino acid modification has been

observed in skin collagen or lens pro-
teins,86'22' indicating that overall levels of
Maillard reaction products in these tissues
are lower than in cartilage. Although modifi-
cation of (hydroxy-)lysine residues can also
be the result of enzymatic collagen cross-
linking, this age-related increase in amino
acid modification in cartilage collagen most
likely results from glycation or oxidation
processes."'' 't'"'

Tlte errecr oF PRorErN TURNovER oN
THE ACCUMULATION OF AGES
The fact that AGEs accumulate mainly in

long-lived proteins2s''0''''2'5 suggests that a

slow protein turnover plays an important
role in the accumulation of AGEs. Although
this has often been suggested,2s'st'217'2es'332

AGE levels have never been studied in rela-
tion to the rate of protein turnover. Using
racemization of aspartic acid (%D-Asp) as a
measure of protein residence time we were
able to show that the 3-fold higher AGE
levels in cartilage collagen compared to skin
collagen are paralleled by 3Jold higher %D-

CHAPTER I

Asp levels (chapter 3). The use of these
%D-Asp levels to calculate the turnover
rates of both collagens2o8 resulted in esti-
mated half-lives of I l7 and 14 years for car-
tilage and skin collagen, respectively. After
correction for the difference in collagen

turnover, AGE levels in cartilage and skin

collagen were identical, indicating that pro-
tein turnover is a key determinant in AGE
accumulation.

lnasmuch as damage to the collagen net-
work is the first sign of cartilage degenera-
tion,202 we have focussed our research on

the collagen network in articular cartilaSe.
Although the malority of pentosidine (80-

85%) in adult human cartilage is present in
collagen, pentosidine also accumulates with
age in cartilage asgrecan (chapter 4). The
fact that the pentosidine concentration in

aggrecan is 3-fold lower than that in colla-
gen, while the rate of formation of pento-
sidine in these two major cartilage proteins
is comparable, is consistent with the faster
turnover of aggrecan than of collagen.20a'208

ln this chapter it was also shown that pen-

tosidine levels can be used as a quantitative
measure of protein turnover in eggrecan

subfractions containing proteins that had

resided in the cartilage for different lengths

of time. ln aggrecan isolated from OA carti-
lage both pentosidine and %D-Asp levels

were lower than in agSrecan from normal
cartilage, which is consistent with the oc-
currence of increased iggrecan turnover
during the OA disease process.'"''t'''* ln
conclusion, we showed that pentosidine ac-

cumulates with age in aggrecan and that
pentosidine levels can adequately be used as

a quantitative measure of turnover of long-

lived proteins, both during normal aging and

during disease.

Errecr oF AGE cRoss-LTNKING oN THE

MECHANICAL PROPERTIES OF THE

COLLAGEN NETWORK IN ARTICULAR

CART!LAGE
Our hypothesis that accumulation of AGEs

in cartilage collagen contributes to the risk
for development of OA involves a role for
AGE cross-linking in increasing the stiffness
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p < 0.05

Conhol Ribose

FtcuRE 2 - Effect of ribose treatment on the
tensile behavior of cartilage (reproduced from
Chen et 0r.68). The failure point of a cartilage strip
in tension was reached most quickly in the ribose-
treated group, which indicates increased brittleness
of the collagen network. Data are mean t SEM.

(and subsequent brittleness) of cartilage
collagen. To investigate rhe effect of carti-
lage collagen AGE cross-linking on the stiff-
ness of the collagen network a study was
performed in which both biochemical
(AGEs) and biomechanical properties were
measured specifically for collagen. Upon in
vitro glycation of cartilage with threose, the
stiffness of the collagen network increased
substantially (chapter 5). The increase in
stiffness was highly correlated to collagen
AGE levels and could be prevented by spe-
cific inhibitors of glycation (lysine and argin-
ine). ln a preliminarT experiment, we were
also able to show that increasing the carti-
lage collagen AGE cross-linking by in vitro
incubation with ribose resulted in an in-
crease in brittleness of the collagen net-
work.68 This was tested by measuring tensile
properties of cartilage which are considered
to be primarily determined by the collagen
network.rse To test these tensile properties,
a strip of cartilage is elongated unril it
breaks (failure point). The length of a carti-
lage strip at failure point was significantly
decreased after ribose treatment (Figure 2),
indicating that the collagen network had be-
come more brittle.6s Thus, based on these in
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vitro results, AGE cross-linking provides a

mechanism through which the collagen net-
work in articular cartilage becomes stiffer
and more susceptible to damage with in-
creasing age.

AGE ronuartoN By DTFFERENT

GLYCATTNG AGENTS; COMBTNED RESULTS
FROM OUR 

'N 
Y'YO AND 

'N 
Y'TRO STUDIES

The comparison of AGE levels in cartilage
collagen to levels in skin collagen and lens
protein revealed that different carbohy-
drates are responsible for glycation and
AGE formation in these tissues (chapter
2). Based on the high levels of fructose-
lysine (FL) and the high ratio of N"-(car-
boxymethyl)lysine (CML) to N"-(carboxy-
ethyl)lysine (CEL) in camilage and skin colla-
gen, it was concluded that glucose is an im-
portant source of AGEs in these tissues. ln
contrast, the low FL level and the low
CMUCEL ratio in lens proteins imply ascor-
bic acid as an important contributor to gly-
cation and AGE formation in the lens. ln ad-
dition, oxidative stress appears to be at a

lower level in cartilage and skin compared
to the lens based on the relatively low level
of AGEs (which require oxidative processes
for their formation)ar'rrs'r16 compared to FL

in cartilage and skin collagen, while the op-
posite was observed in lens protein.

Besides this deduction to identify which
suSars are important in AGE formation in
different proteins or tissues in vivo, insight
into the diversity of AGE formation was also
gained from incubations with different gly-
catinS agents in vitro (chapter 5 and unpub-
lished results). Upon incubation of cartilage
with threose only l.l% of the total amount
of AGEs formed in collagen (deduced from
the modification of lysine residues) could be
identified as CML, CEL, or penrosidine. ln-
cubations with ribose revealed comparable
results for CML, CEL and pentosidine rep-
resenting only 3.9% of all formed AGEs. De-
spite this similarity, threose and ribose dif-
fered largely in their CMl/CEUpentosidine
'profile', e.g. threose hardly resulted in for-
mation of pentosidine while ribose was a

very potent pentosidine source. On the
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other hand, threose was a more Potent
source of CML and CEL than ribose. The
relative amounts of CML, CEL, and pento-

sidine (expressed as CMl:CEl:pentosidine
normalized to the pentosidine content) in

old human articular cartilage collagen

(45:7:l) tended to resemble the profile of
ribose (18:4: l) more than that of threose
(72.52l) or methylgyoxal (30:47: l). The fact

that none of these in vitro profiles exactly
matches the in vivo observed profile suggests

that a combination of sugars is likely to con-
tribute to the age-related increase in AGEs

in human tissues.
The difference between sugars in forma-

tion of a specific AGE (e.g. pentosidine) in
vitro also implies that a comparison of over-
all AGE levels after incubation with different

sugars can not be based on levels of one of
the well-characterized AGEs. Thus, when a

general indication is needed of the amount

of AGEs produced by a sugar, this could
better be based on AGE measures such as

amino acid modification and AGE fluores-
cence (at 3601460 nm), whereby amino acid

modification measures overall glycation in-

cluding AGE formation while fluorescence
measures formation of cross-linking AGEs

only. As expected, AGE fluorescence aP-

peared a suitable measure to comPare the
effect of glycation by different sugars on

stiffness of the collagen network in articular
cartilage (chapter 5).

The results from chapter 5, in which
threose was used as a model glycating agent,

show increased stiffness of the cartilaSe

collagen network as a result of AGE forma-

tion by threose. lnasmuch as threose is the
most abundant and the most reactive deg-

radation product of ascorbic acid,tt3'2tt'tsz 
^translation of these results to the in vivo

situation may contribute to our under-
standing of the role of ascorbic acid in the
development of OA.2r2 Ascorbic acid may

have a protective effect on development of
g4zt:'zte by its anti-oxidant properties and

its beneficial effects on cartilaSe metabolism
such as the stimulation of collagen and ag-

grecan synthesis.so'r72'234 ln contrast, our re-
sults suggest that high levels of ascorbic acid

CHAPTER I

may cause increased AGE cross-linking of
the collagen network by its degradation

product threose. This enhanced cross-

linking results in a stiffer collagen network
and likely increases the susceptibility to de-

generation. Thus, ascorbic acid can Poten-
tially impact joint health in a number of
ways. This issue is presently explored in a

spontaneous in vivo OA model in guinea pigs

in which the effect of high and moderate

levels of ascorbic acid on the development

of OA is compared to a minimal, but non-

scorbutic, level of the vitamin.

AGE cnoss-LINKtNG oF ARTIcULAR
CARTILAGE COLLAGEN AS A
PREDISPOSING FACTOR FOR THE

DEVELOPMENT OF OA
Based on our hypothesis, cartilage collagen

from individuals with OA could contain
higher levels of AGE cross-links than that
from individuals of comparable age without
cartilage degeneration (chapter 6). lnvesti-
gating this hypothesis has two maior prob-
lems. Firstly, collagen in early stage OA car-

tilage has undergone higher turn'
over6'rs4'242'258 than collagen in normal carti-
lage which would result in an underestima-
tion of AGE levels in OA cartilage collagen

(chapters 3 and 4). This artifact was cir-
cumvented by restricting our comparison to
collagen from macroscopically normal carti-
lage from individuals with (Nr.o) and with-
out (control) focal cartilage degeneration at

autopsy. The second confounder - interindi-
vidual differences in cartilage collagen turn-
over that obscure differences in AGE levels

- was overcome by taking turnover rates

into account (measured as %D-Asp).

Therefore, by correcting AGE levels for
collagen residence time (i.e. AGE/%D-Asp),
the AGE formation rate was determined.
We showed that the AGE formation rate in
collagen in Noro cartilage is higher than in

control cartilage, indicating that individuals

that undergo more - or more rapid - glyca-

tion are more susceptible to develop OA.
The results of this study (chapter 6)

also led to the surprising finding of increased

collagen turnover in Noro compared to con-
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enzymatic
collagen

modifications

+

age at which first damage occurs

FIGURE 3 - Schematic representation of the contribution of changes in cartilage cottagen during
development and aging to the 'quality' of the collagen network and the risk to develop osteo-
arthrtitis (OA). I' A 'normal' rate of age-related changes in collagen with a good quality at adolescence (age
20, starting quality) does not result in failure of the collagen network; no OA. 2. Accelerated aging (e.g a higher
AGE formation rate) of collagen with a good starting qualiry results in eventual failure of the collagen network;
OA develops. 3. A 'normal' rate of deterioration of collagen network properties with age results in failure of
the collagen network with a poor starting quality; OA develops.
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trol caftilage, despite its normal proteogly-
can metabolism and low Mankin grade (0-l;
as in healthy cartilage).r80 Furthermore, as
evidenced by normal Hyl and HP cross-link
levels and lack of sensirivity to degradation
by trypsin, the integrity of the collagen net-
work itself was not affected by the increased
turnover. Apparently, contradicting current
belielrre chondrocytes in adult human ar-
ticular cartilage are able to remodel the
collagen network and still maintain a func-
tional collagen network. Further investiga-
tion will be needed to identify whether the
increased collagen turnover in Noro cartilage
should be considered a causal factor for the
development of degeneration in these joints,
i.e. a risk factor for OA, or whether it
should be considered a consequence of the
degeneration process. The latter would im-
ply that, although the degeneration is focal,
it affects cartilage metabolism in the entire
joint.

Errrcr oF PRoPERTIES oF THE
COLLAGEN NETWORK AS !T IS LAID DOWN
AT ADOLESCENCE IN THE DEVELOPMENT
OF OA AT OLD AGE

lnasmuch as the ultimate effect of age-
related changes in the properties of the
collagen network is also determined by the
quality at the start of the aging process (Fig-
ure 3), the collagen network as it is laid
down at adolescence is of particular inter-
est. During development, the cartilage colla-
gen network may be seen as a dynamic, con-
tinuously remodeling network that is gradu-
ally taking on the biochemical characteristics
it will have during the rest of the individual's
life as collagen turnover is extremely slow at
mature age.2e This is illustrated by the fact
that cartilage collagen modifications in the
equine metacarpophalangeal joint are uni-
form at birth.s3 During the first months after
birth, site differences in cartilage collagen
hydroxylysine content start to develop

Y.x^
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within the joint, which is likely related to the
loading pattern of the cartilage.s3

To study the role of human cartilage col-
lagen characteristics as acquired up to ado-

lescence (at the age of -20 years) in the de-

velopment of OA at old age, levels of the
enzymatic posttranslational modifications of
collagen were compared between degener-

ated (DG; Mankin grade 4-8) and normal
cartilage from the same individual (chapter
7). We hypothesized that deviations in

these modifications of collagen result in sub-

tle changes that give rise to qualitative dif-
ferences in the mechanical properties of the
collagen network. Sample pairs were se-

lected for comparable pentosidine levels be-

tween DG and normal cartilaSe. As a result,
the comparison of DG and normal cartilage

is not confounded by de novo synthesis of
collagen, as occurs during cartilage degen-

eration6'2s8 (i.e. the collagen network in DG
cartilage reflects the situation before the
onset of fibrillation).

Degenerated cartilage contained higher
levels of hydroxylysine (Hyl) throughout the
depth of the tissue and higher levels of pyri-
dinoline cross-linking (HP) on the articular
side (chapter 7). Considering the normal
residence time of the collagen network, the
observed changes must have been present
several decades before the cartilaSe became

degenerated. These data suggest that high

levels of these enzymatic posttranslational
modifications in collagen, as synthesized

during the first two decades of life, result in
an unfavorable quality of the collagen net-
work at the start of the aging process. This
poor "starting quality", on top of the age-

related deterioration of the collagen net-
work properties (Figure 3), results in an ac-

celerated onset of cartilage degeneration.

CoNcr-usroxs
ln the present work we provide evidence

for the influence of different collagen net-
work characteristics in cartilage on the sen-

sitivity of the tissue to become degenerated.

The enzymatic posttranslational modifica-
tions of collagen as synthesized during de-

velopment contribute to the quality of the

Csepren 8

collagen network at the start of the aging

process, while the age-related accumulation
of AGEs in collagen after maturity results in

deterioration of the quality of the collagen

network with aging. These combined results

have led us to develop a model that explains

how both processes contribute to the a8e

of onset of OA (Figure 3). The main focus of
our studies has been on the effects of the
age-related accumulation of AGEs in human

articular cartilage collagen and, to a lesser

degree, in aggrecan. The level of AGEs is

mainly determined by protein turnover. ln-

asmuch as the turnover of collagen in nor-
mal articular cartilaSe is slow (half-life >100

years),208 relatively high AGE levels accumu-

late in cartilage compared to other tissues.

lncreasing AGE cross-linking of cartilaSe

collagen by in vitro incubation with reducing
sugars leads to increased stiffness and brit-
tleness of the collagen network. Thus, the
age-related accumulation of AGEs in colla-

gen explains the reported increase in stiff-
ness of the collagen network with age.3s''2'

This may, through increased brittleness,
contribute to the age-related increase in

susceptibility of cartilage to degeneration.
Furthermore, high AGE levels in cartilage

impair the synthetic capacity of chondro-
cytes, which diminishes the ability of chon-
drocytes to restore matrix integrity after
inlury and may contribute to the ProSres-
sion of cartilage defects to OA.82 Mainte-
nance of matrix integrity and matrix repair
may also be affected by the decreased deg-

radation of AGE-modified cartilage Pro"
teins.82 Proof-of-concept for the involve-
ment of AGE accumulation in the develop-
ment of OA was obtained from a study in

which cartilage AGE levels in knee ioints of
Beagle dogs were artificially enhanced by

intra-articular ribose iniections. ln these
dogs, enhanced AGE levels resulted in in-

creased susceptibility to develop OA after
induction of loint instability by anterior cru-
ciate ligament transection.s2'26s In addition,
the fact that in humans the occurrence of
focal cartilage degeneration is correlated
with a high rate of AGE formation in carti-
lage collagen provides further evidence that
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AGE cross-linking predisposes to the devel-
opment of OA. The age-related accumula-
tion of AGE cross-links in human articular
cartilage collagen thus presents a molecular
mechanism whereby age is a predisposing
factor for the development of OA (Figure
3). Yet, the eventual result of age-related
changes in cartilage collagen also depends
on the "quality" of the collagen network at
the staft of the aging process, which is, at
least partly, determined by the enzymatic
posttranslational modifications of collagen as

synthesized during development.

Dnaeres AND osrEoARTHRrrrs
Several complications of diabetes mellitus,
such as cataract, atherosclerosis, and ne-
phropathy, resemble processes that are
characteristic of aging, but these processes
often occur at an earlier age in diabetes.226

Due to the hyperglycemia, the accumulation
of AGEs in long-lived extracellular proteins,
also characteristic of aging, is accelerated in

diabetes.e3 Furthermore, the fact that the
severity of complications correlates with
AGE levels228 adds to the believe that hyper-
glycemia-accelerated AGE formation is one
of the mechanisms involved in the genesis of
late diabetic complications.

Based on our results (this thesis and Ref.

