
Biochem. J. (2000) 350, 381–387 (Printed in Great Britain) 381

Age-related accumulation of Maillard reaction products in human articular
cartilage collagen
Nicole VERZIJL*†, Jeroen DEGROOT*†, Esther OLDEHINKEL*, Ruud A. BANK*, Suzanne R. THORPE‡, John W. BAYNES‡,
Michael T. BAYLISS§, Johannes W. J. BIJLSMA†, Floris P. J. G. LAFEBER† and Johan M. TEKOPPELE*1

*Gaubius Laboratory, Division of Vascular and Connective Tissue Research, TNO Prevention and Health, PO Box 2215, 2301 CE Leiden, The Netherlands, †Department
of Rheumatology & Clinical Immunology, University Medical Center Utrecht, PO Box 85500, 3508 GA Utrecht, The Netherlands, ‡Department of Chemistry and
Biochemistry, University of South Carolina, Columbia, SC 29208, U.S.A., and §Department of Veterinary Basic Sciences, The Royal Veterinary College (University of
London), Royal College Street, London NW1 0TU, U.K.

Non-enzymic modification of tissue proteins by reducing sugars,

the so-called Maillard reaction, is a prominent feature of aging.

In articular cartilage, relatively high levels of the advanced

glycation end product (AGE) pentosidine accumulate with age.

Higher pentosidine levels have been associated with a stiffer

collagen network in cartilage. However, even in cartilage, pento-

sidine levels themselves represent ! 1 cross-link per 20 collagen

molecules, and as such cannot be expected to contribute sub-

stantially to the increase in collagen network stiffness. In the

present study, we investigated a broad range of Maillard reaction

products in cartilage collagen in order to determine whether

pentosidine serves as an adequate marker for AGE levels.

Not only did the well-characterized AGEs pentosidine, Nε-

(carboxymethyl)lysine, and Nε-(carboxyethyl)lysine increase

with age in cartilage collagen (all P! 0.0001), but also general

measures of AGE cross-linking, such as browning and

fluorescence (both P! 0.0001), increased. The levels of these

AGEs are all higher in cartilage collagen than in skin collagen.

INTRODUCTION
During aging, long-lived proteins such as collagen and eye lens

proteins are non-enzymically modified by reducing sugars. The

major initial product is fructose–lysine (FL) [1,2], which results

from glycation of ε-amino groups on lysine residues. In sub-

sequent Maillard or browning reactions, products known as

advanced glycation end products (AGEs) are formed from FL

[3,4], and accumulate with age in long-lived proteins [1,2,5–8].

These AGEs include structurally characterized adducts, such as

Nε-(carboxymethyl)lysine (CML) [1–3] and Nε-(carboxyethyl)-

lysine (CEL) [9], fluorescent cross-links, such as pentosidine

formed between lysine and arginine residues [5,10], as well as

chemically unidentified compounds which result in protein-

bound browning or fluorescence, and cross-linking [11–14].

In comparison with other collagen-rich tissues such as skin,

cartilage contains relatively large amounts of pentosidine [5,15].

Pentosidine levels in articular cartilage increase linearly with age

[6–8], as was previously described for skin collagen [16] and lens

proteins [10]. Pentosidine is also present in the proteoglycans in

articular cartilage [17], but appears to be localized predominantly

in the collagen component of the tissue [7]. Age-related ac-

cumulation of AGE cross-links in articular cartilage collagen

may result in increased stiffening of the collagen network, as was

shown after in �itro ribosylation of cartilage [7]. Thus AGE

cross-linking in �i�o may contribute to the age-related impairment

of the ability of articular collagen to resist mechanically induced

damage and eventually cartilage degeneration [18–20].

Abbreviations used: AGE, advanced glycation end product ; CEL, Nε-(carboxyethyl)lysine ; CML, Nε-(carboxymethyl)lysine ; FL, fructose–lysine.
1 To whom correspondence should be addressed (e-mail JM.TeKoppele!pg.tno.nl).

As a functional measure of glycation the digestibility of articular

collagen by bacterial collagenase was investigated; digestibility

decreased linearly with age, proportional to the extent of

glycation. Furthermore, the arginine content and the sum of the

hydroxylysine and lysine content of cartilage collagen decrease

significantly with age (P! 0.0001 and P! 0.01 respectively),

possibly due to modification by the Maillard reaction. The

observed relationship between glycation and amino acid modifi-

cation has not been reported previously in �i�o. Our present

results indicate that extensive accumulation of a variety of

Maillard reaction products occurs in cartilage collagen with age.

Altogether our results support the hypothesis that glycation

contributes to stiffer and more brittle cartilage with advancing

age.

Key words: advanced glycation end product, aging, cross-

linking, Nε-(carboxymethyl)lysine, pentosidine.

Even though pentosidine levels in cartilage collagen are high

compared with the levels found in other long-lived proteins

[5,15], the absolute number of pentosidine cross-links is less than

1 cross-link per 20 collagen molecules [7,8], and as such cannot

be expected to substantially increase collagen network stiffness.

In the present study, we investigated a range of Maillard reaction

products in human articular cartilage collagen to determine

whether the extensive accumulation of pentosidine in articular

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 protein [1,2,21]. In addition,

general measures of glycation-derived cross-links, i.e. browning

and Maillard-type fluorescence [12], were determined. Modi-

fication of arginine, lysine and hydroxylysine residues in cartilage

collagen was also determined as a possible measure of overall

glycation and AGE formation. The digestibility of articular

collagen by bacterial collagenase was explored as a functional

measure of cross-linking.

EXPERIMENTAL

Cartilage samples

Macroscopically normal human articular cartilage was obtained

post mortem from femoral condyles within 18 h of death. Patients

had no clinical history of joint disorders. Cartilage from a total

# 2000 Biochemical Society



382 N. Verzijl and others

of 60 donors was used; ages ranged from 2.5 to 103 years.

Different subsets of samples were used for the various assays. In

a few cases (n¯ 6), paired cartilage and skin samples were

collected. All tissue samples were stored at ®20 °C until analysis.

Purification of collagen

Articular cartilage collagen was purified by depleting the tissue

of all proteoglycans and other non-collagenous proteins by

sequential enzymic treatment with chondroitinase ABC (Sigma),

trypsin (Boehringer Mannheim), and Streptomyces hyaluroni-

dase (Sigma) at 37 °C, as described by Schmidt et al. [22]. This

procedure resulted in the removal of more than 97% of the total

glycosaminoglycans with a minimal loss of collagen (! 1%,

measured as hydroxyproline; results not shown). Skin collagen

was isolated by sequential extraction for 24 h at 4 °C with 1 M

NaCl, chloroform}methanol (2 :1, v}v), and 0.5 M acetic acid as

described previously [23].

Analytical procedures

For analysis of FL, samples of cartilage collagen (1 mg in 1 ml of

6 M HCl) were hydrolysed for 24 h at 110 °C under nitrogen.

CML and CEL were measured separately in 2 mg samples that

were first reduced overnight at 4 °C in 500 µl of 0.1 M NaBH
%

(Sigma) in 0.1 M sodium borate buffer (pH 9.0). To remove

excess NaBH
%
, samples were washed three times with 5 ml of

deionized water and then hydrolysed in 1 ml of 6 M HCl, as

described above. An aliquot (30%) of the reduced hydrolysates

was removed for pentosidine and amino acid analysis, described

below. The FL, CML, CEL and lysine contents of the collagen

hydrolysates were measured as their N-trifluoroacetyl methyl

esters by isotope-dilution selected ion monitoring GC–MS [2,9],

using deuterated internal standards. The FL, CML and CEL

content of the collagen samples 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 [1,2,9,21].

Pentosidine content and amino acid composition were de-

termined by HPLC as described previously [24,25]. In short,

dried hydrolysates were dissolved in internal standard solution

containing 10 µM pyridoxine (Sigma) and 2.4 mM homoarginine

(Sigma). For pentosidine analysis, samples were diluted fivefold

with 0.5% (v}v) heptafluorobutyric acid (Fluka) in 10% (v}v)

acetonitrile (Rathburn, Walkerburn, Scotland, U.K.) and

analysed by HPLC [25]. Pentosidine was generously given by

Professor V. M. Monnier (Case Western Reserve University,

Cleveland, OH, U.S.A.), and calibrated against our pentosidine

standard [10]. For amino acid analysis, an aliquot of the

pentosidine samples was diluted 50-fold with 0.1 M borate buffer

(pH 11.4), derivatized with 9-fluorenylmethylchloroformate

(Fluka) and analysed by HPLC [24]. The pentosidine content of

the collagen samples is expressed as mmol per mol of lysine

residues. The quantities of arginine and the sum of the primary

amines hydroxylysine and lysine, i.e. (hydroxy-)lysine, are

expressed as mol per mol of collagen, assuming 300 hydroxy-

proline residues per triple-helical collagen molecule [25].