82), enhanced AGE cross-linking of cartilage
collagen in diabetes is expected to contrib-
ute to an increased risk to develop OA.
Consistent with what has been described
for other tissues,'3 collagen AGE levels in
cartilage from human diabetes patients and
diabetic rats were increased compared to
healthy controls (unpublished results). ln a

study using diabetic rats, Caterson et ol.'7

showed increased hydration of cartilage
from diabetic rats compared to normal rats.
Since this swelling indicates increased dam-
age to the collagen network,3r these results
are consistent with AGE cross-linking in-
creasing the susceptibility of the cartilage
collagen network to damage. ln human
studies, relatively old publications show that
radiographic OA is more common, more
severe, and present at a younger age in dia-
betic patients than in controls.6s'302'rt' ln re-

r0l

cent, population based studies, only trends
to positive correlations between radio-
graphic OA and diabetes have been ob-
seryed."''' Plasma glucose levels have been
shown to be higher in patients with ra-
diographically confirmed symptomatic OA
than in controls,'r but this result could not
be confirmed.rrt An explanation for the dis-
crepancy between old and more recent lit-
erature may be the substantially improved
glycemic control in diabetics over the past

20 years. Fufthermore, in recent studies
radiographic OA is assessed using the Kell-
gren and Lawrence grading system (which
also scores the presence of osteophytes),rs6
or symptomatic instead of radiographic OA
is used as a measure of joint destruction.
The latter two issues may result in an un-
derestimation of the presence of OA amont
diabetic patients because diabetics form less

osteophytes,ra6 which have been suggested
to be involved in the perception of pain in
OA.le8.30e

Experimental studies indicate that diabe-
tes may have a profound impact on cartilage
metabolism. ln streptozotocin-induced dia-
betic rats, mesenchymal cell proliferation,
cartilage formation, synthesis of sulfated
proteoglycans, and the size of proteoglycan
aggregates are reduced.'7'3s3'3t' Some of
these changes may be brought about by
other mechanisms than the presence of in-
creased AGE levels. The diminished proteo-
glycan synthesis is suggested to be mediated
by the absence of insulin, since this hor-
mone stimulates chondrocyte biosynthe.
sis67'106'353 and chondrocytes express the in-
sulin receptor,'ot'3r' Nevertheless, our data
also showed a decrease in chondrocyte pro-
teoglycan synthesis as a result of increased
AGE cross-linking.82

ln conclusion, studying the relation be-
tween diabetes and OA does not seem to
help with a proof-of-concept that AGE ac-
cumulation is important for the develop-
ment of OA. The most likely explanation for
this apparent discrepancy is that diabetes is

not only a disorder in which AGE levels are
increased, but it is also a hormonal dys-
regulation that affects caftilate and its me-
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tabolism in many ways, which can be both
"beneficial" or "deleterious" for the attempt
of the tissue to withstand degeneration.

New possretLrrrEs ro PREVENT oR
DELAY THE DEVELOPMENT OF OA?
The identification of AGE accumulation as a
molecular mechanism whereby age is a pre-
disposing factor for OA development pro-
vides interesting new therapeutic possibili-
ties to prevent OA. Our results suggest that
prevention of OA could be achieved using
agents that are capable of inhibiting or even
reversing AGE formation. AGE formation
can be inhibited by compounds such as ami-
noguanidine, pyridoxamine, tenilsetam, or
simple amino acids (e.g. lysine or arginine),
resulting in prevention of AGE-induced pro-
tein cross-linking, tissue collagen accumula-
tion, and tail tendon or cardiac stiffen-
int.a 

t'6t't 6a'7te'2a zse'30 t 5r aa1t"tmore, lysi ne and

arginine effectively inhibited the AGE-
induced stiffening of the cartilage collagen
network in our own studies (chapter 5).
Potentially even more exciting, agents that
are able to "break" already formed AGE
cross-links33s'3" ^ '1, through reversal of an

increase in collagen network stiffness, slow
down the development of OA. These thi-
azolium derivatives such as N-phenacylthi-
azolium bromide (PTB) and phenyl-4,5-
dimethylthiazolium chloride (ALT-71 l), de-
signed to break dicarbonyl-containing
AGEs,33s effectively reversed diabetes-
induced tail tendon cross-linking and artery
stiffening,362 and the age-related increase in

cardiac stiffness and accompanying impaired
cardiac function.r6 However, these com-
pounds have also been suggested to inter-
fere with AGE formationr6s'326 rather than
breaking AGEs. Furthermore, a variety of

CHAPTER 8

AGEs is formed in vivo most of which have

not even been characterized, making it hard
to believe that chemical inter^ference with
one specific cross-link structure will be

enough for effective anti-AcE therapy.
Although AGE accumulation is mainly

regarded as a process that is detrimental to
proteins and tissues, AGEs also seem to act
as an 'age' marker of proteins and cells,

which leads to their endocytosis and degra-
dation via the scavenger receptor of e.g.

macrophages and liver endothelial cells.'otrt'
AGEs also play a role in the immune system
via their interaction with RAGE, which re-
sults in cellular activation and generation of
key proinflammatory mediators.rre These
functions of AGEs will have to be consid-
ered while studying the applicability of anti-
AGE therapy.

Our results suggest that AGE accumula-
tion in cartilage may contribute to the age-

related increase in OA incidence by a vari-
ety of mechanisms: not only do AGEs result
in increased brittleness of the cartilage col-
lagen network which makes it more suscep-
tible to damage, AGEs also result in a di-
minished capacity of chondrocytes to repair
matrix damage. ln vivo proof for the in-
volvement of AGEs in the development OA
was obtained from a canine OA model and

from a cross-sectional population study.
These results are the first to provide a mo-
lecular mechanism by which aging predis-
poses to the development of OA and sug-

gest that anti-glycation or anti-AGE therapy
may be a valuable tool to prevent or delay
the onset of OA. Since most of the elderly
suffer from this chronic disabling disorder,
the potential use of anti-AGE therapy, as is
currently being developed for diabetes, to
prevent OA merits further investigation.



ftft
Appendix A



t.

RereReNces

3.

ABBASZADE I, LIU RQ, YANG F, RoSENFELD SA,

Ross OH, LINK JR, Er AL. (1999) Cloning and
characterization of ADAMTS I I , an aggrecanase
from the ADAMTS family. J. Biol. Chem. 274:
23443-234s0.
AFoKE NY, BYERS PD AND HurroN WC (1987)
Contact pressures in the human hip ioint. /.
Bone Joint Surg. Br. 69:536-54 l.
AHMED MU, BRINKMANN FRYE E, DEGENHARDT

TP, THoRPE SR AND BAYNES JW (1997) N-
epsilon-(carboxyethyl)lysine, a product of the
chemical modification of proteins by methylgly-
oxal, increases with age in human lens proteins.
Biochem. l. 324: 555-570.
AHMED MU, THoRpE SR AND BAYNES JW ( I 986)
ldentification of N epsilon-carboxymethyllysine
as a degradation product of fructoselysine in

glycated protein. J. Biol. Chem. 261: 4889-4894.
ATGNER T, BERTLTNG W, Sross H, WESELoH G
AND voN DER MARK K (1993) lndependent ex-
pression of fibril-forming collagens I, ll, and lll in

chond rocytes of human osteoarth ritic cartilate.

J. Clin. lnvest 9 l: 829-837.
AIGNER T, GLucTenT K AND VoN DER MARK K
(1997) Activation of fibrillar collagen synthesis
and phenotypic modulation of chondrocytes in

early human osteoarthritic cartilage lesions. Os-

teoorthritis Carilloge 5: I 83- I 89.
AIGNER T, SToss H, WESELoH G, ZEILER G AND
VoN DER Manr K (1992) Activation of collagen
type ll expression in osteoarthritic and rheuma-
toid cartilage. Virchows Arch. B Cell. Pathol.
lncl. Mol. Pothol. 62:337-345.
ATGNER T, VoRNEHM Sl, ZETLER G, DUDH|A J,
voN DER MARK K AND BAyLrss MT (1997) Sup-
pression of cartilage matrix gene expression in

upper zone chondrocytes of osteoafthritic car-
tilage. Arthritis Rheum. 40: 562-569.
ALA.KoKKo L, BALDWIN CT, MoSKoWITz RW
AND PRocKop DJ (1990) Single base muation in

the type ll procollagen gene (COL2A|) as a

cause of primary osteoarthritis associated with
a mild chondrodysplasia. Proc. NotL Acod. Scr'. U.

S. A. 87: 6565-6568.
ALBERTS B, BRAY D, LEwrsJ, RAFF M, RoBERTS K
AND WArsoN JD ( I 989) Moleculor biology of the
celL Garland Publishing lnc. (New York).
ANDERSoN JJ AND FELSoN DT (1988) Factors
associated with osteoarthritis of the knee in the
first national Health and Nutrition Examination
Survey (HANES l). Evidence for an association
with overweight, race, and physical demands of
work. Am. J. Epidemiol. I 28: I 79- I 89.
ANDERSoN SS, Wu K, NAGASE H, STETTLER-

STEVENSoN WG, KIM Y AND TSILIBARY EC
(1996) Effect of matrix glycation on expression
of type lV collagen, MMP-2, MMP-9 and TIMP- I

7.

il.

by human mesangial cells. CelL Adhes. Commun.
4:89-101.
ARNER EC, HUGHES CE, DEcIcco CP,

CATERSoN B AND ToRToRELLA MD (1998) Cy-
tokine-induced caftilage proteoglycan degrada-
tion is mediated by aggrecanase. Osteoorthritis
Cortiloge 6:214-228.
AnnueNtus S (1889) Uber die Reaktionsgesch-
windigkeit bei lnversion von Rohrzucker durch
Sauren. Z. Phys. Chem.4:226-248.
ARUFFO A, STAMENKoVIC I, MELNICK M,
UNDERHTLL CB AND Seeo B (1990) CD44 is the
principal cell surface receptor for hyaluronate.
Cell 6 l : 1 303- 1 3 1 3.

AsrF M, EGAN J, VASAN S, JYoTHTRMAYT GN,
MASUREKAR MR, LopEz S, Er AL. (2000) An ad-
vanced glycation endproduct cross-link breaker
can reverse age-related increases in myocardial
stiffness. Proc. Notl. Acod. Sci. U. S. A. 97:2809-
28t3.
AswAD DW ( 1984) Determination of D- and L-
aspaftate in amino acid mixtures by high-
performance liquid chromatography after de-
rivatization with a chiral adduct of o-
phthaldialdehyde. Anol. Biochem. I 37: 405-409.
BADA JL AND PRorscH R (1973) Racemization
reaction of aspartic acid and its use in dating
fossil bones. Proc. NotL Acod. Sci. U. S. A. 70:
t33t-t334.
BAGGE E, BJELLE A, EDEN S AND SVANBoRG A
(1991) Factors associated with radiographic os-
teoarthritis: results from the population study
7O-year-old people in Goteborg. J. Rheumotol.
l8: l2l8-1727.
BATLEY AJ, PAUL RG AND KNorr L (1998)
Mechanisms of maturation and ageing of colla-
gen. Mech. Ageing Dev. 106: I -56.

BAILEY AJ, SIMS TJ, AVERY NC AND HALLIGAN EP

(1995) Non-enzymic glycation of fibrous colla-

8en: reaction products of glucose and ribose.
Biochem. J. 305: 385-390.
BATLEY AJ, SrMs T.l, AvERy NC AND MrLEs CA
(1993) Chemistry of collagen cross-links: glu-
cose-mediated covalent cross- linking of type-lV
collagen in lens capsules. Biochem. 1.296: 489-
496.
BALDWTN CT, REGTNATo AM, SMITH C, JrNeNez
SA AND PRocKop DJ ( I 989) Strucrure of cDNA
clones coding for human type ll procollagen.
The alpha l(ll) chain is more similar to the alpha
I (l) chain than two other alpha chains of fibrillar
collagens. Biochem. l. 262: 521-528.
BANDAM G AND EvANs CH (1992) lntercellular
regulation by synoviocytes. ln: Adolphe M, edi-
tor. Biologicol regulotion ofthe chondrocytes. CRC
Press, lnc. (Boca Raton), pp.205-226.
BaNr RA, BAyLrss MT, L,rreaen FPJG, MARoUDAS

t3.

t4.

t5

t5.

18.

t9

20.

2t
9.

t0.

23.

74.
t2.

25.



r06

A AND TEKoPPELE JM (1998) Ageing and zonal

variation in post-translational modification of
collagen in normal human afticular cartilaSe.

The age-related increase in non-enzymatic gly-

cation affects biomechanical properties of carti-
lage. Biochem. J. 330: 345-35 I .

BANK RA, BEEKMAN B, TeNruI R AND TEKOPPELE

JM (1997) Pre-column derivatisation method for
the measurement of glycosylated hydroxylysines
of collagenous proteins. J. Chromotogr. B Biomed.

Sci Appl. 7 03 : 267 -27 2.

BlNr RA, BEEKMAN B, VERZUL N, DE Roos JA,
SAKKEE AN AND TEKoppELE JM ( I 997) Sensitive

fluorimetric quantitation of pyridinium and pen-

tosidine crosslinks in biological samples in a sin-

gle high- performance liquid chromatographic
run. l. Chromotogr. B Biomed. Sci. Appl.703:37-
44.
BANK RA, JANSEN EJ, BEEKMAN B AND TEKOPPELE

lM (1996) Amino acid analysis by reverse-phase

high-performance liquid chromatography: im-
proved derivatization and detection conditions
with 9-fluorenylmethyl chloroformate. AnoL Bio-

chem.240: 167-176.
BANK RA, KRIKKEN M, BEEKMAN B, STOOP R,

MARoUDAS A, LAFEBER FPJG, Er AL. (1997) A
simplified measurement of degraded collagen in

tissues: application in healthy, fibrillated and os-
teoarth riti c caft i lage. M otri x Biol. I 6: 233 -243.
BANK RA, RoBrNs SP, WUMENGA C,

BRESLAUSTDERTUS LJ, BARDoEL AFJ, VANDERSLUUS

HA, ET AL. (1999) Defective collagen crosslink-
ing in bone, but not in ligament or cartilage, in

Bruck syndrome: lndications for a bone-specific
telopeptide lysyl hydroxylase on chromosome
17. Proc. Notl. Acod. Sci. U. S. A. 96: I 054- I 058.

BANK M, SoUDRY M, MARoUDAS A, MtzMHt J

AND TEKoPPELE JM (2000) The increased swel-
ling and instantaneous deformation of osteoar-
thritic cartilage is highly correlated with colla-
gen degradation. Arthritis Rheum. 43: 2202-22.10.

BANK RA, TEKoppELE JM, JANUS GJ, WASSEN

MH, PRUUS HE, VaI DER SLUIJS HA, ET AL. (2OOO)

furidinium cross-links in bone of patients with
osteogenesis imperfecta: evidence of a normal
intrafibrillar collagen packing. J. Eone Miner. Res.

l5:1330-1336.
BANK M, TEKoPPELE JM, OosrNGH G,

HAZLEMAN BL eNo RILEY GP (1999) Lysylhy-

droxylation and non-reducible crosslinking of
human supraspinatus tendon collagen: changes

with age and in chronic rotator cuff tendinitis.
Ann. Rheum. Drs. 58: 35-41 .

BINT M, VERZUL N, LAFEBER FPJG AND

TEKoppELE JM (2000) Putative role of lysyl hy-

droxylation and pyridinoline cross-linking during
adolescence in the occurence of osteoafthritis
at old age. Tronsoct. Orthop. Res. Soc. 25: I 12.

(Abstract)
BAssER PJ, SCHNETDERMAN R, BANK RA,

ApprNotx A

W,ccHreL E AND MARoUDAS A (1998) Mechani-

cal properdes of the collagen network in human

articular cartilage as measured by osmotic
stress technique. Arch. Biochem. Biophys. 351:

207-219.
BATGE B, WTNTER C, NorBoHM H, AclL Y,

BRTNCKMANN J AND MULLER PK (1997) Glyco-
sylation of human bone collagen I in relation to
lysylhydroxylation and fi bril diameter. J. Biochem.

(Tokyo) 122:109-l 15.

BAYLtss MT (1991) Metabolism of animal and

human osteoarthritic cartilaSe. ln: Kuettner KE,

Schleyerbach R, Peyron JG, Maroudas A, edi-

tors. Articulor Coniloge ond Osteoorthritis. Raven

Press (New York), pp. 487-500.
BAyLrss MT AND ALt SY (1978) Age-related
changes in the composition and structure of
human articular-cartilage proteoglycans. 8io-

chem. J. 176:683-693.
BAYLISS MT, HOWAT S, DAVIDSON C AND

DUDHIA J (2000) The organization of aggrecan

in human articular cartilage. Evidence for age-

related changes in the rate of aggregation of
newly synthesized molecules. l. Biol. Chem. 275:
632t-6327.
BAyLrss MT AND RoUGHLEY Pj ( I 985) The prop-
erties of proteoglycan prepared from human ar-
ricular cartilage by using associative caesium

chloride gradients of high and low starting den-
sities. Eiochem. J. 232 I I l -l 17.

BAyNEsJW AND THoRPE SR (1999) Role of oxi-
dative stress in diabetic complications - A new
perspective on an old paradigm. Diobetes 48: l-
9.

BEEKMAN B, DRUFHoUT JW, BLoEMHoFF W,
RoNoAy HK, TAK PP AND TEKoppELEJM (1996)

Convenient fluorometric assay for matrix met-
alloproteinase activity and its application in
biological media. FEBS Lett 390: 121-225.
BEEKMAN B, VERZUL N, DEROOS JADM AND

TEKoppELE JM (1998) Matrix degradation by

chondrocytes cultured in alginate: lL-l beta in-
duces proteoglycan degradation and proMMP
synthesis but does not result in collagen degra-

dation. Osteoorthritis Cortiloge 6: 330-340.

BENYA PD, PADTLLA SR AND NtMNt ME (1978)
lndependent regulation of collagen types by

chondrocytes during the loss of differentiated
function in culture. Cell I 5: I 3 I 3- I 32 I .

BENYA PD AND SHAFFERJD (1982) Dedifferenti-
ated chondrocytes reexpress the differentiated
collagen phenotype when cultured in agarose

gels. Cell 30:215-224.
BTLLTNGHURST RC, DAHLBERG L, loNEscu M,

RETNER A, BoURNE R, RoMBECK C, Er AL. ( I 997)

Enhanced cleavage of type ll collagen by colla-
genases in osteoarthritic articular caftilage. J.

Clin. lnvest. 99: 1534-1545.

BLEASEL JF, HoLDERBAUM D, HAQQI TM AND

MosKowtrz RW (1995) Clinical correlations of

26.

27

28.

30.

31.

32.

33.

34.

37.

38.

43.

44.

41.

42.

35.

47.



59.

60.

61.

62

63.

49.