Collagen-linked fluorescence and browning were measured in

cartilage and skin collagen (1–5 mg) digested for 2 h at 65 °C
with 2.5 units}ml of papain (from Papaya latex, Sigma) in 300 µl

of papain buffer [50 mM phosphate buffer (pH 6.5), 2 mM -

cysteine and 2 mM EDTA] [26]. Fluorescence of the papain

digests was measured at λ
ex

¯ 360 nm and λ
em

¯ 460 nm in a

Cytofluor II Multi-Well Plate Reader (PerSeptive Biosystems),

because those filters were available for the plate reader. A high

correlation was found between these fluorescence measurements

and the fluorescence measured at 370 nm}440 nm (the

excitation–emission maxima for AGE fluorescence [12] ; r¯
0.99, P! 0.0001; results not shown) in an SFM-25 fluorometer

(Kontron, Milan, Italy). Browning 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 1 ml of 6 M HCl at 110 °C for 20–24 h for

hydroxyproline analysis [27,28]. Both fluorescence and browning

were normalized to the hydroxyproline content of the digest

(papain contributed ! 1% of the hydroxyproline in the digests).

Collagen digestibility was measured following the digestion of

cartilage collagen for 6 h at 37 °C with Clostridium histolyticum

collagenase (CLS 2; Worthington Biochemical Corp., Freehold,

NJ, U.S.A.) at a final concentration of 5 µg of collagenase per

mg of collagen in a 50 mM Tris buffer containing 5 mM CaCl
#
,

0.15 M NaCl, 1 µM ZnCl
#
, 0.02% (w}v) NaN

$
, and 0.01%

(v}v) Brij 35. After incubation, the supernatant and remaining

tissue were separated and hydrolysed in 1 ml of 6 M HCl at

110 °C for 20–24 h. The relative amount of collagen in the

supernatant was estimated by measuring the amount of hydroxy-

proline in the hydrolysates of both the supernatant and the

remaining tissue [27,28]. The mean collagenase digestibility was

calculated from duplicate analyses. In a subset of the donors (n

¯ 12), an additional cartilage collagen sample was digested with

papain for measurement of browning and AGE fluorescence and

pentosidine content (after hydrolysis of the papain digest) as

described above, in order to correlate collagenase digestibility of

articular collagen with levels of AGE cross-linking.

Statistical analysis

Linear regression analyses and paired Student’s t tests were

performed with SPSS version 8.0 for Windows (SPSS, Chicago,

IL, U.S.A.) ; P! 0.05 was considered to represent statistically

significant differences.

RESULTS

Age-related variation in levels of Maillard reaction products in
articular cartilage collagen

In articular cartilage from healthy individuals, a slight, but

statistically significant, age-related increase in collagen glycation

(measured as FL) was found (r¯ 0.37, P! 0.05; Figure 1A).

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 0.7% over the entire human

life span.

In contrast with the marginal age-related increase in the

concentration of FL, AGE concentrations per amount of lysine

residues increased considerably with age in cartilage collagen. In

immature cartilage (! 20 years), AGE levels are very low, but

after maturity (" 20 years) levels of CML (r¯ 0.87, P! 0.0001;

Figure 1B), CEL (r¯ 0.76, P! 0.0001; Figure 1C), and

pentosidine (r¯ 0.88 and P! 0.0001; Figure 1D) in cartilage

collagen increased 27-fold, 6-fold and 33-fold with age respect-

ively. When expressed per collagen triple helix, similar corre-

lations 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 in 80-year-
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Figure 1 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 collagen 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 mmol of residues/mol of lysine. Linear regression analysis was performed on all

data for FL and on data " 20 years for CML, CEL and pentosidine.

Figure 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 versus

age. Normal full-depth femoral condylar cartilage of 45 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.

old cartilage collagen (approx. 0.6% of the total lysine residues

in cartilage collagen).

Besides the concentrations of the chemically characterized

AGEs, the levels of general measures of Maillard-type cross-

linking were also determined. Both browning (absorbance at

340 nm) and AGE fluorescence increased significantly with age

in cartilage collagen (r¯ 0.61, P! 0.0001; Figure 2A; and r¯

Figure 3 Arginine and (hydroxy-)lysine content of articular cartilage
collagen decrease with age

Arginine (E) and (hydroxy-)lysine (D ; sum of hydroxylysine and lysine) content of cartilage

collagen 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 hydroxyproline residues per triple helix. Linear regression analysis was

performed on all data.

0.88, P! 0.0001; Figure 2B 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 pentosidine (Figures 1B–1D).

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 significant, the arginine content

and the sum of the primary amines decreased significantly with

age (r¯®0.66, P! 0.0001 and r¯®0.47, P! 0.01, respect-

ively, Figure 3). Over the entire human life span (0–80 years), 15

arginine residues (9.5%) and seven (hydroxy-)lysine residues

(6.9%) are lost per cartilage collagen molecule, suggesting 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 modification 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 Maillard reaction products,

we also explored functional properties of articular collagen (i.e.

enzymic digestibility) as a measure of glycation cross-links. An

age-related decline in digestibility of cartilage collagen by bac-

terial collagenase of 0.3% per year was observed (r¯®0.75,

P! 0.0001; Figure 4A), which may well be indicative of in-

creased AGE cross-linking with advancing age. Correspond-

ingly, 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 (r¯®0.87,

P! 0.0005; Figure 4B) fluorescence of the collagen.
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Figure 4 Digestibility of articular cartilage collagen by bacterial
collagenase decreases with age and with AGE cross-linking

The proportion of cartilage collagen digested by C. histolyticum collagenase (A) as a function

of age (n ¯ 24, age range 11–103 years) and (B) as a function of AGE cross-linking

determined as Maillard-type fluorescence (see the Experimental section ; n ¯ 12, age range

13–103 years). Linear regression analysis was performed on all data.

Table 1 Comparison of cartilage collagen levels of Maillard reaction
products in elderly subjects with previously reported data for skin and lens

Levels of Maillard reaction products are expressed as mmol/mol of lysine (means³S.D., if

available). Cartilage collagen data are from the present study, and represent an age range of

61–87 years (n ¯ 12). FL data for skin collagen and lens protein (mean for ages 60–85 years)

are taken from [1,2]. The levels of AGEs in skin collagen (85-year-old donor pool) and lens

protein (ages 60–85 years) are reproduced from [21].

Content (mol/mol)

Cartilage collagen Skin collagen Lens protein

FL 6.36³1.60 5.12 1.57

Pentosidine 0.098³0.030 0.025³0.004 0.004³0.002

CML 4.24³1.51 1.70³0.31 4.95³0.50

CEL 0.70³0.19 0.50³0.09 3.78³0.28

CML/CEL 6.06 3.40 1.31

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 donors were compared with previously

reported data on human skin collagen and lens protein [1,2,9,21].

The pentosidine level in aged cartilage collagen was fourfold

higher than in skin collagen and 25-fold higher than in lens

protein from donors of a comparable age (Table 1). This

comparison confirms previously published data that pentosidine

levels in cartilage are extremely high [5,15]. Furthermore, CML

and CEL concentrations in cartilage collagen are higher than

in skin collagen (2.5-fold and 1.4-fold respectively, Table 1).

As a general measure of AGE cross-linking, Maillard-type

fluorescence was measured in paired samples of cartilage and

skin collagen of aged donors (n¯ 6, age 76.4³4.4 years ;

means³S.D.). The fluorescence in cartilage collagen (36.6³3.7

relative fluorescence units}nmol of hydroxyproline) was about

2.5-fold higher than in skin collagen (14.4³6.3 relative fluo-

rescence units}nmol of hydroxyproline, P! 0.001, Figure 5).

Thus AGE levels in general are severalfold higher in cartilage

collagen than in skin collagen. Although pentosidine levels in

Figure 5 Maillard-type fluorescence is higher in cartilage compared with
skin collagen

AGE fluorescence was measured in paired samples of cartilage and skin collagen of aged

donors (n ¯ 6, age 76.4³4.4 years ; mean³S.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.

cartilage collagen are as much as 25-fold higher than in the lens,

CML and CEL levels in aged cartilage collagen are comparable

with (CML) or even lower (CEL) than in lens protein from

elderly donors.

In addition to their absolute levels in tissues from elderly

donors, the mean CML}CEL ratio was compared between

cartilage collagen, skin collagen and lens protein, because this

ratio may yield insight into the chemical origin of these lysine

modifications in proteins. The highest CML}CEL ratio (6.06)

was measured in cartilage collagen, being 1.8-fold higher than in

skin collagen (3.40) and 4.6-fold higher than in lens protein

(1.31; Table 1).

DISCUSSION

Maillard reaction products in articular cartilage collagen

There have been only limited studies of non-enzymic glycation

and AGE accumulation in human articular cartilage [6–8,17,29].

Most of the relevant studies have focused on pentosidine, a well-

known marker for advanced glycation reactions [5,10], which is

present in cartilage collagen in relatively high amounts compared

with other tissues [5,15]. Recently, the AGEs CML and CEL

were shown to be present in human skin collagen and lens

protein at concentrations considerably higher than that of

pentosidine [1,2,9]. In 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 cartilage 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 suggests that cartilage collagen

undergoes relatively rapid turnover during this phase of life, so

that AGEs are efficiently removed and do not accumulate [7].

After maturity has been reached, the concentrations of the AGEs

increase up to 30-fold with age, consistent with the slow turnover
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reported for collagen in adult cartilage [7,30]. As expected, CML

and CEL are present in cartilage collagen at considerably higher

concentrations than pentosidine, as was previously described for

skin collagen and lens protein [1,2,9]. Not only the well-

characterized AGEs, but also general measures of AGE content,

browning and Maillard-type fluorescence, increased with donor

age.