REFERENCES

osteoarthritis associated with single base muta-
tions in the type ll procollagen gene../. Rheumo-
to/. 22 Suppl. 43:34-36.
BLEASELJF, HoLDERBAUM D, MALLoCK V, HAQQI
TM, Vr'rLLrAr'1s HJ AND MosKowrz RW (1996)
Hereditary osteoarthritis with mild spondylo-
epiphyseal dysplasia--are there "hot spots" on
COL2A I ? J. Rheumotol. 23: I 594- I 598.
BoLroN MC, DUDHTAJ AND BAyuss MT (1996)

Quantification of aggrecan and link-protein
mRNA in human articular cartilage of different
ages by competitive reverse transcriptase-PCR.
Biochem. J. 3 I 9 : 489 -498.

BoLroN MC, DUDHTAJAND BAyLrss MT (1999)
Age-related changes in the synthesis of link pro-
tein and aSSrecan in human articular cartilaSe:
implications for aggregate stability. Biochem. l.
337:77-82.
BoNNET F, DUNHAM DG AND HARDINGHAM TE
(1985) Structure and interactions of cartilage
proteoglycan binding region and link protein.
Biochem. 1.228:77-85.
BooTH AA, KHALIFAH RG, ToDD P AND
HuDsoN BG (1997) ln vitro kinetic studies of
formation of antigenic advanced glycation end
products (AGEs). Novel inhibition of post-
Amadori glycation pathways. l. Biol. Chem. 272:
5430-5437.
BMMA PA, TEKoPPELEJM, BANK RA, BARNEVELD

A AND vAN WEEREN PR (2000) Functional adap-
tation of equine articular cartilage: the forma-
tion of regional biochemical characteristics up
to age one year. Equine Vet. J.32:217-221.
BMNDr KD AND FIFE RS (1986) Ageing in rela-
tion to the pathogenesis of osteoarthritis. Clin.

Rheum. Dis. 12: I 17- 130.

BRENNER RE, VETTER U, NERLTCH A,
WoRSDoRFER O, TELLER WM AND MULLER PK
(1989) Biochemical analysis of callus tissue in

osteogenesis imper{ecta type lV. Evidence for
transient overmodification in collagen types I

and lll. /. Ain. lnvest.84: 9l 5-92 L
BRTNCKMANN J, NorgoFll4 H, TRoNNTER M, AcrL
Y, FTETZEK PP, SCHMELLER W, Er AL. (1999)
Overhydroxylation of lysyl residues is the initial
step for altered collagen cross-links and fibril
architecture in fibrotic skin. ,/. lnvest. Dermotol.
I 13: 617-621.
BRINKMANN FRYE E, DEGENHARDT TP, THoRPE

SR AND BAvNES JW ( I 998) Role of the Maillard
reaction in aging of tissue proteins - Advanced
glycation end product-dependent increase in

imidazolium cross-links in human lens proteins.

l. Biol. Chem. 273: 187 I 4- 187 19.
BRoCKLEHURST R, BAyLrss MT, MARoUDAS A,
COYSH HL, FREEI4AN MA, REVELL PA, ET AL.

( I 98a) The composition of normal and osteoar-
thritic articular cartilage from human knee
joints. With special reference to unicomparc-
mental replacement and osteotomy of the knee.

107

l. Bone loint Surg. Am.66: 95- I 06.
BRoWNLEE M (1995) Advanced protein glyco-
sylation in diabetes and aging. Annu. Rev. Med.

46:223-234.
BRoWNLEE M, Crumr A AND VLASSAM H
(1988) Advanced glycosylation end products in

tissue and the biochemical basis of diabetic
compllcations. N.Engl. l. Med 3I8: I3I5-I321.
BRoWNLEE M, VLASSAM H, KooNEY A, ULRICH

P AND CERAMT A (1986) Aminoguanidine pre-
vents diabetes-induced arterial wall protein
cross-linking. Science 23L: I 629 - I 632.
BUCKWALTER JA AND MANKTN HJ (1997) Ar-
ticular cartilage. Part l: Tissue design and chon-
drocyte-matrix interactions. l. Bone loint Surg.

Am.79A:600-61 l.
BUCKWALTER JA, Woo SL, GoLDBERG VM,
HADLEY EC, BooTH F, OEGEMA TR, ET AL.

(1993) Soft-tissue aging and musculoskeletal
function..f. Bone Joint Surg. Am. 75: I 533- I 548.
BULLoUGH P (1992) The pathology of osteoar-
thritis. ln: Moskowitz RW, editor. Osteoorthritis:

diognosis ond medicollsurgicol monogement. W.B.
Saunders Company (Philadelphia), pp. 39-69.
CAMeBELL WL AND FELDMAN F ( I 975) Bone and
soft tissue abnormalities of the upper extremity
in diabetes mellitus. Am. l. Roentgenol. Rodium.
Iher. NucL Med. 124: 7-16.
CATANESE J, BANK M, TEKoPPELE JM, IVERSoN

EP, YEH OC AND KEAVENv TM. Non-enzymatic
glycation of collagen increases with age in hu-
man coftical bone and reduces bone ductility.
Submitted for publication.
CATERSoN B, BAKER JR, CHRTSTNER JE, PoLLoK

BA AND RosrAND KS (1980) Diabetes and os-
teoarchritis. Alo. l. Med. Sci. l7:292-299.
CHEN AC, TEMPLE MM, NG DM, RICHARDSoN

CD, DEcRoor J, VERZUL N, Er AL. (2001) Age-
related crosslinking alters tensile properties of
articular caftilage. TronsocL Orthop. Res. Soc. 26:
I 28. (Abstract)
CHor JK, MrKr K, SAGAWA S AND SHTRAKT K
(1997) Evaluation of mean skin temperature
formulas by infrared thermography. lnt l. Biome-

teorol.4l: 68-75.
Csow G, NTETFELD JJ, KNUDSoN CB AND
KNUDSoN W (1998) Antisense inhibition of
chondrocyte CD44 expression leading to carti-
lage chondrolysis. Arthritis Rheum. 4l : l4 I I -

t4t9.
CrNr',rrNo MA AND CuroLo M (1990) Plasma

glucose concentration in symptomatic osteoar-
thritis: a clinical and epidemiological survey. Oin.
Exp. Rheumotol. 8: 251 -257 .

CLoos PA AND FLEDELTUS C (2000) Collagen
fragments in urine derived from bone resorp-
tion are highly racemized and isomerized: a

biological clock of protein aging with clinical po-
tential. Eiochem. J. 345: 473-480.
CoGHLAN SD AND AucusrEYN RC (1977)

5t

52.

53.

58.55

57

69.

70.

56.

58, 72



88.

74.

75.

76.

Changes in the distribution of proteins in the
aging human lens. &p. Eye Res. 25: 603-61 l.
CoHEN MP, HUD E, Wu VY rNo ZTYADEH FN
(1995) Glycated albumin modified by Amadori
adducts modulates aortic endothelial cell biol-
ogy. Mol. Cell. Biochem. 143:73-79.
CoHEN MP AND ZTvADEH FN (1994) Amadori
glucose adducts modulate mesangial cell growth
and collagen gene expression. Kidney lnt. 45:
475-484.
CoLTGE A, Lr SW, STERoN AL, NusGENs BV,

PRocKop DJ AND LAPTERE CM (1997) cDNA
cloning and expression of bovine procollagen I

N-proteinase: a new member of the superfamily
of zinc-metalloproteinases with binding sites for
cells and other matrix components. Proc. NotL

Acod. Sci. U. S. A. 94: 2374-2379.
CooPER C, SNow S, Mcllruoorl TE,

KELLINGRAY S, STUART B, CoGGoN D, ET AL.

(2000) Risk factors for the incidence and pro-
gression of radiographic knee osteoarthritis. Ar-

thritis Rheum. 43: 995- 1000.

CREAMER P AND HocHBEnc MC (1997) Osteo-
arthritis. Loncet 350: 503-508.
CREEMERS LB, JANSEN DC, vAN VEEN-REURTNGS

A, vAN DEN Bos T AND EvERrs V (1997) Mi-
croassay for the assessment of low levels of hy-
droxyproline. Eiotechnigues 22: 656-658.
DANTELJC, Pruu BU AND KUETTNER KE (I984)
Synthesis of carcilage matrix by mammalian

chondrocytes in vitro. lll. Effects of ascorbate. J.

Cell Biol. 99: I 960- I 969.
DEGENHARDT TP, THoRPE SR AND BAYNES JW
(1998) Chemical modification of proteins by
methylglyoxal. Cell. Mol. Biol. 44: I I 39- I 145.

DEGRooTJ (2001) Advanced glycation endpro-
ducts in the development of osteoarthritis: car-
tilage synthesis and degradation. PhD thesis.
DEGRooTJ, VERZUL N, BANK RA, LAFEBER FPJG,

BULSMA JWJ AND TEKoppELE JM (1999) Age-
related decrease in proteoglycan synthesis of
human articular chondrocytes: the role of
nonenzymatic glycation. Arthritis Rheum. 47:
r 003- I 009.
DEGRoor J, VERZUL N, WENTNG-VAN W|JK

MJG, JAcoBs KMG, BULSMA JWJ, TEKoppELE JM,
ET AL. (2000) Nonenzymatic Slycation increases

the severity of osteoarthritis in the dog ACLT
model: a biochemical basis for a8e as a risk fac-

ror in osteoafthritis. Arthritis Rheum. 43: 5273.
(Abstract)
DrEppE P (1999) Osteoarthritis: time to shift the
paradigm. This includes distinguishing between
severe disease and common minor disability.
BMl 3l8: 1 299- 1 300.
DTLLEY KJ AND HARDTNG JJ (1975) Changes in

proteins of the human lens in development and
aging. Biochim. Biophys. Aao 386: 39 I -408.
DoDGE GR, DrAz A, SANZRoDRTGUEZ C,
REGTNATo AM ANDJTMENEZ SA (1998) Effects of

APPENDTx A

interferon-gamma and tumor necrosis factor al-

pha on the expression of the genes encoding
aSgrecan, biglycan, and decorin core proteins in

cultured human chondrocytes. Anhritis Rheurn.

4l:274-183.
DoEGE KJ, SASAKI M, KIMURA T AND YAMADA Y
( I 99 I ) Complete coding sequence and deduced
primary structure of the human cartilage large

aggregating proteoglycan, a88recan. Human-
specific repeats, and additional alternatively
spliced forms. J. Biol. Chem. 266: 89 4 -902.

DUNN JA, AHMED MU, MuRlAsHAw MH,
RTCHARDSoN JM, WALur MD, THoRpE SR, Er AL.

(1990) Reaction of ascorbate with lysine and

protein under autoxidizing conditions: forma-
tion of N epsilon-(carboxymethyl)lysine by re-
action between lysine and products of autoxida-
tion of ascorbate. Biochemistry 29: 10964-10970.
DUNNJA, MCCANCE DR, THORPE SR, LYONS TJ

AND BAvNES JW (1991) Age-dependent accu-

mulation of N epsilon-(carboxymethyl)lysine
and N epsilon-(carboxymethyl)hydroxylysine in

human skin collagen. Biochemistry 30: I 205- I 2 I 0.

DUNN JA, PATRICK JS, THORPE SR AND BAYNES

JW (1989) Oxidation ofglycated proteins: a8e-

dependent accumulation of N epsllon-
(carboxymethyl)lysine in lens proteins. Biochem-

istry 28:9464-9468.
DYER DG, BLacrleoce jA, Tuoner SR AND

BAYNES JW (1991) Formation of pentosidine
during nonenzymatic browning of proteins by

glucose. ldentification of glucose and other car-
bohydrates as possible precursors of pento-
sidine in vivo../. Biol. Chem. 266: 1 1654-1 1660.

DYER DG, DUNN JA, THORPE SR, BAILIE KE,

LyoNs TJ, MCCANCE DR, Er AL. (1993) Accu-
mulation of Maillard reaction products in skin

collagen in diabetes and aging. J. Ain. lnvest 9l:.
2463-2469.
EIKENBERRY EF, MENDLER M, BURGIN R,

WTNTERHALTER KH AND BRUCKNER P (1992)
Fibrillar Organization in Cartilage. ln: Kuettner
KE, Schleyerbach R, Peyron JG, Hascall VC, edi-
tors. Articulor Cortiloge ond Osteoorthritis. Raven

Press (New York), pp. I 33- I 49.

EYRE DR ( I 99 I ) The collagens of articular carti-
lage. Semin. Afthritis Rheum. 2l : 2- I I .

EYRE DR, DrcKsoN lR AND VAN NEss K (1988)

Collagen cross-linking in human bone and ar-
ticular cartilage. Age-related changes in the con-
tent of mature hydroxypyridinium residues. Bio-

chem. 1. 252:495-500.
EYRE DR, MCDEVITT CA, BILLINGHAM ME AND

MutR H (1980) Biosynthesis of collagen and

other matrix proteins by articular cartilage in
experimental osteoarthrosis. Biochem. J. 188:

823-837.
EYRE DR, WErs MA AND MosKowtr-z Rw
( I 99 I ) Cartilage expression of a type ll collagen
mutation in an inherited form of osteoarthritis

89.

90.

9t

92.

93.

77

78.

79.

80.

8t.

82.

83.
94.

95.

96.

97
85

86.

87.
98.



REFERENcES

associated with a mild chondrodysplasia. l. Ain.
lnvest 87:.357-36 L

99. EYRE DR, Wu JJ, WooDs PE AND WErs MA
(1991) The cartilage collagens and joint degen-
eration.8r..1. RheumotoL 30 Suppl. I: l0-I5.

IOO. FASSLER R, SCHNEGELSEERG PN, DAUSMAN J,
SHINYA T, MURAGAKI Y, MCCARTHY MT, ET AL.

(1994) Mice lacking alpha I (lX) collagen de-
velop noninflammaton/ degenerative joint dis-
ease. Proc. Notl. Acod. Sc,. U. 5. A. 9 l: 5070-5074.

I 0l . FELSoN DT ( I 988) Epidemiology of hip and knee
osteoarthritis. Epidemiol. Rev. l0: l-28.

102. FELSoN DT (1990) The epidemiology of knee
osteoarthritis: results from the Framingham Os-
teoarthritis Study. Semin. Arthritis Rheum.20: 42-
50.

103. FELSoN DT (2000) Osteoarthritis: new insights.
Part l: The disease and its risk factors. Ann. ln-
tern. Med. I 33: 635-646.

104. FELSoN DT, ZHANG Y, HANNAN MT, NATMARK

A, WETSSMAN B, ALTABADT P, Er AL. (1997) Risk
factors for incident radiographic knee osteoar-
thritis in the elderly: the Framingham Study. Ar-
thritis Rhe um. 40: 7 28 -7 33.

105. FELSoN DT AND ZHANG YQ (1998) An update
on the epidemiology of knee and hip osteoar-
thritis with a view to prevention. Arthritis
Rheum.4l: 1343-1355.

106. FoLEy TPJ, NrssLEy SP, STEVENS RL, K|NG GL,
HASCALL VC, HUMBEL RE, Er AL. ( I 982) Demon-
stration of receptors for insulin and insulin-like
growth factors on Swarm rat chondrosarcoma
chondrocytes. Evidence that insulin stimulates
proteoglycan synthesis through the insulin re-
ceptor../. Biol. Chem. 257 : 663-669.

107. FoSANG AJ AND HARDTNGHAM TE (1989) lsola-
tion of the N-terminal globular protein domains
from cartilage proteoglycans. ldentification of
G2 domain and its lack of interaction with hya-
luronate and link protein. Biochem. /. 261: 801-
809.

108. FoSANG AJ, LAsr K, KNAUPER V, MuRpHy G AND
NEAME PJ ( I 996) Degradation of cartilage :ggre-
can by collagenase-3 (MMP-13). FEBS Len. 380:
t7-20.

109. FoSANG AJ, LAsr K, NEAME PJ, MuRpHy G,
KNAUPER V, TscHEscHE H, Er AL. (1994) Neu-
trophil collagenase (MMP-8) cleaves at the ag-

grecanase site E373- A374 in the interglobular
domain of cartilage aggrecan. Biochem. J. 304:
347-35t.

I 10. FRANK C, MCDoNALD D, WrLsoNJ, EYRE D AND
SHRtvE N (1995) Rabbit medial collateral liga-

ment scar weakness is associated with de-
creased collagen pyridinoline crosslink density.J.
Orthop. Res. l3: 157-155.

lll. FREEMAN MA (1975) The fatigue of caftilage in

the pathogenesis of osteoanhrosis. Acto Orthop.
Scond. 46:323-328.

I I 2. FREEMAN MAR ( I 999) ls collagen fatigue failure a

109

cause of osteoafthrosis and prosthetic compo-
nent migration? A hypothesis../. Orthop. Res. l7:
3-8.

l13. FREEMoNT AJ, ByERs RJ, TArwo YO AND
HoYLAND JA (1999) ln situ zymographic local-
isation of type ll collagen degrading activity in

osteoarthritic human articular cartilage. Ann.

Rheum. Dis. 58: 357-365.
I 14. FREY MI, BARRETT CoNNoR E, SLEDGE PA,

Scsrueroen DL AND WETSMAN MH (1996) The
effect of noninsulin dependent diabetes mellitus
on the prevalence of clinical osteoarthritis. A
population based study. l. Rheumotol. 23:716-
722.

l15. Fu MX, REeUENA JR, JENKTNS AJ, LyoNs TJ,

BAYNES JW AND THoRpE SR (1996) The ad-
vanced glycation end product, Nepsilon- (car-
boxymethyl)lysine, is a product of both lipid
peroxidation and glycoxidation reactions. J. EioL

Chem.27 l:9987-9986.
116. Fu MX, WELLS KNECHT KJ, BLACKLEoGE JA,

LyoNs TJ, Tsonpe SR AND BAYNES JW (1994)
Glycation, glycoxidation, and crossJinking of
collagen by glucose. Kinetics, mechanisms, and
inhibition of late stages of the Maillard reaction.
Diobetes 43:676-683.

l17. GELBER AC, HoCHBERG MC, MEAD LA, WANG
NY, WrcLEy FM AND KLAG MJ @000) Joint in-
jurT in young adults and risk for subsequent
knee and hip osteoarthritis. Ann. lntern. Med.

I 33: 32 l -328.
l18. GrNEyrs E, CLoos PA, BoREL O, GRTMAUo L,

DELMAS PD AND GARNERo P (2000) Racemiza-
tion and isomerization of type I collagen C-
telopeptides in human bone and soft tissues: as-

sessment of tissue turnover. Biochem. J. 345:
48 I -485.

I 19. GoLDRING MB (2000) The role of the chondro-
cyte in osteoarthritis. Arthritis Rheurn.43: l9l6-
1926.

120. GRTFFTTH AJ, SPRUNGER LK, SrRKo-OsADsA DA,
TILLER GE, MEISLER MH AND WARMAN ML
(1998) Marshall syndrome associated with a

splicing defect at the COLI lAl locus. Am. J.
Hum. Genet 62: 8 I 6-823.

l2l. GRovER J, CHEN XN, KoRENBERG JR AND
RoUcHLEY PJ (1995) The human lumican gene.
Organization, chromosomal location, and ex-
pression in afticular cartilage../. Biol. Chem. 270:
2t942-2t949.

122. GRUSHKo G, SCHNETDERMAN R AND MARoUDAS

A (1989) Some biochemical and biophysical pa-
rameters for the study of the pathogenesis of
osteoarthritis: a comparison between the proc-
esses of ageing and degeneration in human hip
caftilage. Connect Iissue Res. l9: 149-176.

123. HADLEY JC, MEEK KM AND MAUK NS (1998)
Glycation changes the charge distribution of
type I collagen fibrils. GlycoconjugoteJ. l5:835-
840.



il0

124. HAGG R, BRUCKNER P AND HEDBoM E (1998)
Cartilage fibrils of mammals are biochemically
heterogeneous: Differential distribution of
decorin and collagen lX. J. Cell Biol. 142: 285-
294.

I25. HAGG R, HEDBoM E, MOLLERS U, ASZODI A,
FAsSLER R AND BRUcKNER ? (1997) Absence of
the alpha I (lX) chain leads to a functional knock-
out of the entire collagen lX protein in mice. J.

Bi ol. Chem. 27 2: 20650 -2Q65 4.

126. HArMovlct N (1982) Three years experience in

direct intraarticular temperature measurement.
Prog. Ain. BioL Res. 107:453-461.

I27. HAIToGLoU CS, TSILIBNnV EC, BROWNLEE M

AND CHARoNIS AS ( 1992) Altered cellular inter-
actions between endothelial cells and nonenzy-
matically glucosylated laminin/type lV collagen. J.
Biol. Chem. 267 : I 2404- I 2407.

128. HAMMES HP, ALr A, NrwA T, CLAUSEN JT,
BRETZEL RG, BRowNLEE M, Er AL. ( 1999) Ditrer-
ential accumulation of advanced glycation end

products in the course of diabetic retinopathy.
Di obetologio 42: 7 28 -7 3 6.

129. HANDAJT, VERZUL N, MATSUNAGA H, AorAKt-
KEEN A, Lurry GA, rE KoppELEJM, Er AL. ( I 999)

lncrease in the advanced glycation end product
pentosidine in Bruch's membrane with age. ln-

vest. Ophtholmol. Ws. Scr. 40: 775-779.
130. HARDTNG JJ AND DTLLEY KJ (1976) Structural

proteins of the mammalian lens: a review with
emphasis on changes in development, aging and

cataract. Exp. Eye Res. 22: l-73.
l3l. HARDTNGHAM TE AND BAyLrss MT (1990) Pro-

teoglycans of articular cartilage: changes in aging

and in joint disease. Semin. Arthritis Rheum. 20:

I 2-33.
132. HARDTNGHAM TE AND FoSANG AJ (1992) Pro-

teoglycans: many forms and many functions.
FASEB J. 6:86 I -870.

133. HARDTNGHAM TE AND FoSANG AJ (1995) The
structure of aggrecan and its turnover in carti-
lage.J. RheumotoL 22 Suppl. 43: 86-90.

134. HEAF DJ AND GALToN DJ (1975) Sorbitol and

other polyols in lens, adipose tissue and urine in

diabetes mellitus. Clin. Chim. Aao 63:41-47.
135. HELFMAN PM eruo BADAJL (1975) Aspanic acid

racemization in tooth enamel from living hu-

mans. Proc. Notl. Acod. Sci. U. S. A. 72: 2891-
2894.

136. HELFMAN PM AND BADAJL (1976) Aspartic acid

racemisation in dentine as a measure of ageing.

Noture 262:.279-281.
137. HELMTNEN HJ, KTRALY K, PELTTART A, TAMMI Ml,

VANDENBERG P, PERETRA R, Er AL. (1993) An in-
bred line of transgenic mice expressing an in-
ternally deleted gene for type ll procollagen
(COL2Al). Young mice have a variable pheno-
type of a chondrodysplasia and older mice have

osteoafthritic changes in loints. J. Clin. lnvest.92'.

582-595.

APPENDIX A

I 38. HrRscH MS, LUNSFoRD LE, TR|NKAUS-RANDALL V
AND SvoBoDA KK (1997) Chondrocyte survival
and differentiation in situ are integrin mediated.
Dev. Dyn. 210:249-763.

139. HoFMANN MA, DRURY S, Fu C, Qu W, Tecucut
A, Lu Y, rr al. (1999) RAGE mediates a novel
proinflammatory axis: a central cell surface re-
ceptor for Sl00/calgranulin polypeptides. Cell

97: 889-90 I .

I40. HoLDERBAUM D, HAQQI TM AND MOSTOW Z

RW (1999) Genetics and osteoarthritis: expos-
ing the iceberg. Arthritis Rheum. 42:397-405.

I4I. HoLLANDER AP, HEATHFIELD TF, WEBBER C,

lwArA Y, BoURNE R, RoMBECK C, Er AL. (1994)
lncreased damage to type ll collagen in osteoar-
thritic articular cartilage detected by a new im-
munoassay../. Clin. lnvest. 93: 1722-1732.

142. HoLMES MW, Bavuss MT AND MulR H (1988)
Hyaluronic acid in human articular cartilage.

Age-related changes in content and size. Bio-

chem. 1. 25Q: 435-441 .

143. HoLMVALL K, CAMPER L, JoHANssoN S, KIMURA

JH AND LUNDGREN AKERLUND E (1995) Chon-
drocyte and chondrosarcoma cell integrins with
aflinity for collagen type ll and their response to
mechanical stress. Exp. Cell Res. 22 l: 496-503.

144. HoMANDBERG GA (1999) Potential regulation of
cartilage metabolism in osteoafthritis by fibro-
nectin fraSments. Front. Eioscr'. 4: D7l3-D730.

145. HoMANDBERG GA, MEYERS R AND XtE DL ( I 992)
Fibronectin fragments cause chondrolysis of bo-
vine articular cartilaSe slices in culture. J. EioL

Chem. 267: 3597 -3604.
146. HoRN CA, Bneorrv JD, BRANDT KD, KREIPKE

DL, SLoWMAN SD AND KnLestrsrt LA (1992)
lmpairment of osteophyte formation in hyper-
glycemic patients with type ll diabetes mellitus
and knee osteoarthritis. Arthritis Rheum. 35: 336-

342.
147. HoRVATH SM AND HoLLANoERJL (1949) lntra-

articular temperature as a measure of loint re-
action. J. Clin. lnvest. 28: 469-473.

148. HUA Q, KNUDSoN CB euo KNUDSoN W (1993)
lnternalization of hyaluronan by chondrocytes
occurs via receptor-mediated endocytosis. J.

Cell Sci. I 06: 365-375.
149. HucH K, KUETTNER KE nruo DIEPPE P (1997)

Osteoarthritis in ankle and knee loints. Semin.

Arthritis Rheum. 26: 667 -674.
150. lcHrMURA S, Wu JJ AND EYRE DR (2000) Two-

dimensional peptide mapping of cross-linked
type lX collagen in human cartilaSe. Arch. Bio-

chem. Biophys. 378: 33-39.
I5I. IHME A, KnIEC T, NERLICH A, FELDMANN U,

Murengenc J, GuNvtLle RW, Er AL. (1984)
Ehlers-Danlos syndrome type Vl: collagen type
specificity of defective lysyl hydroxylation in

various tissues../. lnvest. DermotoL S3: l6l-165.
152. lNERor S AND HETNEGARD D (1982) Anicular

cartilage proteoglycans in aging and osteoarthri-



REFERENcES

tis. ln: Horowitz MF, editor. The glycoconjugotes.

Academic Press, lnc., pp. 335-355.
I53. ISHIDA O, TANAKA Y, MoRIMoTo I, TAKIGAWA

M AND ETo S (1997) Chondrocytes are regu-
lated by cellular adhesion through CD44 and
hyaluronic acid pathway.J. Bone Miner. Res. l2:
1657-t663.

154. lsHrcuRo N, lroT, lro H, lwArA H,JucEssuR H,
loNEscu M, Er AL. ( 1999) Relationship of matrix
metalloproteinases and their inhibitors to cafti-
lage proteoglycan and collagen turnover -
Analyses of synovial fluid from patients with os-
teoarthritis. Arthritis Rheum. 42: 129-136.

155. KALFA TA, GERRTTSEN ME, CARLSoN EC,

BrNsrocK AJ AND TsrLrBARv EC (1995) Altered
proliferation of retinal microvascular cells on
glycated matrix. lnyesl Ophtholmol. Vis. Sci. 36:
2358-2367.

156. KELLGREN JH AND LAWRENCE JS (1957) Radio-
logical assessment of osteo-arthrosis. Ann.

Rheum. Dis. 16: 494-502.
157. KEMPSoN GE (1982) Relationship between the

tensile properties of afticular cartilage from the
human knee and age. Ann. Rheum. Dis. 4l: 508-
5tt.

158. KEMPSoN GE (1991) Age-related changes in the
tensile properties of human afticular cartilage: a
comparative study between the femoral head of
the hip joint and the talus of the ankle joint. Bio-

chim. Biophys. Aao I 07 5: 223 -730.
159. KEMpsoN GE, FREEMAN MA AND SwANsoN SA

(1968) Tensile properties of afticular caftilage.
Noture22Q: ll27-1128.

160. KEMpsoN GE, MurR H, SwANsoN SA AND
FREEMAN MA ( 1970) Correlations between stiff-
ness and the chemical constituents of canilage
on the human femoral head. Biochim. Biophys.

Aao 215: 70-77.
16l. KEMpsoN GE, Sprvev CJ, SwANsoN SA AND

FREEMAN MA (1971) Pafterns of cartilage stiff-
ness on normal and degenerate human femoral
heads../. Biomech. 4: 597 -609.

162. KEMpsoN GE, TUKE MA, DTNGLEJT, BARRETT AJ

AND HoRSFIELD PH (1976) The effects of pro-
teolytic enzymes on the mechanical properties
of adult human afticular caftilage. Biochim. Bio-
phys. Aao 428:741-760.

163. KERN HL AND ZoLor SL (1987) Transport of
vitamin C in the lens. Curr. Eye Res. 6: 885-896.

164. KHATDAR A, MARX M, LUBEC B AND LUBEC G
(1994) L-arginine reduces hean collagen accu-
mulation in the diabetic db/db mouse. Grculotion
90:479-483.

165. KHALTFAH RG, BAYNES JW nro HuDsoN BG
(1999) Amadorins: novel post-Amadori inhibi-
tors of advanced glycation reactions. Biochem.

Eiophys. Res. Commun. 257 : 25 I -258.
166. KHALTFAH RG, ToDD P, BoorH AA, YANG SX,

Morr JD AND HuDsoN BG (1996) Kinetics of
nonenzymatic glycation of ribonuclease A lead-

ilt

ing to advanced glycation end products. Para-
doxical inhibition by ribose leads to facile isola-
tion of protein intermediate for rapid post-
Amadori studies. Biochemistry 35: 4645-4654.

167. KHAISA PS AND ETSENBERG SR (1997) Compres-
sive behavior of articular cartilage is not com-
pletely explained by proteoglycan osmotic pres-
sure../. Eiomech. 30: 589-594.

168. KrM YJ, SAH RL, DooNGJY AND GRoDzrNsKy AJ

(1988) Fluorometric assay of DNA in cartilage
explants usinS Hoechst 33258. Anol. Biochem.

174: 168-176.
169. K|MURA T, TAKAMATSU J, MryArA T, MTYAKAWA

T AND HoRrucHr S (1998) Localization of iden-
tified advanced glycation end-product struc-
tures, N-8-(carboxymethyl)lysine and pento-
sidine, in age- related inclusions in human
brains. Pothol. lnt. 48: 57 5-579.

170. KTSLTNGER T, Fu C, HUBER B, Qu W, TAGUCHT A,
Du YS, Er AL. ( 1999) N(epsilon)-
(carboxymethyl)lysine adducts of proteins are
ligands for receptor for advanced glycation end
products that activate cell signaling pathways

and modulate gene expression. J. Biol. Chem.

774: 31740-31749.
l7l. KNTRTKKo Kl ANo MvLLvLA R (1979) Collagen

glycosyltransferases. lnt Rey. Connect Iissue Res.

8:23-72.
172. KrvrRrKKo Kl AND MvLLvLA R (1980) The hy-

droxylation of prolyl and lysyl residues. ln:
Freedman RB, Hawkins HC, editors. The enzy-

mology of post-tronslotionol modiftcotion of proteins.

Academic Press (New York), pp. 53- I 04.
173. KNUDSoN CB (1993) Hyaluronan receptor-

directed assembly of chondrocyte pericellular
matrix.J. Cell Biol. 120:825-834.

174. KoHN RR, CEMM| A AND MoNNTER VM (1984)
Collagen aging in vitro by nonenzymatic glyco-
sylation and browning. Diobetes 33: 57-59.

175. Kowrrz J, KNrppEL M, SCHUHR T AND MACH J

( I 997) Alteration in the extent of collagen I hy-
droxylation, isolated from femoral heads of
women with a femoral neck fracture caused by
osteoporosis. Colcif. Tissue Inr 60: 50 I -505.

I76. KUETTNER KE (1992) Biochemistry of articular
cartilage in health and disease. Ain. Nochem.25:
I 55- I 63.

177. KurvANrEMr H, TRoMp G ANo PRocKop DJ

(1997) Mutations in fibrillar collagens (types l, ll,
lll, and Xl), fibril-associated collagen (type lX),
and network-forming collagen (type X) cause a

spectrum of diseases of bone, caftilage, and
blood vessels. Hum. Mutot 9: 300-3 15.

I78. LAFEBER FP, VAN RoY H, WILBRINK B, HUBER.

BRUNTNG O AND BrjLsMAjW (1992) Human os-
teoarthritic cartilage is synthetically more active
but in culture less vital than normal cartilage../.
Rheumotol. 19: 123- 129.

179. LAFEBER FPJG, vAN Roy HL, vAN DER KRAAN PM,

vAN DEN BERG WB AND BULSMA JWJ ( 1997)



il2

Transforming growth factor-beta predominantly
stimulates phenotypically changed chondrocytes
in osteoarthritic human cartilage. l. Rheumotol.

24:536-542.
I80. LAFEBER FPJG, VANDER KRAAN PM, VAN ROYJL,

HUBER BRUNTNG O AND BULSMAJWJ (1993) Ar-
ticular cartilage explant culture; an appropriate
in vitro system to compare osteoarthritic and

normal human caftilage. Connea. Iissue Res. 29:

287-299.
l8l. LANyoN P, MurR K, DoHERry S AND DoHERry

M (2000) Assessment of a genetic contribution
to osteoarthritis of the hip: sibling study. 8M./

321: I 179-l 183.

I82. LARK MW, BAYNE EK, FLANAGAN J, HARPER CF,

Hoennruen LA, HurcHrNSoN Nl, Er AL. (1997)
Aggrecan degradation in human cartilage. Evi-

dence for both matrix metalloproteinase and

aggrecanase activity in normal, osteoarthritic,
and rheumatoid loints. J. Clin. lnvest. 100: 93-
I 06.

I83. LAUDER RM, HUCKERBY TN, NIEDUSZYNSKI IA
AND PLAAS AH (1998) Age-related changes in

the structure of the keratan sulphate chains at-
tached to fibromodulin isolated from articular
caftila8e. Biochem. l. 330: 753-757.

184. LEE KW, MossrNE V eruo OnrwenrH BJ (1998)
The relative ability of glucose and ascorbate to
glycate and crosslink lens proteins in vitro. Exp.

Eye Res. 67:95-104.
185. LEE KW, SrMpsoN C AND oRrwERrH B ( 1999) A

systematic approach to evaluate the modifica-
tion of lens proteins by glycation-induced
crosslinking. Biochim. Biophys. Aao 1453: l4l-
l5l.

186. LEHMANN HW, BoDo M, FnoriN C, NERL|CH A,
RrMEK D, NorBoHM H, er rl. (1992) Lysyl hy-

droxylation in collagens from hyperplastic callus

and embryonic bones. Biochem../. 282: 3 I 3-3 18.

I87. Ll SW, STERoN AL, Frnmn A, HoJTMA Y,

ARNoLD WV AND Pnocrop DJ (1996) The C-
proteinase that processes procollagens to fib-
rillar collagens is identical to the protein previ-
ously identilied as bone morphogenic protein-1.
Proc. Natl. Acod. Sci. U. S. A. 93: 5 I 27-5 I 30.

188. U YM, MrrsuHrsxr T, wojcrEcHowrcz D,

SHrMrzu N, Lr j, Srrrr A, Er AL. ( 1996) Molecular
identity and cellular distribution of advanced
glycation endproduct receptors: relationship of
p60 to OST-48 and p90 to 80K-H membrane
proteins. Proc. Notl. Acod. Sci. U. S. A. 93: I 1047-

I I 052.
189. LrBBy WF, BERGER R, MEAD JF, ALEXANDER GV

AND RossJF (1964) Replacement rates for hu-
man tissue from atmospheric radiocarbon. Sci-

ence 146: l170-1172.
190. LrrrLE CB, Fr-rNNrnv CR, HUGHES CE, MoRr JS,

RoucHLEy PJ, DENr C, Er AL. (1999) Aggre-
canase versus matrix metalloproteinases in the
catabolism of the interglobular domain of aggre-

APPENDIX A

can in vitro. Biochem. l. 344: 6l -68.
l9l. LoESER RF (2000) Chondrocyte inteSrin expres-

sion and function. Biorheology 37: 109-1 16.