Even though the levels of CML, CEL and pentosidine are

relatively high in cartilage collagen compared with those in skin

collagen [2,16], and the level of pentosidine is high compared

with that in lens protein [1,9], it is not possible to draw conclusions

on the extent of cartilage 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

arginine and (hydroxy-)lysine content of cartilage collagen de-

crease significantly with age, implying an age-related increase in

amino acid modification. The age-related modification of amino

acids can be due to several processes, including glycation and

lipid oxidation [31,32]. Furthermore, the modification of

(hydroxy-)lysine residues can also be the result of enzymic

collagen cross-linking. Mature pyridinoline cross-links comprise

over 90% of the presently characterized enzymic cross-links in

type II collagen in articular cartilage [33]. Inasmuch as the extent

of cross-linking of cartilage collagen by mature pyridinoline

cross-links remains constant throughout the entire lifespan [7],

it is expected that the age-related increase in modification of

both arginine and (hydroxy-)lysine amino acids in cartilage

collagen results from glycation or oxidation processes. Based

on our present results, only 4.7% of the age-related loss of

(hydroxy-)lysine residues can be explained by the well-charac-

terized AGEs CML, CEL and pentosidine. Still, this is

consistent with data from in �itro incubations of cartilage collagen

with ribose or threose in which respectively 3.9% and 1.1%

of the modified (hydroxy-)lysine residues were identified as

CML, CEL or pentosidine (N. Verzijl, J. DeGroot, R. A. Bank,

A. Maroudas, S. R. Thorpe, J. W. Banes, J. W. J. Bijlsma,

F. P. J. G. Lafeber and J. M. TeKoppele, unpublished work). In

acid hydrolysates of skin collagen [34] and lens protein [1,35,36],

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 modifi-

cations 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 measurements, it is suggested that cartilage

collagen is extensively modified by glycation.

The fact that the solubility of human skin collagen by enzymic

digestion with pepsin decreases with age is attributed to the

increased AGE cross-linking with advancing age [11,37]. Simi-

larly, our data show that the digestibility of articular cartilage

collagen by bacterial collagenase decreases substantially with

age: from approx. 30% in 20-year-old cartilage to 10% in 80-

year-old cartilage. Inasmuch as the collagenase digestibility of

cartilage collagen is strongly correlated with its pentosidine

content and AGE fluorescence (Figure 4B), the age-related

decrease in digestibility is most likely due to the increase in AGE

cross-linking with age.

Maillard reaction products in cartilage compared with skin
and lens

It is assumed that the extent of glycation of long-lived tissue

proteins is in equilibrium with the tissue glucose concentration

[2]. This assumption is based on the 3–4-fold higher extent of

glycation of skin collagen [2] compared with lens protein [1],

which is consistent with the higher glucose concentration in

plasma and skin extravascular fluid (approx. 5 mM) than in the

lens (1–2 mM) [2,38–40]. In articular cartilage, the glucose

concentration is equal to the plasma glucose concentration [41].

Therefore it was not surprising that the level of glycated lysine

residues in cartilage collagen (5–7 mmol of FL}mol of lysine) is

comparable with that in skin collagen [2] (Table 1).

Throughout life, skin collagen contains lower levels of CML

and CEL compared with FL [2]. In lens, the CML and CEL

content is considerably higher than its FL content [1,9]. As

proposed by Dunn et al. [2], this indicates that skin collagen

undergoes relatively more initial glycation than lens protein, but

is exposed to less oxidative stress. The last finding is corroborated

by the much lower levels in skin collagen compared with lens

protein of o-tyrosine, a marker of oxidative damage to tissue pro-

teins [42,43]. In cartilage collagen, as in skin collagen, lower

levels of CML and CEL are present than of FL, suggesting that

in cartilage oxidative processes may also play a less important

role than in the lens. This is consistent with the low oxygen

tension of articular cartilage, due to the avascular nature of the

tissue [44,45]. In 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 cartilage and skin

collagen, and different from lens protein. However, AGE levels

are also dependent on protein turnover rates [5,15,46,47]. Lens

protein [1,48] and cartilage collagen [30] essentially do not

turn over, whereas skin collagen has a turnover faster than

cartilage and lens [37]. While cartilage and skin collagen are

relatively comparable in glucose concentrations and oxidative

stress as determinants of AGE levels, the difference in protein

turnover is clearly reflected in the higher CML, CEL and

pentosidine levels in cartilage compared with skin collagen

(Table 1).

Ahmed et al. [9] indicated that the CML}CEL ratio in different

tissues provides insight into the chemical origin of these lysine

modifications in proteins. In cartilage collagen a higher CML}
CEL ratio (approx. 6.1) was observed compared with skin

collagen (approx. 3.4) and lens protein (approx. 1.3). The

approximate 1:1 ratio in lens proteinswas close to theCML}CEL

ratio obtained with 3-deoxyglucosone and ascorbate upon in-

cubation of collagen with these carbohydrates in �itro [9]. In

cartilage collagen the CML}CEL ratio is closer to the ratios

found after in �itro incubation with ribose, glucosone and also

glucose. A high CML}CEL ratio in cartilage and skin collagen

compared with lens protein is consistent with the higher glucose

concentration in plasma compared with the lens [2], and with the

higher ascorbate than glucose concentration in the lens

[38,39,49,50]. In addition, the ability of ascorbate to glycate and

cross-link lens proteins is much greater than that of glucose [40].

These observations suggest that glycation 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 pentosidine levels, but also the levels of other

well-characterized AGEs and general measures of AGE cross-

linking, substantially increase with age. Predominantly on the

basis of the 5–10% decrease in arginine and (hydroxy-)lysine

content of cartilage collagen during the human lifespan, we

conclude that overall cartilage collagen modification by glycation

is relatively high compared with other long-lived human proteins,

and that pentosidine serves as an adequate marker for

overall AGE levels. The age-related accumulation of high levels
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of AGEs in articular cartilage collagen may contribute to the

observed stiffening of the cartilage collagen network with ad-

vancing age [7,51]. The increased stiffness might make the

cartilage collagen network more brittle, as described for vascular

tissues [52], and as such impair the resistance of articular collagen

to fatigue and predispose aged cartilage to damage and eventual

degeneration. Thus the accumulation of AGEs represents a

conceivable molecular mechanism whereby age is a predisposing

factor for the development of osteoarthritis [7].

This research was supported by the Netherlands Organization for Scientific Research
(NWO), the Dutch League against Rheumatism and, in part, by a research grant DK-
19971 to J.W.B. from the U.S. National Institutes of Diabetes, Digestive and Kidney
Diseases. We thank Professor V. M. Monnier (Case Western Reserve University,
Cleveland, OH, U.S.A.) for providing pentosidine.

REFERENCES

1 Dunn, J. A., Patrick, J. S., Thorpe, S. R. and Baynes, J. W. (1989) Oxidation of

glycated proteins : age-dependent accumulation of Nε-(carboxymethyl)lysine in lens

proteins. Biochemistry 28, 9464–9468

2 Dunn, J. A., McCance, D. R., Thorpe, S. R., Lyons, T. J. and Baynes, J. W. (1991)

Age-dependent accumulation of Nε-(carboxymethyl)lysine and Nε-

(carboxymethyl)hydroxylysine in human skin collagen. Biochemistry 30, 1205–1210

3 Ahmed, M. U., Thorpe, S. R. and Baynes, J. W. (1986) Identification of

N ε-carboxymethyllysine as a degradation product of fructoselysine in glycated protein.

J. Biol. Chem. 261, 4889–4894

4 Wells Knecht, M. C., Thorpe, S. R. and Baynes, J. W. (1995) Pathways of formation

of glycoxidation products during glycation of collagen. Biochemistry 34,
15134–15141

5 Sell, D. R. and Monnier, V. M. (1989) Structure elucidation of a senescence cross-

link from human extracellular matrix. Implication of pentoses in the aging process.

J. Biol. Chem. 264, 21597–21602

6 Uchiyama, A., Ohishi, T., Takahashi, M., Kushida, K., Inoue, T., Fujie, M. and

Horiuchi, K. (1991) Fluorophores from aging human articular cartilage. J. Biochem.

(Tokyo) 110, 714–718

7 Bank, R. A., Bayliss, M. T., Lafeber, F. P. J. G., Maroudas, A. and TeKoppele, J. M.

(1998) Ageing and zonal variation in post-translational modification of collagen in

normal human articular cartilage. The age-related increase in non-enzymatic glycation

affects biomechanical properties of cartilage. Biochem. J. 330, 345–351

8 DeGroot, J., Verzijl, N., Bank, R. A., Lafeber, F. P. J. G., Bijlsma, J. W. J. and

TeKoppele, J. M. (1999) Age-related decrease in proteoglycan synthesis of human

articular chondrocytes : the role of nonenzymatic glycation. Arthritis Rheum. 42,
1003–1009

9 Ahmed, M. U., Brinkmann Frye, E., Degenhardt, T. P., Thorpe, S. R. and Baynes,

J. W. (1997) N-ε-(carboxyethyl)lysine, a product of the chemical modification of

proteins by methylglyoxal, increases with age in human lens proteins. Biochem. J.

324, 565–570

10 Dyer, D. G., Blackledge, J. A., Thorpe, S. R. and Baynes, J. W. (1991) Formation of

pentosidine during nonenzymatic browning of proteins by glucose. Identification of

glucose and other carbohydrates as possible precursors of pentosidine in vivo.