192. LoEsER RF, SHANKER G, CnnuoN CS, GARDTN

JF, SHELToN BJ AND SoNNrAc WE (2000) Re-

duction in the chondrocyte response to insulin-
like growth factor I in aging and osteoarthritis:
studies in a non-human primate model of natu-
rally occurring disease. Arthritis Rheum. 43:
2t t0-2t20.

193. LopEz M AND FEATHER MS (1992) The produc-
tion of threose as a degradation product from
L-ascorbic acid. l. Corbohydr. Chem. I l: 799-806.

194. LoRENzo P, BrvLtss MT rtto HETNEGARD D
(1998) A novel cartilage protein (CILP) present
in the mid-zone of human articular cartilage in-

creases with age. J. Biol. Chem. 273: 23463-
23468.

195. LoucHLrN J, IRVEN C, ArHeruesou N, CARR A
AND SYKES B (1995) Differential allelic expres-
sion of the type ll collagen gene (COL2A|) in

osteoafthritic cartilage. Am. l. Hum. Gener 56:

I t86-r r93.
196. LyoNs TJ, BATLTE KE, DYER DG, DUNN JA AND

BAYNES JW (1991) Decrease in skin collagen

glycation with improved glycemic control in pa-

tients with insulin-dependent diabetes mellitus.

l. Clin. lnvest.87: l9l0-1915.
197. LyoNs TJ AND KENNEDY L (1985) Non-

enzymatic glycosylation of skin collagen in pa-

tients with type I (insulin-dependent) diabetes

mellitus and limited ioint mobility. Diobetologio

28: 2-5.
198. MACFARLANE DG, BUCKLAND-WR|GHr JC,

EI',IERY P, FoGELMAN I, CLARK B AND LYNCH J

( I 99 I ) Comparison of clinical, radionuclide, and

radiographic features of osteoarthritis of the
hands. Ann. Rheum. Dis. 50:623-626.

199. MAN EH, SANDHoUSE ME, BURG J eNo Ftsren

GH (1983) Accumulation of D-aspartic acid

with age in the human brain. Science 220: 1407-

I 408.

200. MANKTN HJ, DoRFMAN H, LrpprELLo L AND

ZARTNS A (1971) Biochemical and metabolic ab-

normalities in articular cartilage from osteo-
afthritic human hips. ll. Correlation of mor-
phology with biochemical and metabolic data. J.

Bone loint Surg. Am.53: 523-537.
201. MARoUDAS A (1970) Distribution and diffusion

of solutes in articular cartilaSe. Biophys. l. l0:
365-379.

202. MARoUDAS A (1976) Balance between swelling
pressure and collagen tension in normal and de-

generate cartilaSe. Noture 260: 808-809.
203. MARoUDAS A (1980) Metabolism of cartilagi-

nous tissues: a quantitative approach. ln: Ma-

roudas A, Holborow El, editors. Studies in joint

diseose l. Pitman medical (London), pp. 59-86.
204. MARoUDAS A, BAyLrss MT, UCHTTELKAUSHANSKY

N, ScHNETDERMAN R AND Gtu,v E ( 1998) Aggre-



REFERENcES

can turnover in human articular caftilage: use of
aspaftic acid racemization as a marker of mo-
lecular age. Arch. Biochem. Eiophys. 350: 6 I -7 I .

205. MARoUDAS A, BAyLtss MT AND VeNru MF (1980)
Further studies on the composition of human
femoral head cartilage. Ann. Rheum. Dis. 39: 514-
523.

206. MARoUDAS A, EvANs H euo ALyeror L (1973)
Cartilage of the hip joint. Topographical varia-
tion of Slycosaminoglycan content in normal and
fibrillated tissue. Ann. Rheum. Dis. 32: l-9.

207. MARoUDAS A, MrzRAHr J, KArz EP, WACHTEL E

AND SoUDRY M ( I 986) Physicochemical proper-
ties and functional behavior of normal and os-
teoarthritic human cartilage. ln: Kuetmer KE,

Schleyerbach R, Hascall VC, editors. Articulor
cortiloge biochemistry. Raven Press (New York),
pp.3I l-329.

208. MARoUDAS A, PALLA G AND G|LAV E (1992)
Racemization of aspartic acid in human afticular
cartilage. Connect. Iissue Res. 28: l6l-169.

209. MARoUDAS A ano Tnoyas H (1970) A simple
physicochemical micromethod for determining
fixed anionic groups in connective tissue. Bio-

chim. Biophys. Aao 215:2l,4-716.
210. MAsrERs PM, BADA JL AND ZTGLER JSJ (1977)

Aspartic acid racemisation in the human lens
during ageing and in cataract formation. Noture
268:71-73.

2ll. MAvNE R AND voN DER MARK K (1983) Colla-
gens of cartilage. ln: Hall BK, editor. Cortiloge,

structure, funaion ond biochemistry. Volume l.
Academic Press (New York), pp. l8 I -214.

212. McALTNDoN T AND FELSoN DT (1997) Nutri-
tion: risk factors for osteoafthritis. Ann. Rheum.

Dis. 56: 397-400.
213. MCALTNDoN TE, JAceuEs P, ZHANG Y, HANNAN

MT, ALTABADT P, WE|SSMAN B, Er AL. (1996) Do
antioxidant micronutrients protect against the
development and progression of knee osteoar-
thritis? Arthritis Rheum. 39: 648-656.

214. MCLELLAN AC AND THoRNALLEY PJ (1992) Syn-
thesis and chromatography of 1,2-diamino-4,5-
dimethoxybenzene, 6,7-dimethoxy-2-
methylquinoxaline and 6,7-dimethoxy-2,3-
dimethylquinoxaline for use in a liquid chroma-
tographic fluorimetric assay of methylglyoxal.
Anol. Chim. Aao 263: 137-142.

215. MEACHTM G AND CoLLrNs DH (1962) Cell
counts of normal and osteoartrotic afticular
caftilage in relation to uptake of sulphate
(rssOo) in vitro. Ann. Rheum. Dis. 2 I : 45-50.

216. MEAcocK SC, BoDr.,rER JL AND BTLLTNGHAM ME
(1990) Experimental osteoarthritis in guinea-
pigs.J. Exp. Pothol. (Oxford) 7 l:279-293.

2 I 7. MELCHTNG Ll AND RouGHLev PJ ( I 990) A matrix
protein of Mr 55,000 that accumulates in human
afticular caftilage with age. Biochim. Biophys. Aao
1036:213-220.

218. MENDLER M, E|CH-BENDER SG, VAUGHAN L,

il3

WTNTERHALTER KH AND BRUCKNER P (1989)
Canilage contains mixed fibrils of collagen types
ll, lX, and Xl. J. Cell BioL l0S: 19 I -197.

219. MENZEL EJ AND RETHSNER R (1991) Alterations
of biochemical and biomechanical properties of
rat tail tendons caused by non-enzymatic glyca-
tion and their inhibition by dibasic amino acids
arginine and lysine. Diobetologio 34: l2-16.

220. MIN C, KANG E, YU SH, SHINN SH ANo KIM YS

(1999) Advanced glycation end products induce
apoptosis and procoagulant activity in cultured
human umbilical vein endothelial cells. Diobetes
Res. C/in. Proa.46: 197-202.

221 . MTYAHARA T, SHrozAwA S AND MuRAt A ( 1978)
The effect of age on amino acid composition of
human skin collagen../. Gerontol. 3 3: 498-503.

222. MryArA S AND MoNNTER V ( 1992) lmmunohisto-
chemical detection of advanced glycosylation
end products in diabetic tissues using mono-
clonal antibody to pyrraline. J. Clin. lnvest. 89:
I t02-t I 12.

223. MryArA T, INAGr R, AsAHr K, YAMADA Y, HoRrE

K, SAKAI H, ET AL. ( I 998) Generation of protein
carbonyls by glycoxidation and lipoxidation re-
actions with autoxidation products of ascorbic
acid and polyunsaturated fatty acids. FEBS Lea
437:74-28.

224. MtzxaFl. J, MARoUDAS A, LANTR Y, Ztv I AND
WEBBER TJ ( 1986) The "instantaneous" deforma-
tion of cartilage: effects of collagen fiber orien-
tation and osmotic stress. Eiorheology 23: 3l l-
330.

225. MoNNIER VM ( 1989) Toward a Maillard reaction
theory of aging. Prog. Ain. Eiol Res. 3Q4: l-22.

226. MoNNTER VM, KoHN RR AND CERAM| A (1984)
Accelerated age-related browning of human
collagen in diabetes mellitus. Proc. Notl. Acod. Sci.

U. S.A.8l:583-587.
227. MoNNTER VM, SELL DR, NAGAR4 RH, MtyArA S,

GMNDHEE S, ODErr P, Er AL. (1992) Maillard
reaction-mediated molecular damage to extra-
cellular matrix and other tissue proteins in dia-
betes, aging, and uremia. Diobetes 4l Suppl. 2:

36-4 l.
228. MoNNIER VM, VISHWANATH V, FMNK KE,

ELMETS CA, DAUcHor P AND KoHN RR (1986)
Relation between complications of type I diabe-
tes mellitus and collagen- linked fluorescence.
N. Engl /. Med. 3 14: 403-408.

229. MoMLES Tl (1995) The role of signaling factors
in articular cartilage homeostasis and osteoar-
thritis. ln: Kuettner KE, Goldberg VM, editors.
Osteoorthritic disorders. American Academy of
Orthopaedic Surgeons (Rosemont), pp. 261-
270.

230. MoMLES Tl AND HASCALL VC (1988) Corre-
lated metabolism of proteoglycans and hyalu-
ronic acid in bovine cartilage organ cultures. J.
Biol. Chem. 263: 3632-3638.

23 l. Morr JD, KHALTFAH RG, NAGASE H, SHTELD CF,



|4

HuDsoN JK AND HuosoN BG (1997) Nonen-
zymatic glycation of type lV collagen and matrix
metalloproteinase susceptibility. Kidney lnt 52:
1302-1312.

232. Mow VC, WANrc CC euo HUNG CT (1999)
The extracellular matrix, interstitial fluid and

ions as a mechanical signal transducer in articu-
lar carti lage. Osteoorthritis Co niloge 7 : 4 I -58.

233. MutR H (1995) The chondrocyte, architect of
cartilage. Biomechanics, structure, function and

molecular biology of caftilaSe matrix macro-
molecules. Eioessoys l7: 1039-1048.

234. MUMD S, GROVE D, LINDBERG KA, REYNOLDS G,

STvAMJAH A AND PTNNELL SR (1981) Regulation

of collagen synthesis by ascorbic acid. Proc. NotL

Acod. Sci. U. S. A. 78: 2879-2882.
235. MURRAY LW, BAUrsrA J, JAMES PL AND RlMolN

DL (1989) Type ll collagen defects in the chon-
drodysplasias. l. Spondyloepiphyseal dysplasias.

Am. J. Hum. Genet 45: 5- 15.

236. NAGAMI RH ANo MoNNIER VM (1995) Protein
modification by the degradation products of
ascorbate: formation of a novel pyrrole from
the Maillard reaction of L- threose with pro-
teins. Biochim. Biophys. Aao 1253 75-84.

237. NAGAMJ RH, PMBHAKAMM M, ORTWERTH BJ

AND MoNN|ER VM ( I 994) Suppression of pento-

sidine formation in galactosemic rat lens by an

inhibitor of aldose reductase. Diobetes 43: 580-

586.
238. NAGASE H AND WoEssruen JFJ (1999) Matrix

metalloproteinases. J. Eiol Chem. 274: 21491'
21494.

239. NAK,cTA K, ONo K, MtYAzAKt J, OLSEN BR,

MURAGAKT Y, ADAcHt E, ET AL. (1993) Osteoar-
thritis associated with mild chondrodysplasia in

transgenic mice expressing alpha l(lX) collagen

chains with a central deletion. Proc. Notl. Acod.

Sci. U. S. A.90:2870-2874.
240. NEAME PJ, TAPP H AND AzlzAN A (1999) Non-

collagenous, nonproteoglycan macromolecules
of cartilage. Cell. Mol. U[e Scr. 55: 1327- 1340.

241. NEEPER M, ScHMtDr AM, BRErr J, YAN SD,

Weuc F, PAN YC, Er AL. (1992) Cloning and

expression of a cell surface receptor for ad-

vanced glycosylation end products of proteins.J.
Biol. Chem. 267 : I 4998- I 5004.

242. NELsoN F, DAHLBERG L, LAVERTY S, REINER A,
PrDoux l, loNEscu M, Er AL. ( 1998) Evidence for
altered synthesis of type ll collagen in Patiens
with osteoarthritis. J. Clin. lnvest 102: 2l l5-
2125.

243. Nrwn T, Knrsuz.AKt T, MIYAZAKI S, MIYAZAKI T,

lsHrzAKt Y, HAYAsE F, ET AL. (1997) lmmunohis-
tochemical detection of imidazolone, a novel

advanced glycation end product, in kidneys and

aortas of diabetic padents. J. Ain. lnvest 99:

t272-t280.
244. NoRroN GR, CANDY G AND Wooolwlss AJ

(1996) Aminoguanidine prevents the decreased

APPENDIx A

myocardial compliance produced by strepto-
zotocin-induced diabetes mellitus in rats. Circu-

lotion93:1905-1912.
245. OHTANT S ( I 998) Rate of aspartic acid racemiza-

tion in bone. Am.l. Forensic Med. Pothol. 19:284-
287.

246. OHTAN| S, KAro S AND SUGENo H (1996)

Changes in D-aspartic acid in human deciduous

teeth with age from l-20 years. Growth Dev. Ag-

ing 60: l-6.
247. OHTANT S, MATSUSHIMA Y, KoBAYASHI Y AND

KEHI K (1998) Evaluation of aspartic acid rac-

emization ratios in the human femur for age es-

timation. J. Forensic Scr. 43: 949-953.
248. OHTANT S AND YAMAMoTo K (1991) Age esti-

mation using the racemization of amino acid in

human dentin.J. Forensic Sci. 36:.792-800.
249. OL|N Al, MoRGELIN M, SASAKI T, TIMPL R'

HETNEGARD D AND ASPBERG A (2001) The pro-
teoglycans aggrecan and versican form net-

works with fibulin-2 through their lectin domain

binding. J. Biol. Chem. 276: 1253-1261.
250. OLsEN BR (1995) Mutations in collagen genes

resulting in metaphyseal and epiphyseal dyspla-

sias. Bone I 7: 45S-49S.

251. ONoRAro JM, JENK|NS AJ, THoRPE SR AND

BAYNEsJW (2000) Pyridoxamine, an inhibitor of
advanced glycation reactions, also inhibits ad-

vanced lipoxidation reactions: mechanism of ac-

tion of pyridoxamine. J. Biol. Chem. 275:

2t t77-21184.
252. ORTWERTH BJ, SPEAKER JA, PMBHAKAMM M'

LoPEz MG, Lt EY AND FEATHER MS (1994)

Ascorbic acid glycation: the reactions of L-

threose in lens tissue. Exp. Eye Res. 58: 665-674.

253. OWEN WF, Hou FF, SruARr RO, KAY J, BoYcE

J, CHenrow GM, Er AL. (1998) beta 2-

microglobulin modified with advanced glycation

end products modulates collagen synthesis by

human fibroblasts. Kidney lnt. 53: I 365- I 373.

254. OXLUND H, BARCKMAN M, ORTOFT G AND

ANDREASsEN TT (1995) Reduced concentrations
of collagen cross-links are associated with re-

duced strength ofbone. Bone 17:3655-371S.

255. OYA T, HA]-TORI N, MIZUNO Y, MIYATA S,

MAEDA S, OsAwA T, Er AL. ( I 999) Methylglyoxal
modification of protein. Chemical and immuno-

chemical characterization of methylglyoxal-
arginine adducts. J. BioL Chem. 274: 1849).-

I 8502.

256. PAUL RG, Avenv NC, Surren DA, SlMs TJ AND

BATLEY AJ (1998) lsolation and characterization
of advanced glycation end products derived

from the in vitro reaction of ribose and colla-
gen. Biochem. l. 330: I 24 I -l 248.

257. PAUL RG AND BATLEY AJ (1999) The effect of
advanced glycation end-product formation upon

cell-matrix interactions. lnt. l. Biochem. Cell Biol.

3 l: 653-660.
258. PELLETER JP, MARTEL-PELLETIER J, HowELL DS,



REFERENcES

GHANDUR.MNAYMNEH L, ENIS JE AND WoEssNER

JFJ (1983) Collagenase and collagenolytic activity
in human osteoafthritic caftilage. Arthritr's

Rheum.26:63-68.
259. PEyRoN JG AND ALTMAN RD ( I 992) The epide-

miology of osteoarthritis. ln: Moskowitz RW,
Howell DS, Goldberg VM, Mankin HJ, editors.
Osteoorthritis. Diognosis ond MedicollSurgicol
Monogement W.B. Saunders Company (Phila-
delphia), pp. I 5-37.

250. PFETTFER H, MoRNSTAD H ANo TEtvENs A (1995)
Estimation of chronologic age using the aspartic
acid racemization method. l. On human rib car-
tilage. lnt../. Legol. Med. I 08: I 9-23.

261. PFETFFER H, MoRNSTAD H AND TErvENs A (1995)
Estimation of chronologic age using the aspaftic
acid racemization method, ll. On human conical
bone. Int ./. Legol. Med. 108:24-26.

262. PL As AH, Wor.rc-PnLMS S, RoUGHLEY Pj,

MIDUna RJ AND HAScALL VC (1997) Chemical
and immunological assay of the nonreducing
terminal residues of chondroitin sulfate from
human aggrecan. l. Biol. Chem. 272 20603-
206 I 0.

263. PLAAS AHK, WEST LA, WoNGPALMS S AND
NELSoN FRT (1998) Glycosaminoglycan sul-
fation in human osteoarthritis - Disease- related
alterations at the non-reducing termini of chon-
droitin and dermatan sulfate. ./. Biol. Chem. 273:
t2642-12649.

264. PoKHARNA HK AND PoTTENGER LA (1997)
Nonenzymatic glycation of cartilage proteogly-
cans: an in vivo and in vitro study. Glycoconj. J.
l4:917-923.

265. PoND MJ AND NuKr G (1973) Experimentally-
induced osteoarthritis in the dog. Ann. Rheum.

Dis. 32: 387-388.
266. PooLE AR (1995) lmbalances of anabolism and

caebolism of cartilage matrix components in
osteoarthritis. ln: Kuettner KE, Goldberg VM,
editors. Osteoorthritic disorderc. American Acad-
emy of Orchopaedic Surgeons (Rosemont), pp.
247-260.

267. PooLE AR, RoSENBERG LC, RETNER A, lor.rsscu
M, BoGocH E AND RoucHLev PJ (1996) Con-
tents and distributions of the proteoglycans
decorin and biglycan in normal and osteoar-
thritic human articular cartilage. J. Orthop. Res.

I 4: 68 I -689.

268. PooLE CA (1997) Articular cartilage chondrons:
form, function and failure.J. Anot. l9l: l-13.

269. PMBHAKAMM M, CHENG Q, Ferrren MS AND
ORTwERTH BJ (1997) Structural elucidation of a

novel lysine-lysine crosslink generated in a gly-
cation reaction with L-threose. Amino Acids 12:
22s-236.

270. PRATrA MA, ToRToRELLA MD AND ARNER EC
(2000) Age-related changes in aggrecan glyco-
sylation affect cleavage by aggrecanase. ./. 8iol.

Chem. 275: 39096-39 I 02.

ils

271. PRocKop DJ, ALA-KoKKo L, MCLATN DA AND
WTLLTAMS C (1997) Can mutated tenes cause
common osteoafthrltisl Br. J. Rheumotol. 36:
827-829.

272. PRocKop DJ, KrvrRrKKo Kl, TUDERMAN L AND
GUZMAN NA (1979) The biosynthesis of colla-
gen and its disorders (first of two parts). N.

Engl. l. Med. 30 l : l 3-23.
273. PRocKop DJ, STERoN AL AND Lr SW ( I 998) Pro-

collagen N-proteinase and procollagen C-
proteinase. Two unusual metalloproteinases
that are essential for procollagen processing
probably have important roles in development
and cell signaling. Motrix Biol. I 6: 399-408.

274. PuLLtc O, WESELoH G AND SwoBoDA B (1999)
Expression oftype Vl collagen in normal and os-
teoaft hritic human cartilage. Osteoorthritis Corti-
loge 7: 19l-202.

275. PUN YL, MosKowlrz RW, LrE S, SuNDsrRoM
WR, BLocK SR, McEwEN C, ErAL. (1994) Clini-
cal correlations of osteoarthritis associated with
a single-base mutation (arginine5 I 9 to cysteine)
in type ll procollagen gene. A newly defined
pathogenesls. Arthritis Rheum. 37 : 264-269.

276. REGTNATo AJ, PAssANo GM, NEUMANN G,
FALASCA GF, D|AZ-VALDEZ M, JTMENEZ SA, Er AL.

(1994) Familial spondyloepiphyseal dysplasia
tarda, brachydactyly, and precocious osteoar-
thritis associated with an arginine 7S->cysteine
mutation in the procollagen type ll gene in a

kindred of Chiloe lslanders. L Clinical, radio-
graphic, and pathologic findings. Arthritr's Rheum.

37: 1078-1086.
277. RETHSNER R AND MENZEI EJ (1998) Two-

dimensional stress-relaxation behavior of hu-
man skin as influenced by non-enzymatic glyca-
tion and the inhibitory agent aminoguanidine../.
Biomech.3 l: 985-993.

278. REISER KM (1998) Nonenzymatic glycation of
collagen in aging and diabetes. Proc. Soc. Exp.

Biol. Med. 218: )3-37.
279. RINTALA M, METSARANTA M, SAAMANEN AM,

VuoRro E AND RoNNTNG O (1997) Abnormal
craniofacial growth and early mandibular osteo-
arthritis in mice harbouring a mutant type ll
collagen transgene../. Anot I 90: 20 I -208.

280. Rrrz S AND ScHU'r-z HW (1993) Aspartic acid
racemization in intervertebral discs as an aid to
postmoftem estimation of age at death. J. Foren-

sic Scr. 38: 633-640.
281. Roeenrs S, WETGHTMAN B, URBAN J AND

Csaepeu D (1986) Mechanical and biochemical
properties of human articular cartilage in osteo-
afthritic femoral heads and in autopsy speci-
mens.J. EoneJoint Surg. 8r. 68:278-288.

282. RoSENBERG K, OLssoN H, MoRGELTN M AND
HETNEGARD D (1998) Cartilage oligomeric ma-
trix protein shows high affinity zinc-dependent
interaction with triple helical collagen. J. Eiol
Ch em. 27 3 : 20397 -20403.



il6

283. RorH V AND Mow VC ( 1980) The intrinsic ten-
sile behavior of the matrix of bovine articular
cartilage and its variation with age. J. Bone loint
Surg. Am. 62: I 102-l I 17.

284. RoUGHLEY PJ, Wutre RJ, MAGNY MC, Llu J,

PEARCE RH AND MoRr JS (1993) Non-
proteoglycan forms of biglycan increase with
age in human afticular cartilage. Biochem. 1.295:
47t-426.

285. Ryu J, TREADWELL BV AND MANKN HJ (1984)

Biochemical and metabolic abnormalities in
normal and osteoarthritic human articular car-

tilage. Arthntis Rheum. 27 : 49 -57.

286. SANo H, HrcAsHt T, MATsuMoro K, MELKKo J,

JrNNoucHr Y, IKEDA K, Er rl. (1998) lnsulin en-

hances macrophage scavenger recePtor-
mediated endocytic uphke of advanced glyca-

tion en d produ cts. J. Biol. Chem. 27 3 : 863Q'8637 .

287. ScHMrDr AM, HoRt O, CAo R, YAN SD, BREfiJ,
WAUTIER lL, Er AL. ( | 995) RAGE: a novel cellu-
lar receptor for advanced glycation end prod-
ucts. Diobetes 45 Suppl. 3: 577-80.

288. ScHMrDr AM, HoRt O, Cuer JX, U JF,

CMNDALLJ, Zurttc J, Er AL. (1995) Advanced
glycation endproducts interacting with their en-

dothelial receptor induce expression of vascular

cell adhesion molecule-l (VCAM-l) in cultured
human endothelial cells and in mice. A Potential
mechanism for the accelerated vasculopathy of
diabetes. J. Ain. lnvesL 96: I 395- I 403.

289. SCHMIDT MB, Mow VC, CHUN LE AND EYRE DR

( I 990) Effects of proteoglycan extraction on the
tensile behavior of articular cartilage. l. Orthop.

Res. 8: 353-363.
290. SCHNTDER SL AND KoHN RR (1981) Effects o{

age and diabetes mellitus on the solubility and

nonenzymatic glucosylation of human skin colla-
gen. J. Ain. lnvest 67: I 630- I 635.

291. SCHNIDER SL AND KoHN RR (1982) Effects of
age and diabetes mellitus on the solubility of
collagen from human skin, tracheal caftilaSe and

dura mater. Exp. Gerontol. l7: 185-194.

292. SELL DR, KLETNMAN NR aruo MoNNIER VM
(2000) Longitudinal determination of skin colla-
gen glycation and glycoxidation rates predicts

early death in C5TBU6NNIA mice. FASEB/. l4:
I 45- I 56.

293. Srr-r- DR, LANE MA, JoHNSoN wA, MAsoRo EJ,

MocK OB, REtsER KM, Er AL. (1996) Longevity
and the genetic determination of collagen gly-

coxidation kinetics in mammalian senescence.

Proc. NotL Acod. Sci. U. S. A. 93: 485-490.
294. SELL DR AND MoNN|ER VM (1989) lsolation,

purilication and partial characterization of novel
fluorophores from aging human insoluble colla-
gen-rich tissue. Connect Tissue Res. 19:77-97.

295. SELL DR AND MoNNten VM (1989) Structure
elucidation of a senescence cross-link from hu-
man extracellular matrix. lmplication of pento-
ses in the aging process. l. Biol. Chem. 264:

APPENDtx A

21597-2t602.
296. SENsr M, DE Rosst MG, CELI FS, CRlsrlNA A,

RosAr C, PERRETT D, rr rl. (1993) DJysine re-

duces the non-enzymatic glycation of proteins

in experimental diabetes mellitus in rats. Diobe-

tologio 36:797-801.
297. SENSI M, PRICCI F, DE ROSSI MG, MORANO S AND

Dt MARLo U (1989) D-lysine effectively de-

creases the non-enzymic glycation of proteins in
vitro. Clin. Chem. 35: 384-387.

298. SETToN LA, ELLtot-r DM AND Mow VC (1999)

Altered mechanics of cartilage with osteoarthri-
tis: human osteoarthritis and an experimental
model of joint degeneration. Osteoonhritis Cortr-

Ioge 7:2-14.
299. SHAMST FA, PARTAL A, SADY C, GLoMB MA AND

NAGAR4 RH ( 1998) lmmunological evidence for
methylglyoxal-derived modifications in vivo -

Determination of antigenic epitopes. J. BioL

Chem.273: 6928-6936.
3OO. Sur-opOV BV, LIE WR, MAINARDI CL, COLE AA,

CHUBTNSKAYA S AND HAsrY KA ( | 997) Osteoar-
thritic lesions: involvement of three different
col lagenases. Arthritis Rheum. 40 2065 -207 4.

301 . SHoDA H, MtyArA S, Ltu BF, YAMADA H, OHAM
T, SuzuKt K, Er AL. (1997) lnhibitory effects of
tenilsetam on the Maillard reaction' Endocrinol'

ogy 138: 1886-1892.

302. SrLgensenc M, FRANK EL, JARRETT SR AND

StLseneenc R (1959) Aging and osteoarthritis of
the human sternoclavicular ioint. Am. l. Pothol.

35: 85 I -863.
303. SILBTGER S, CRoWLEY S, SHAN Z, BRoWNLEE M,

SATRTANo J AND SCHLoNDoRFF D (1993)

Nonenzymatic glycation of mesangial matrix and

prolonged exposure of mesangial matrix to ele-

vated glucose reduces collagen synthesis and

proteoglycan charge. Kidney lnt 43: 853-864'

304. SrMs TJ, RAsMUssEN LM, OXLUND H AND BAILEY

AJ (1996) The role of glycation cross-links in

diabetic vascular stiffening. Diobetologio 39: 946-

95 l.
305. SMEDSRoD B, MELKKoJ, Anert N, SANo H AND

HoRtucHt S (1997) Advanced glycation end

products are eliminated by scavenger-receptor-
mediated endocytosis in hepatlc sinusoidal

Kupffer and endothelial cells. Biochem. J. 322:

567-s73.
306. SMrrH-MuNGo Ll AND KAGAN HM (1998) Lysyl

oxidase: properties, regulation and multiple
functions in biology. Motrix Biol. l6: 387-398.

307. SMITH GG, WILUMS KM INO WONNACOTT

DM ( I 978) Factors affecting the rate of racemi-
zation of amino acids and their significance to
geochronology. J. Org. Chem. 43: l'5.

308. SowERs M AND LACHANCE L (1999) Vitamins
and arthritis. The roles of vitamins A, C, D, and

E. Rheum. Dis. Cfin. Nonh Am. 25: 3 I 5-332.

309. Specron TD, HARr DJ, BYRNE J, Hennts PA,

DACRE JE AND DoYLE DV (1993) Definition of



REFERENcES

osteoafthritis of the knee for epidemiological
studies. Ann. Rheum. Dis. 52:790-794.

310. Spurucen J (1998) The type Xl collagenopa-
thles. Pediotr. Rodiol. 28: 7 45 -7 50.

3ll. SPMNGER j, WrNrERpAcHr A AND ZABEL B
(1994) The type ll collagenopathies: a spectrum
of chondrodysplasias. Eur../. Pediotr. I 53: 56-65.

312. SrANEscu V (1990) The small proteoglycans of
caftilage matrix. Semin. Arthritis Rheum. 20: 5l-
64.

3 I 3. STEGEMANN H AND STALDER K ( I 967) Determi-
nation of hydroxyproline. Ain. Chim. Aao 18:

267-273.
314. STETNMEYER J, KNUE S, Mrss RX AND PELZER I

(1999) Effects of intermittently applied cyclic
loading on proteoglycan metabolism and swel-
ling behaviour of articular cartilage explants. Os-

teoonhritis Cortiloge 7 : I 55- I 64.
315. SrocKwELL RA (1967) The cell density of hu-

man articular and costal cartilage. I. Anot. l0l:
753-763.

316. SrocKwELL RA (1978) Chondrocytes. ./. Clin.

Pothol.3l Suppl. (R. Coll. Pathol.) 12:7-13.
3 I 7. SruARr CA, FURLANETTo RW AND LEBovtrz HE

(1979) The insulin receptor of embryonic
chicken cartilage. Endocrinology I 05: I 293- I 302.

318. STUDER R, JAFFURS D, STEFANovtc-RActc M,
RoBBrNs PD AND EvANs CH ( I 999) Nitric oxide
in osteoarthritis. Osteoorthritis Cartiloge 7: 377-
379.

319. TAKAHASHI M, KUSHIDA K, OHISHI T, KAWANA
K, HosHrNo H, UCHTYAMA A, Er AL. (1994)

Quantitative analysis of crosslinks pyridinoline
and pentosidine in articular caftilage of patients
with bone and joint disorders. Arthritis Rheum.

37:724-728.
320. TAKAHASHT T, CHo Hl, KUBL|N CL AND

CINTRoN C (1993) Keratan sulfate and derma-
tan sulfate proteoglycans associate with type Vl
collaSen in fetal rabbit cornea..f. Histochem. Cy-

tochem.4l: 1447-1457.
321. TAyLoR A, JAceuEs PF, NADLER D, MoRRow F,

SuLsKy Sl AND SHEPARD D ( I 99 I ) Relationship in

humans between ascorbic acid consumption and
levels of total and reduced ascorbic acid in lens,
aqueous humor, and plasma. 6ur. Eye Res. l0:
751-759.

322. TESHTMA R, TREADWELL BV, TMHAN CA AND
MANKTN HJ (1983) Comparative rates of pro-
teoglycan synthesis and size of proteoglycans in

normal and osteoarthritic chondrocytes. Arthri
tis Rheum. 26:- 1225-1230.

323. TEssrER F, OBRENovtcH M AND MoNN|ER VM
(1999) Structure and mechanism of formation
of human lens fluorophore LM-1. Relationship
to vesperlysine A and the advanced Maillard re-
action in aging, diabetes, and cataractogenesis. J.
Bi ol. Chem. 27 4 : 207 9 6-20804.

324. THoMpsoN RCJ AND OEGEMA TRJ (1979) Meta-
bolic activity of articular cartilage in osteoarthri-

n7

tis. An in vitro study. J. Bone Joint Surg. Am. 6l:
407-4t6.

325. TsonNnuEy PJ (1998) Cell activation by gly-
cated proteins. AGE receptors, receptor recog-
nition factors and functional classification of
AGEs. Cell Mol. Biol.44: I 0l 3- 1023.

326. THonruau-Ey PJ AND M|NHAS HS (1999) Rapid
hydrolysis and slow alpha,beta-dicarbonyl cleav-
age of an agent proposed to cleave glucose-
derived protein cross-links. Biochem. Phormocol.

57: 303-307.
327. ToMANA M, PRCHAL JT, GARNER LC, SKALKA

HW AND BARKER SA (1984) Gas chroma-
tographic analysis of lens monosaccharides. ./.
Lob. Clin.fied I03: 137-142.

328. ToMASEKJJ, MEYERS SW, BASTNGERJB, GREEN DT
AND SHEw RL (1994) Diabetic and age-related
enhancement of collagen-linked fluorescence in

coftical bones of rats. Ufe Sci. 55: 855-86 I .

329. ToRToRELLA MD, BURN TC, PMrrA MA,
ABBASZADE l, HoLLrs JM, Lru R, Er AL. ( 1999) Pu-
rification and cloning of aggrecanase-l: a mem-
ber of the ADAMTS family of proteins. Science

284: 1664-1666.
330. ToRToRELLA MD, PRAr-rA M, Lru RQ, AusrN J,

Ross OH, ABBASZADE l, Er AL. (2000) Sites of
aggrecan cleavage by recombinant human aggre-
canase- I (ADAMTS-4). l. Biol. Chem. 275:
I 8s66- I 8573.

331. UCHTYAMA A, OHrsHr T, TAKAHASH| M, KusHtDA
K, lNouE T, FUJrE M, Er AL. ( I 99 I ) Fluorophores
from aging human articular cartilage. l. Biochem.

(Tokyo) ll0:714-718.
332. vAN BoEKEL MA ( l99l ) The role of glycation in

aging and diabetes mellitus. Mol. Biol. Rep. 15:

57-64.
333. vAN SAASE JL, vAN RoMUNDE LK, CArs A,

VANDENBROUCKE JP AND VALKENBURG HA
(1989) Epidemiology of osteoarthritis: Zoeter-
meer survey. Comparison of radiological osteo-
arthritis in a Dutch population with that in l0
other populations. Ann. Rheum. Dis. 48: 27 I -280.

334. vAN VALBURG AA, WENTNG MJ, BEEKMAN B,

TEKoPPELE JM, LATEBER FPJG AND BUL5MA JWJ
( I 997) Degenerated human articular cartilage at
autopsy represents preclinical osteoarthritic
cartilage: comparison with clinically defined os-
teoafthritic caftilage../. Rheumotol. 24: 358-364.