J. Biol. Chem. 266, 11654–11660

11 Schnider, S. L. and Kohn, R. R. (1981) Effects of age and diabetes mellitus on the

solubility and nonenzymatic glucosylation of human skin collagen. J. Clin. Invest. 67,
1630–1635

12 Monnier, V. M., Kohn, R. R. and Cerami, A. (1984) Accelerated age-related browning

of human collagen in diabetes mellitus. Proc. Natl. Acad. Sci. U.S.A. 81, 583–587

13 Sell, D. R. and Monnier, V. M. (1989) Isolation, purification and partial

characterization of novel fluorophores from aging human insoluble collagen-rich

tissue. Connect. Tissue Res. 19, 77–92

14 Lee, K. W., Simpson, C. and Ortwerth, B. (1999) A systematic approach to evaluate

the modification of lens proteins by glycation-induced crosslinking. Biochim. Biophys.

Acta 1453, 141–151

15 Monnier, V. M., Sell, D. R., Nagaraj, R. H., Miyata, S., Grandhee, S., Odetti, P. and

Ibrahim, S. A. (1992) Maillard reaction-mediated molecular damage to extracellular

matrix and other tissue proteins in diabetes, aging, and uremia. Diabetes 41, Suppl.

2, 36–41

16 Dyer, D. G., Dunn, J. A., Thorpe, S. R., Bailie, K. E., Lyons, T. J., McCance, D. R. and

Baynes, J. W. (1993) Accumulation of Maillard reaction products in skin collagen in

diabetes and aging. J. Clin. Invest. 91, 2463–2469

17 Pokharna, H. K. and Pottenger, L. A. (1997) Nonenzymatic glycation of cartilage

proteoglycans : an in vivo and in vitro study. Glycoconjugate J. 14, 917–923

18 Freeman, M. A. (1975) The fatigue of cartilage in the pathogenesis of osteoarthrosis.

Acta Orthop. Scand. 46, 323–328

19 Weightman, B. (1976) Tensile fatigue of human articular cartilage. J. Biomech. Eng.

9, 193–200

20 Kempson, G. E. (1982) Relationship between the tensile properties of articular

cartilage from the human knee and age. Ann. Rheum. Dis. 41, 508–511

21 Degenhardt, T. P., Thorpe, S. R. and Baynes, J. W. (1998) Chemical modification of

proteins by methylglyoxal. Cell. Mol. Biol. 44, 1139–1145

22 Schmidt, M. B., Mow, V. C., Chun, L. E. and Eyre, D. R. (1990) Effects of

proteoglycan extraction on the tensile behavior of articular cartilage. J. Orthop. Res.

8, 353–363

23 Lyons, T. J. and Kennedy, L. (1985) Non-enzymatic glycosylation of skin collagen in

patients with type 1 (insulin-dependent) diabetes mellitus and limited joint mobility.

Diabetologia 28, 2–5

24 Bank, R. A., Jansen, E. J., Beekman, B. and TeKoppele, J. M. (1996) Amino acid

analysis by reverse-phase high-performance liquid chromatography : improved

derivatization and detection conditions with 9-fluorenylmethyl chloroformate. Anal.

Biochem. 240, 167–176

25 Bank, R. A., Beekman, B., Verzijl, N., de Roos, J. A., Sakkee, A. N. and TeKoppele,

J. M. (1997) Sensitive fluorimetric quantitation of pyridinium and pentosidine

crosslinks in biological samples in a single high-performance liquid chromatographic

run. J. Chromatogr. B : Biomed. Sci. Appl. 703, 37–44

26 Kim, Y. J., Sah, R. L., Doong, J. Y. and Grodzinsky, A. J. (1988) Fluorometric assay

of DNA in cartilage explants using Hoechst 33258. Anal. Biochem. 174, 168–176

27 Stegemann, H. and Stalder, K. (1967) Determination of hydroxyproline. Clin. Chim.

Acta 18, 267–273

28 Creemers, L. B., Jansen, D. C., van Veen-Reurings, A., van den Bos, T. and Everts, V.

(1997) Microassay for the assessment of low levels of hydroxyproline. Biotechniques

22, 656–658

29 Takahashi, M., Kushida, K., Ohishi, T., Kawana, K., Hoshino, H., Uchiyama, A. and

Inoue, T. (1994) Quantitative analysis of crosslinks pyridinoline and pentosidine in

articular cartilage of patients with bone and joint disorders. Arthritis Rheum. 37,
724–728

30 Maroudas, A., Palla, G. and Gilav, E. (1992) Racemization of aspartic acid in human

articular cartilage. Connect. Tissue Res. 28, 161–169

31 Fu, M. X., Requena, J. R., Jenkins, A. J., Lyons, T. J., Baynes, J. W. and Thorpe,

S. R. (1996) The advanced glycation end product, Nε-(carboxymethyl)lysine, is a

product of both lipid peroxidation and glycoxidation reactions. J. Biol. Chem. 271,
9982–9986

32 Miyata, T., Inagi, R., Asahi, K., Yamada, Y., Horie, K., Sakai, H., Uchida, K. and

Kurokawa, K. (1998) Generation of protein carbonyls by glycoxidation and lipoxidation

reactions with autoxidation products of ascorbic acid and polyunsaturated fatty acids.