335. Vnsau S, ZHANG X, KAPURNToTU A,
BERNHAGEN J, TEICHBERG S, BASGEN J, ET AL.

(1996) An agent cleaving glucose-derived pro-
tein crosslinks in vitro and in vivo. Noture 382:
275-278.

336. VAUGHAN-THoMAS A, MAsoN DJ, BtsHop SM

AND DUANCE VC (2000) COLllAl and
COL9AI in human cartilage. Osteoorthritis Corti-
Ioge 8: 560. (Abstract)

337. VENN M ANo MARoUDAS A (1977) Chemical
composition and swelling of normal and osteo-
arthrotic femoral head cartilage. l. Chemical



il8

composition. Ann. Rheum. Dis. 36: I 2l - I 29.

338. VENN MF ( 1978) Variation of chemical composi-
tion with age in human femoral head caftilage.
Ann. Rheum. Dis.37: 168-174.

339. VERBRUGGEN G, CoRNELISSEN M, ALMQvtsr KF,

WANG L, ELEWAUT D, BRoDDELEZ C, er nu
(2000) lnfluence of aging on the synthesis and

morphology of the aggrecans synthesized by

differentiated human articular chondrocytes. Os-

teoorthrtis Cortiloge 8: 170- 179.

340. VERZUL N, DEGRoorJ, OLoEHTNKEL E, BANK RA,

THoRpE sR, BAYNES Jw, er el. (2000) Age-
related accumulation of Maillard reaction prod-
ucts in human afticular cartilage collagen. 8io-

chem../. 350: 38 I -387.
341. VERZUL N, DEGRoor J, THoRPE SR, BANK RA,

SHAwJN, LYoNs TJ, Er AL. (2000) Effect of col-
lagen turnover on the accumulation of advanced

glycation en dprod ucts. J. Biol. Chem. 27 5: 39027'
3903 l.

342. VrcNoN E, ARLor M AND VtGNoN G (1976)

Cellular density of the femur head cartilage in

relation to age. Rev. Rhum. MoL Osteoortic. 43:.

403-405.
343. VrLrM V AND FoSANG AJ (1994) Proteoglycans

isolated from dissociative extracts of differently
aged human articular cartilage: characterization
of naturally occurring hyaluronan-binding frag-
ments of aggrecan. Biochem.1.304: 887-894.

344. VLASSAM H, Lr YM, IMANI F, WoiclEcHowlcz
D, YANc z, uu Ff , Er AL. ( 1995) ldentification
of galectin-3 as a high-affinity binding protein for
advanced glycation end products (AGE): a new
member of the AGE-receptor complex. MoL

Med. l:634-646.
345. VLASSAM H, VALTNSKY J, BRoWNLEE M, CERAMI

C, NrsHrMoro S AND CERAMT A (1987) Ad-
vanced glycosylation endproducts on erythro-
cyte cell surface induce receptor-mediated
phagocytosis by macrophages. A model for
turnover of aging cells. J. Exp. Med. 166: 539-
549.

345. voN DER MARK K, GAUss V AND MULLER P

(1977) Relationship between cell shape and type
of collagen synthesised as chondrocytes lose

their caftilaSe phenotype in culture. Noture267:.
53 I -532.

347. voN DER MARK K, KrRscH T, Nrnltcx A, Kuss A,
WesEros G, GLUcKERT K, Er AL. ( 1992) Type X
collagen synthesis in human osteoafthritic car-
tilage. lndication of chondrocyte hypenrophy.
Arthritis Rheum. 35: 806-81 I .

348. VuoRro E ANo DE CRoMBRUGGHE B (1990) The
family of collagen genes. Annu. Rev. Eiochem. 59:

837-872.
349. Wnrrue H, NEUNNY D, RoSENTHAL J eNo Jorre

lB (1961) Association of osteoarthritis and dia-

betes mellitus. Tufts Folio Medico 7: l3-19.
350. WEIGHTMAN B (1976) Tensile fatigue of human

articular cartilaSe. J. Biomech. 9: I 93-200.

APPENDIX A

35 l. WETGHTMAN B, CHAPPELL DJ AND JENKINS EA

(1978) A second study of tensile fatigue proper-
ties of human articular cartilaSe. Ann. Rheum.

Dis. 37: 58-63.
352. WETGHTMAN B AND KEMPsoN GE (1979) Load

carriage. ln: Freeman MAR, editor. Aduh oniculor

cortiloge. Pitman Medical (Tunbridge Wells), pp.

29t-332.
353. WErss RE, GoRN AH AND N|MNI ME (1981) Ab-

normalities in the biosynthesis of cartilage and

bone proteoglycans in experimental diabetes.

Diobetes 30: 670-677.
354. Werss RE AND REDDI AH (1980) lnfluence of

experimental diabetes and insulin on matrix-
induced cartilage and bone differentiation. Arn. J.

Physiol. 238: E200-E207.

355. WELLS.KNECHT MC, HUGGINS TG, DYER DG,
THoRpE SR AND BAYNES JW (1993) Oxidized
amino acids in lens protein with age. Measure-

ment of o- tyrosine and dityrosine in the aging

human lens.J. Biol. Chem.268: 12348-12352.

356. WELLS KNECHT MC, LYoNs TJ, MCCANCE DR,

THoRPE SR AND BAYNES JW (1997) Age-
dependent increase in ortho-tyrosine and

methionine sulfoxide in human skin collagen is

not accelerated in diabetes. Evidence against a

generalized increase in oxidative stress in diabe-

tes.J. Clin. lnvest 100:839-846.
357. WELLS KNECHT MC, THoRPE SR AND BAYNESJW

(1995) Pathways of formation of glycoxidation
products during glycation of collagen. Biochemis-

try34:15134-l5l4l.
358. WTLLTAMS CJ AND JtMENEz SA (1993) Heredity,

genes and osteoafthritis. Rheum. Dis. Clin. North
Am. l9:523-543.

359. WILLTAMS CJ AND JIMENEZ SA (1995) Heritable
diseases of cartilage caused by mutations in

collagen genes..f. Rheumotol. 22 Suppl. 43: 28-3 3.

360. WTLLTAMS CJ, RocK M, CoNslDlNE E,

MCCARRoN S, Gow P, LADDA R, Er AL. (1995)

Three new point mutations in type ll procolla-
gen (COL2A|) and identification of a fourth
family with the COL2AI Arg5 l9->Cys base

substitution using conformation sensitive gel

electrophoresis. Hum. Mol. Genet. 4:309-312.
361. WoLFF SP AND DEAN RT (1987) Glucose

autoxidation and protein modification. The po-

tential role of'autoxidative glycosylation' in dia-

betes. Eiochem. J. 245l. 243-250.
362. WoLFFENBUTTEL BH, BoULANGER CM, Cnt;rus

FR, HUIBERTS MS, POITEVIN P, SWENNEN GN, ET

aL. (1998) Breakers of advanced glycation end

products restore large artery ProPerties in ex-
perimenol diabetes. Proc. Notl. Acod. Sci. U. S. A.

95:4630-4634.
363. YN.rc C, Nru C, Booo M, GABRIEL E, NorBoHM

H, WoLF E, Er AL. ( 1993) Fulvic acid supplemen-
tation and selenium deficiency disturb the struc-
tural integrity of mouse skeletal tissue. An ani-

mal model to study the molecular defects ol



REFERENcES

Kashin-Beck disease. Biochem. /. 289: 829-835.
364. YANG CL, BoDo M, NoTBoHM H, PENG A AND

MULLER PK (1991) Fulvic acid disturbs process-
ing of procollagen ll in articular caftilage of em-
bryonic chicken and may also cause Kashin-
Beck disease. Eur. l. Biochem.202: I l4l -l 146.

365. YANG CL, Rur H, MoSLER S, NorBoHM H,
SAWARvN A AND MULLER PK (1993) Collagen ll
from articular caftilaSe and annulus fibrosus.
Structural and functional implication of tissue
specific posttranslational modifications of colla-
gen molecules. Eur. l. Biochem.2l3:- 1297-1302.

366. YANG Z, MAKITA Z, HoRII Y, BRUNELLE S,

CEnaMI A, SEHAJeAL P, Er AL. ( I 99 l) Two novel
rat liver membrane proteins that bind advanced
glycosylation endproducts: relationship to
macrophage receptor for glucose-modified pro-
teins.J. Exp. Med. 174: 5 1 5-524.

367. ZHU W, Mow VC, KooB TJ AND EYRE DR
( I 993) Viscoelastic shear propefties of articular
cartilage and the effects of glycosidase treat-
ments.J. Orthop. Res. ll:771-781.

il9



ftfr
Appendix B



Lrsr or AssnevrarroNs

AlDl intact2ggrecanmonomer
AGE advanced glycation endproduct
AGE-Rl oligosaccharyltransferase-48(OST-48)
AGE-R2 80K-H phosphoprotein
AGE-R3 galectin-3

CEL N"-(carboxyethyl)lysine
CML N"-(carboxymethyl)lysine
COMP cartilaSe oligomeric matrix protein
CRP C-reactive protein
CS chondroitin sulfate
DEG degenerated cartilage
EGF endothelial growth factor
ER endoplasmatic reticulum
FCD fixed charge density
FGI "free" Gl-domain
FL fructose-lysine
G I N-terminal globular hyaluronan binding domain 6f agSrecan

GZ globular domain of aggrecan

G3 C-terminal globular domain of aggrecan

GOLD glyoxal-lysine dimer
HP hydroxylysylpyridinoline
Hyl hydroxylysine
Hyp hydroxyproline
lD instantaneous deformation
IGD inter globular domain
ko,o racemization constant
kF formation constant
kr turnover constant
KS keratan sulfate
LP lysylpyridinoline
MOLD methylglyoxal-lysine dimer
MMP matrix metalloproteinase
Noro macroscopically normal cartilage from knees with focal cartilage degeneration
NEG nonenzymatic glycation
NFC-l non-fluorescent cross-link I

OA osteoarthritis
P. collagen network tensile stiffness
ftpec polyethylene glycol osmotic pressure
frpc proteoglycan osmotic pressure
RAGE receptor for AGEs
SIM-GS/MS selected ion monitoring gas chromatography - mass spectrometry
TIMP tissue inhibitor of matrix metalloproteinase
Vnormarized normalized tissue volume
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Nler-ENzYMATtScHe GlvCeRlNG lN ner ONTSTAAN vaN ARrnOSe:

KnaareeeN BlocneMlE EN BloMecHaNIcA
Samenvatting voor niet-ingewiiden

Kraakbeen is een gespecialiseerd weefsel dat

zich aan het uiteinde van botten in gewrich-

ten bevindt. Kraakbeen functioneert als een

schokdemper en zorgt ervoor dat de botten
een glad oppervlak hebben zodat ze soepel

over elkaar kunnen bewegen. ln kraakbeen

zitten bijna geen cellen. Het weefsel ont-
leent zijn eigenschappen aan de stof tussen

de cellen, de extracellulaire matrix. De ex-

tracellulaire matrix van kraakbeen bestaat

voornamelijk uit collageeneiwitten, prote-
oglycanen en water. De collageeneiwitten
vormen een driedimensioneel netwerk dat

het weefsel structuur en stevigheid geeft.

Binnen dit netwerk zitten proteoglycanen

opgesloten. Deze proteoglycanen trekken
water aan en 'zuigen' als het ware water het

kraakbeen in. De uiteindeliike zwelling van

het kraakbeen wordt bepaald door de rek in
het collageennetwerk: de water oPname

stopt als het netwerk 'op spanning' is. On-
belast kraakbeen bestaat voor ongeveer
70% uit water! Als het kraakbeen belast

wordt (bijvoorbeeld in de knie tiidens het

zetten van een stap), wordt er water uit het

kraakbeen gedrukt. Wanneer de belasting

weer weg is (biivoorbeeld bii het oPtillen

van een voet voor de volgende staP) zorgen

de proteoglycanen eryoor dat er weer wa-

ter het kraakbeen ingezogen wordt. Door
middel van deze waterverplaatsingen kan

het kraakbeen werken als een schokdemper'
Artrose (in het Engels: Osteoarthritis), of
'kraakbeenslijtage', is een veel voorkomende
chronische aandoening die uiteindeliik kan

leiden tot destructie van het gewricht. Voor
de patiEnt betekent artrose vooral piin in
gewrichten en beperking van de beweegliik-
heid. ln ernstige gevallen kan dit zelfs leiden

tot invaliditeit. Bii longe mensen komt artro-
se nauwelijks voor, maar het aantal mensen

met arcrose neemt sterk toe bii toenemen-

de leeftild: meer dan 60% van de 60+-ers

heeft een vorm van artrose. Lang voordat
iemand, als gevolg van artrose, met Pijn bii

de dokter komt ziln er in het kraakbeen zelf

al veranderingen waar te nemen. De vroeg-

ste verandering die in het kraakbeen wordt
waargenomen bii het ontstaan van artrose is

beschadiging van het collageennetwerk.

Suikers spelen een belangriike rol als bouw-

stof in het lichaam en ziin van belang voor
de energievoorziening. Daarom ziin suikers

onmisbaar voor ieder levend organisme. De

meeste processen in ons lichaam waarbii

suikers betrokken ziln worden sterk gecon-

troleerd en gereguleerd door enzymen (de

"reactieversnellers" van ons lichaam). Toch

blilken suikers ook een rol te spelen in een

proces dat spontaan verloopt en weinig nut-

tige functies liikt te hebben: de niet-

enzymatische glYcering.

Niet-enzymatische glycering is de spon-

tane reactie van suikers, zoals glucose, met

de bouwstenen van eiwitten (aminozuren).

ln essentie ziin dit eenvoudige chemische

reacties; hoe snel de reactie verloopt wordt
voornamelilk bepaald door de hoeveelheid

suiker en aminozuren die aanwezig ziin en

de temperatuur. De aminozuren lysine, hy-

droxylysine en arginine ziin met name 8e-
voelig voor deze niet-enzymatische reactie

met suikers. Nadat een verbinding is ont-
staan tussen de suiker en het aminozuur
kunnen in vervolgreacties een heleboel ver-

schillende producten ontstaan waaronder
dwarsverbindingen (cross-links) tussen ei-

witten. E6n van de bekendste en best geka-

rakteriseerde cross-links is door de ontdek-

kers 'pentosidine' genoemd. De vorming van

deze glyceringsproducten (in het Engels: Ad-

vanced Glycation Endproducts) verloopt
spontaan. Het lichaam heeft geen manier om

deze producten te verwiideren anders dan

het hele eiwit af te breken waarin die pro-
ducten gevormd ziin. Als een eiwit lang in

ons lichaam aanwezig blilft worden er dus

steeds nieuwe glyceringsproducten in ge-

vormd die als het ware oPstaPelen in het
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eiwit. Hierdoor kan de hoeveelheid glyce-
ringsproducten in eiwitten met een lage

"vernieuwingssnelheid" sterk toenemen met
toenemende leeftijd. Het collageen in kraak-
been is zo'n eiwit. Tijdens de groei (tot de
leeftifd van 20 jaar) wordt het collageen in
kraakbeen regelmatig vernieuwd. Daardoor
worden gevormde glyceringsproducten in
deze periode nog regelmatig verwilderd.
Echter, na het bereiken van volwassenheid is

er bijna geen vernieuwing meer van het
kraakbeen collageen. Daardoor zal in het
kraakbeencollageen van volwassenen de
hoeveelheid glyceringsproducten snel roe-
nemen. Hierdoor veranderen de eigen-
schappen van het collageennetwerk.

Alhoewel leeftijd een belangrijke risicofactor
is voor artrose is het nog niet duidelijk hoe
een hoge leeftijd kan bildragen aan de ver-
hoogde kans op artrose. De leeftijdsgerela-
teerde toename in artrose gaat gelijk op met
de toename in glycering van het collageen in
gewrichtskraakbeen. Dit suggereerc een
verband tussen glycering van kraakbeen
collageen en artrose. Daarbi.j komt nog dat
schade aan het collageennetwerk de eerste
stap lijkt in het ontstaan van artrose. Onze
studies (beschreven in dit proefschrift en in
het proefschrift van Jeroen de Grooc 'Ad-
vanced glycation endproducts in the deve-
lopment of osteoafthritis: cartilage synthesis
and degradation') hebben zich gericht op de
vraag of niet-enzymatische glycering van
kraakbeen ertoe bijdraagt dat leeftijd een
belangrilke risicofactor is voor het ontsraan
van artrose. Deze studies gaan uit van het
idee dat de cross-links die ontstaan als ge-
volg van niet-enzymatische glycering leiden
tot het stiiver worden van het collageen-
netwerk in kraakbeen: het netwerk wordt
als het ware meer-en-meer aan elkaar ge-
knoopt, waardoor het uiteindelijk broos
wordt. Dit broze collageennetwerk kan
makkelijk beschadigd raken en het begin zijn
van het ontstaan van artrose.

Uit werk van andere onderzoekers is be-
kend dat kraakbeen, vergeleken mer andere
weefsels zoals de huid, relatief veel van het
glyceringsproduct pentosidine bevat. Pento-

APPENDTx C

sidine is slechts 66n van de producten die
kan ontstaan als gevolg van niet-
en4/matische glycering. Toch suggereert de
aanwezigheid van veel pentosidine in kraak-
been dat kraakbeen in het algemeen veel
glyceringsproducten zou kunnen bevatten. ln
hoofdstuk 2 van dit proefschrift is voor
een aantal bekende glyceringsproducten be-
schreven in welke mate ze met toenemende
leeftijd opstapelen in kraakbeencollageen.
Tevens is de hoeveelheid glyceringsproduc-
ten in kraakbeencollageen vergeleken met
collageen in de huid en langlevende eiwitten
in de ooglens. Uit deze vergelijking bleek dat
kraakbeencollageen inderdaad veel glyce-
ringsproducten bevat. Het meest opvallende
resultaat was dat in kraakbeencollageen de
meetbare hoeveelheid van de aminozuren
die gevoelig ziin voor glycering (arginine,
hydroxylysine en lysine) afneemt met de
leeftiid. Dit komt doordat een aminozuur
met onze methode niet meer gemeten kan
worden nadat een suiker ermee heeft gere-
ageerd. Deze afname in hoeveelheid amino-
zuren met de leeftijd - een heel algemene
maat voor niet-enzymatische glycering -
wordt niet gezien in huidcollageen en lens-
eiwitten.

Zoals ook hierboven al aangehaald is,

wordt heel vaak gezegd dat de toename in
de hoeveelheid glyceringsproducten in een
eiwit afhangt van de vernieuwingssnelheid
van dat eiwit. Echter, tot nu toe heeft
niemand dit verband daadwerkelijk aange-
toond. Voor onze studie hebben we gebruik
gemaakt van een methode waarmee de 'leef-
tijd' van een eiwit gemeten kan worden, los
van de leeftild van het individu waarvan dit
eiwit afkomstig is. ln hoofdstuk 3 ziin de
resultaten beschreven die laten zien dat
kraakbeen collageen drie keer meer glyce-
ringsproducten bevat dan huid collageen,
ongeacht de leeftijd van het individu. Op de
maat voor eiwitleeftijd scoorde kraakbeen
collageen ook drie keer zo hoog als het
collageen in de huid. Deze resultaten geven
aan dat het verschil in de hoeveelheid glyce-
ringsproducten tussen kraakbeen en huid
collageen terug te voeren is op het verschil
in 'leeftijd' van deze collageen eiwitten. Uit
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onze meting van de eiwitleefti.id hebben we
ook kunnen berekenen hoe snel kraakbeen
en huid collageen vernieuwen in ons li-
chaam: in kraakbeen is de helft van het col-
lageen vervangen na I 17 iaar, in de huid al

na l4 jaar. Voor kraakbeen betekent dit dat
de meerderheid (65-70%) van het collageen
dat in het weefsel is neergelegd als we 20
jaar oud ziln nog steeds aanwezig is in ons
kraakbeen als we 70 zijn!

Omdat schade aan het collageennetwerk
in kraakbeen het eerste teken is van het
ontstaan van artrose heeft ons onderzoek
zich vooral gericht op het collageen in
kraakbeen. Het grootste deel van de cross-
link pentosidine in kraakbeen is ook aanwe-
zig in het collageen (80-85%). Zoals boven
beschreven ziln de proteoglycanen het an-
dere belangrilke vaste bestanddeel van de
kraakbeen matrix. Glyceringsproducten blil-
ken ook met de leeftiid toe te nemen in de
proteoglycaanmoleculen in kraakbeen,
vooral in het proteoglycaan dat aggrecan
heet. Deze resultaten zijn in hoofdstuk 4
beschreven. Aggrecan heeft een hogere ver-
nieuwingssnelheid dan collageen, oftewel:
het wordt minder oud. Daardoor was het
niet verwonderlijk dat we vonden dat de
hoeveelheid pentosidine in aggrecan lager is

dan in collageen bij een zelfde leeftijd van
het kraakbeen. Binnen de aggrecanmolecu-
len in kraakbeen bestaan er ook weer grote
verschillen in leeftijd en de oudste molecu-
len bleken de meeste pentosidine te bevat-
ten. Dit klopt met onze andere gegevens
(hoofdstuk 3) dat de hoeveelheid glycerings-
producten sterk afhangt van de leeftijd van
het eiwit. ln de bijlage van hoofdstuk 4 heb-
ben we zelfs laten zien dat de hoeveelheid
pentosidine in aggrecan gebruikt kan wor-
den om de leeftild van het eiwit te bereke-
nen.

Het is bekend dat de vernieuwingssnel-
heid van aggrecan omhoog gaat tijdens
artrose; op deze manier proberen de cellen
in het kraakbeen de schade die ontstaat aan

het weefsel te herstellen. Het nieuwe aggre-
can dat aangemaakt wordt in het artrotische
kraakbeen bevat nog helemaal geen glyce-
ringsproducten (die zijn nog niet gevormd).

129

Daarom verwachtten we dat de hoeveelheid
pentosidine in artrotisch kraakbeen lager zal
ziln dan in gezond kraakbeen en dit hebben
we ook gemeten: in aggrecan dat opgezui-
verd was uit artrotisch kraakbeen zat min-
der pentosidine dan in aggrecan uit gezond
kraakbeen (hoofdstuk 4).

Zoals gezegd gingen we uit van het idee
dat de cross-links die door niet-
en4/matische glycering kunnen ontstaan er-
voor zorgen dat het collageennetwerk in
kraakbeen stiiver wordt. Door de toegeno-
men stilfheid zou het collageennetwerk
'brozer' kunnen worden en dus gevoeliger
voor beschadiging; het begin van artrose. ln
hoofdstuk 5 hebben we gerest of niet-
enzymatische glycering inderdaad zorgt voor
het stijver worden van het collageennet-
werk. Om dit te testen hebben we kraak-
been van jonge mensen blootgesteld aan ho-
ge suikerconcentraties zodat kunstmatig ex-
tra veel glyceringsproducten in het kraak-
been gevormd worden. De stilftreid van het
kraakbeen hebben we gemeten door op
stukles kraakbeen te drukken (in dezelfde
richting als waarln dat in een gewricht ge-
beurt) en te meten hoeveel het kraakbeen
vervormde onder deze belasting; hoe min-
der vervorming, hoe stiiver het collageen-
netwerk in het kraakbeen. Na reactie van
threose (een erg reactieve suiker) met het
kraakbeen bleek de hoeveelheid glycerings-
producten in het collageen sterk toe te ne-
men. De stijftreid van het collageennetwerk
nam ook sterk toe na de behandeling met
deze suiker en ging gelijk op met de toena-
me in glyceringsproducten. Wanneer tijdens
de behandeling met threose ook remmers
van niet-enzymatische glycering aanwezig
waren kon de toename in stijfheid voorko-
men worden. ln een ander soort experi-
ment is bovendien gebleken dat behandeling
met suiker eryoor zorgt dat het collageen-
netwerk in kraakbeen makkelijker kapot

Saat wanneer er aan het kraakbeen getrok-
ken wordt. Kortom, niet-enzymatische gly-
cerings cross-links zorgen eryoor dat het
collageennetwerk in kraakbeen stijver 6n
brozer wordt. Het feit dat kraakbeen met
toenemende leeftild steeds meer glycerings-
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producten gaat bevatten kan dus bildragen

aan een toename in gevoeligheid voor be-

schadiging met de leeftiid, en daarmee voor
het ontstaan van artrose.

Ervan uitgaand dat niet-enzymatische gly-

cering een rol speelt bii het ontstaan van

artrose zou het zo kunnen ziin dat het

kraakbeencollaSeen van mensen die artrose
kriigen meer glyceringsproducten bevat dan

het kraakbeencollageen van mensen die

geen artrose kriigen. Omdat er tiidens het

artrose proces erg veel verandert in het

kraakbeenweefsel hebben we, om boven-

staande vraag te onderzoeken, alleen ge-

bruik gemaakt van kraakbeen uit artrose
gewrichten dat op het oog nog volledig
normaal was. Dit kraakbeen hebben we ver-
geleken met het kraakbeen van mensen die

alleen maar gezond kraakbeen hadden. Uit
de resultaten die beschreven ziin in hoofd-
stukken 3 en 4 weten we dat verschillen in

vernieuwingssnelheid van het collageen lei-

den tot verschillen in de hoeveelheid glyce-

ringsproducten. Daarom hebben we in deze

studie (hoofdstuk 6) de gemeten hoeveel-
heid glyceringsproducten in het kraakbeen

gecorrigeerd voor de leeftiid van het colla-
geen. Door deze correctie toe te passen

wordt als het ware de 'glyceringssnelheid'

gemeten. Uit de resultaten bleek dat de gly-

ceringssnelheid hoger is in gewrichten met

artrose dan in gezonde gewrichten' Dit
duidt op een verhoogde gevoeligheid om

artrose te krilgen in mensen waarin glyce-

ringsproducten sneller ontstaan. Uit onze

metingen van de leeftild van het collageen

bleek tevens dat het normale kraakbeen van

de gewrichten met aftrose relatief meer
jong collageen bevat dan het kraakbeen uit
gezonde gewrichten. Dit longe collageen

was intact en normaal ingebouwd in het

collageennetwerk. Wetenschappers Saan er
over het algemeen van uit dat in volwassen

kraakbeen nauweliiks nieuwe aanmaak van

collageen optreedt. Onze resultaten laten

zien dat dit wel gebeurt en dat het leidt tot
een normaal collageennetwerk.

Tot nu toe hebben we ons vooral gericht
op leeftildsgerelateerde veranderingen in

volwassen kraakbeen (vanaf 2O-iarige leef-
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tijd). Toch wordt het eindresultaat van ver-
anderingen in de kwaliteit van het kraakbeen

met toenemende leeftiid ook bepaald door
het beginpunc de kwaliteit van het kraak-

been aan het eind van de ontwikkeling naar

volwassenheid. Dit is vooral belangriik om-

dat het collageennetwerk in volwassen

kraakbeen een langzame vernieuwingssnel-
heid heeft en dus weinig mogeliikheden
heeft om zich aan veranderde omstandighe-

den aan te passen. Om dit te onderzoeken
hebben we eigenschaPPen van het colla-

geennetwerk, anders dan glycering, bestu-

deerd in aangedaan en gezond kraakbeen

van hetzelfde individu. We hebben voor de-

ze vergelijking alleen aangedaan en gezond

kraakbeen gebruikt waarin het collageen-

netwerk van een vergeliikbare leeftiid was.

Door deze restrictie worden veranderingen
die als gevolg van het ziekteproces ontstaan

in het collageennetwerk in het aangedane

kraakbeen uitgesloten. Het bleek dat in col-

lageen in aangedaan kraakbeen meer van

bepaalde enzymatisch aangelegde collageen-

structuren aanwezig waren dan in het ge-

zonde kraakbeen (hoofdstuk 7). De ver-

hoogde aanwezigheid van die structuren kan

leiden tot een subtiele verslechtering van de

kwaliteit van het collageennetwerk bii het

bereiken van volwassenheid. Op latere leef-

tild kan dat biidragen aan het ontstaan van

artrose. Hoe deze eigenschappen van het

collageen samen met de leeftildgerelateerde
verslechtering van de kwaliteit van het colla-

geen in kraakbeen (door glycering) zouden

kunnen bepalen op welke leeftiid iemand

aftrose kriigt is weerSegeven in het model

in figuur 3 in hoofdstuk 8.

Samengevat concluderen wii dat glycering

mogelijk een belangrilke biidrage levert aan

het ontstaan van artrose door verhoogde

cross-linking van het collageennetwerk, met

als gevolg dat het collageennetwerk in

kraakbeen stiiver wordt. Dit leidt tot brozer
weefsel dat bil normale belasting sneller
schade zal oplopen: een eerste stap in het

ontstaan van artrose. Naast effecten op de

stilfheid van het kraakbeen, levert glycering

mogelilk ook een bildrage aan het ontstaan

van artrose doordat het de mogeliikheid van
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de cellen in het kraakbeen om matrix aan te
maken en af te breken vermindert (zie
proefschrift Jeroen de Groot; hoofdstukken
2-5). Deze eigenschappen zijn nodig om
schade aan het kraakbeen te kunnen her-
stellen. ln geglyceerd kraakbeen kan schade
aan de kraakbeen matrix langzamer hersteld
worden door de kraakbeencellen. Dat kan

er voor zorgen dat een klein defect, dat in
niet-geglyceerd kraakbeen hersteld had kun-
nen worden, uiteindelilk toch leidt tot het
ontstaan van artrose. Daarnaast kan toege-
nomen glycering, door vermindering van de
aanmaak en afbraak van kraakbeen matrix,
ervoor zorgen dat het kraakbeen niet snel

Senoeg aangepast wordt aan veranderde
omgevingsfactoren (zoals bijvoorbeeld een
verandering in belasting van het kraakbeen).
Minder goed aangepast kraakbeen zal sneller
beschadigen. ln een dierexperimenteel on-
derzoek (proefschrift Jeroen de Groot;
hoofdstuk 6) is aangetoond dat verhoogde
glycering inderdaad leidt tot versnelde ont-
wikkeling van artrose. Daarnaast blijken
mensen die artrose ontwikkelen sneller gly-
ceringsproducten te vormen dan mensen
zonder artrose. Dus, de toename in glyce-
ring van kraakbeen met de leeftild lijkt -
tenminste ten dele - te kunnen verklaren
waarom het risico op artrose toeneemt met
de leeftijd. Daarnaast hangt het effect van
leeftijdsgerelateerde veranderingen ook af
van de kwaliteit van het kraakbeen colla-
geennetwerk zoals het is aangelegd tijdens
de ontwikkeling tot volwassenheid.

Glycering is niet alleen betrokken bij verou-
deringsziekten. Het is ook betrokken bil het
ontstaan van complicaties van suikerziekte
(diabetes mellitus). Diabetes patiEnten heb-
ben jarenlang met een zekere regelmaat te
veel suiker in hun bloed waardoor de eiwit-
ten in hun lichaam aan hogere suikerconcen-
traties worden blootgesteld. Dit resulteert
al op jonge leeftijd in de vorming van relatief
veel glyceringsproducten in lichaamseiwitten
wat leidt tot het vervroegd optreden van

verouderingsverschijnselen in diabetes pati-
enten.

Oudere onderzoeken (gepubliceerd rond
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1960) laten zien dat mensen met diabetes
op jongere leeftijd artrose krilgen dan niet-
diabeten en dat diabetes patiEnten vaak ern-
stigere artrose krilgen. Deze gegevens slui-
ten mooi aan bij ons vermoeden dat niet-
enzymatische glycering - hoger bil diabetes
pati€nten - een rol speelt bij het ontstaan
van artrose. ln recenter onderzoek wordt
dit verband vaak niet meer gevonden. Een

van de oorzaken hiervoor zou kunnen zijn
dat de controle op suikerconcentraties in
het bloed van diabetes pati€nten sterk ver-
beterd is.

Het moge duidelilk ziln dat glycering niet
levensbedreiging nummer 66n is. De kwali-
teit van leven op oudere leeftifd en bil diabe-
tes kan er echter wel negatief door beln-
vloed worden. Het voork6men dan wel on-
gedaan maken van glyceringsproducten zou
dus bij kunnen dragen aan verbetering van
de kwaliteit van leven van ouderen. Onder-
zoek is in eerste instantie voornamelijk ge-
richt geweest op mogelijkheden om de
vorming van glyceringsproducten te rem-
men. Hiertoe is bilvoorbeeld de effectiviteit
van de aminozuren lysine en arginine getest
om de vorming van glyceringsproducten in
diermodellen voor diabetes te remmen. Al-
hoewel soms duidelijk effecten te zien wa-
ren, lijkt het erg moeilijk om verouderings-
gerelateerde opstapeling van glyceringspro-
ducten op deze manier te verlagen: mensen
zouden deze aminozuren jarenlang moeten
slikken om voldoende effect te bewerkstelli-
gen.

De alternatieve aanpak, het teniet doen
van al gevormde glyceringsproducten, heeft
daarom recent meer aandacht gekregen. Er
zijn nu stoffen beschreven die cross-links
kunnen verbreken die ontstaan ziin als ge-
volg van niet-enzymatische glycering. Deze
aanpak bleek de toesenomen stilfheid van
vaatwanden in dieren met diabetes weer
normaal te maken. Ook waren deze stoffen
in staat de stijfheid van hartweefsel in oude
dieren te verlagen zodat de hartfunctie weer
meer op die van jonge dieren ging lijken. Als
deze weg met succes wordt ingeslagen zul-
len mogelilk in de toekomst de negatieve,
ongecontroleerde glyceringseffecten van



t32

suikers (die als brandstof in het lichaam van
levensbelang ziin) tenietgedaan kunnen wor-
den.

Deze bevindingen samen met onze resul-
taten duiden erop dat therapie€n die gericht
zijn op het tegengaan en/of ongedaan maken

van niet-enzymatische glycering een belang-
rijke bildrage kunnen leveren aan Preventie
en behandeling van ertrose en daarmee aan

het verhogen van de kwaliteit van leven van

ouderen.
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afgelopen jaren een bildrage aan geleverd.

Mijn 'promotie-team', bestaande uit Johan, Floris en Hans, en mijn collega 'twAIO'Jeroen
(de Groot) wil ik bedanken voor de stimulerende discussies en de team-geest waarin dit
boekje tot stand is gebracht. Johan, danklewel voor je vertrouwen en je tomeloze 'drive'; het
was onmogelijk niet door jouw enthousiasme aangestoken te worden. Heerlijk hoe jij stee-
vast geloofde in de goede afloop. Floris, ook al gaf je zelf soms aan iets verder van mijn werk
af te staan, louw kritische kijk op mijn werk heeft menig oneffenheidle eruit doen verdwij-
nen, dankjewel daarvoor. Hans, onze tweemaandelijkse besprekingen waren erg nuttig om
de grote lijn niet uit het oog te verliezen. Bedankt ook voor het hoge tempo waarin je de
afgelopen maanden stukken hebt gelezen. Jeroen (de Groot), het was best een avontuur om
samen aan dit twAlO ('twee AIO's') project te beginnen. Onze gesprekken over AIO-
perikelen hebben waarschilnlilk net zo'n belangrijke bildrage geleverd aan het slagen van onze
missie als onze veelvuldige inhoudelilke discussies.

Dank zij miln (oud-)collega's en de studenten op het lab bij TNO en in Utrecht heb ik
mijn onderzoek met veel plezier kunnen doen. De lol die vaak gepaard ging met daverende
lachsalvo's maakte lange werkweken gezellig en haalbaar.

Alice, Susan and John, thank you all very much for your tremendous hospitality. I really
enioyed my visits to your labs, from both a scientific and a personal point of view.

Lisette en Nico, bedankt dat lullie me tiidens de verdediging als paranimfen terzijde willen
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but-not-least, dank zij jou zien miin boekje - en mijn leven - er mooi uit!
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