FEBS Lett. 437, 24–28

33 Eyre, D. R., Dickson, I. R. and Van Ness, K. (1988) Collagen cross-linking in human

bone and articular cartilage. Age-related changes in the content of mature

hydroxypyridinium residues. Biochem. J. 252, 495–500

34 Miyahara, T., Shiozawa, S. and Murai, A. (1978) The effect of age on amino acid

composition of human skin collagen. J. Gerontol. 33, 498–503

35 Dilley, K. J. and Harding, J. J. (1975) Changes in proteins of the human lens in

development and aging. Biochim. Biophys. Acta 386, 391–408

36 Coghlan, S. D. and Augusteyn, R. C. (1977) Changes in the distribution of proteins in

the aging human lens. Exp. Eye Res. 25, 603–611

37 Schnider, S. L. and Kohn, R. R. (1982) Effects of age and diabetes mellitus on the

solubility of collagen from human skin, tracheal cartilage and dura mater.

Exp. Gerontol. 17, 185–194

38 Heaf, D. J. and Galton, D. J. (1975) Sorbitol and other polyols in lens, adipose tissue

and urine in diabetes mellitus. Clin. Chim. Acta 63, 41–47

39 Tomana, M., Prchal, J. T., Garner, L. C., Skalka, H. W. and Barker, S. A. (1984) Gas

chromatographic analysis of lens monosaccharides. J. Lab. Clin. Med. 103, 137–142

40 Lee, K. W., Mossine, V. and Ortwerth, B. J. (1998) The relative ability of glucose and

ascorbate to glycate and crosslink lens proteins in vitro. Exp. Eye Res. 67, 95–104

41 Maroudas, A. (1970) Distribution and diffusion of solutes in articular cartilage.

Biophys. J. 10, 365–379

42 Wells-Knecht, M. C., Huggins, T. G., Dyer, D. G., Thorpe, S. R. and Baynes, J. W.

(1993) Oxidized amino acids in lens protein with age. Measurement of o-tyrosine and

dityrosine in the aging human lens. J. Biol. Chem. 268, 12348–12352

43 Wells-Knecht, M. C., Lyons, T. J., McCance, D. R., Thorpe, S. R. and Baynes, J. W.

(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 diabetes. J. Clin. Invest. 100, 839–846

# 2000 Biochemical Society



387Maillard reaction products in cartilage collagen

44 Maroudas, A. (1980) Metabolism of cartilaginous tissues : a quantitative approach. In

Studies in Joint Disease I (Maroudas, A. and Holborow, E. J., eds.), pp. 59–86,

Pitman Medical, Tunbridge Wells

45 Bandara, G. and Evans, C. H. (1992) Intercellular regulation by synoviocytes. In

Biological Regulation of the Chondrocytes (Adolphe, M., ed.), pp. 205–226, CRC

Press, Inc., Boca Raton

46 van Boekel, M. A. (1991) The role of glycation in aging and diabetes mellitus.

Mol. Biol. Rep. 15, 57–64

47 Brownlee, M. (1995) Advanced protein glycosylation in diabetes and aging. Annu.

Rev. Med. 46, 223–234

48 Harding, J. J. and Dilley, K. J. (1976) Structural proteins of the mammalian lens : a

review with emphasis on changes in development, aging and cataract. Exp. Eye Res.

22, 1–73

Received 13 March 2000/30 May 2000 ; accepted 23 June 2000

49 Kern, H. L. and Zolot, S. L. (1987) Transport of vitamin C in the lens. Curr. Eye Res.

6, 885–896

50 Taylor, A., Jacques, P. F., Nadler, D., Morrow, F., Sulsky, S. I. and Shepard, D.

(1991) Relationship in humans between ascorbic acid consumption and levels of total

and reduced ascorbic acid in lens, aqueous humor, and plasma. Curr. Eye Res. 10,
751–759

51 Grushko, G., Schneiderman, R. and Maroudas, A. (1989) Some biochemical and

biophysical parameters for the study of the pathogenesis of osteoarthritis : a

comparison between the processes of ageing and degeneration in human hip

cartilage. Connect. Tissue Res. 19, 149–176

52 Sims, T. J., Rasmussen, L. M., Oxlund, H. and Bailey, A. J. (1996) The role of

glycation cross-links in diabetic vascular stiffening. Diabetologia 39, 946–

951

# 2000 Biochemical Society


