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Nonenzymatic glycation of cartilage proteoglycans:
an /n vivo and in vitro study

Hemlata K. Pokharna* and Lawrence A. Pottenger
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In this study we have investigated whether proteoglycans (aggrecan) are modified by nonenzymatic glycation as in
collagen. Purified human aggrecan from osteoarthritic and normal human knee articular cartilage was assayed for
pentosidine, a cross-link formed by nonenzymatic glycation, using reverse-phase HPLC. In addition, an in vitro study was
done by incubation of purified bovine nasal cartilage aggrecan with ribose. Pentosidine was found in all the purified human
aggrecan samples. 2-3% of the total articular cartilage pentosidine was found in aggrecan. Purified link protein also
contained penosidine. The in vitro study led to pentosidine formation, but did not appear to increase the molecular size of
the aggrecan suggesting that pentosidine was creating intramolecular cross-links. Similar amounts of glycation were found
in osteoarthritic and normal cartilage. Like collagen, aggrecan and link proteins are crosslinked by nonenzymatic glycation
in normal and osteoarthritic cartilage. Crosslinking could be reproduced, in vitro, by incubating aggrecan with ribose.
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1. Introduction

Age related changes in the extracellular matrix have been
attributed to changes in the intra- or intermolecular col-
lagen cross-links [1-3]. Stable covalent cross-links are
known to be formed in collagen by both enzymatic and
nonenzymatic processes. One such enzymatic process is
initiated by lysyl oxidase and results in the formation of
pyridinoline crosslinks.

In addition, spontaneous chemical reactions between
proteins and sugars lead to nonenzymatically formed cross-
links that appear to increase with age [4]. The process of
nonenzymatic glycation of proteins is a very complicated
and poorly understood. Lack of guidance of glycation by
enzymes results is the creation of multiple advanced
glycosylated endproducts (AGE) of which pyrraline and
pentosidine have been identified in extracellular matrix pro-
teins [5,6]. Pentosidine is a pentose mediated cross-link
between lysine and arginine. It has been shown to be present
in increasing amounts with age and diabetes, in plasma
proteins [7], lens crystallins [8] and collagen-rich tissues
[9-11]. The age related changes caused by AGE cross-
linking in collagen-rich tissues, result in loss of elasticity,
thickening and scleroses [12]. At a physiochemical
level, collagen becomes less soluble and less digestible by
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collagenase [13], increasingly thermostable [1], and ac-
quires covalently bound fluorophores [14].

Large cartilage proteoglycans (aggrecan) are long lived
components of cartilage [15]. Aggrecan consists of a protein
backbone to which multiple chains of chondroitin sulfate and
keratan sulfate are attached. At the N-terminal end of the
protein there is a region that is capable of simultaneously
binding hyaluronic acid and link proteins. Link proteins are
also capable of binding hyaluronic acid [16]. In articular
cartilage, aggrecan aggregates form when as many as 100
individual aggrecan bind to one long hyaluronic acid chain
with link proteins assisting in binding of individual aggrecan.

Although aggrecan are long lived proteins and therefore
potentially susceptible to postsynthetic nonenzymatic
modifications, there is no information in the literature about
AGE in proteoglycan macromolecules. In this study, we
analyzed purified human aggrecan for the presence of pen-
tosidine. Since in vitro incubation of proteins with either
hexose sugars, pentose sugars, or ascorbic acid under oxida-
tive conditions has been shown to produce pentosidine
cross-linking [17], we attempted to produce pentosidine
crosslinking in vitro by incubating young bovine aggrecan
with glucose, ribose and ascorbic acid.

Materials and methods
Tissue preparation

Cartilage samples were obtained from patients undergoing
surgery for knee replacement due to osteoarthritis, and from
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individuals at autopsy. The mean age of patients from
whom articular OA cartilage was obtained was 69.4 years
(range =50-92 years, n=9). Control articular cartilage ob-
tained from knee at autopsy was from subjects with mean
age of 52.5 years (range 28-80 years, n=38). Only macro-
scopically normal appearing cartilage from OA and control
cartilage was used in the study. Cartilage for in vitro incuba-
tion studies was collected from bovine calf nasal septum
obtained from a slaughterhouse and kept at — 20 °C until
extraction.

Total pyridinoline and pentosidine was determined in
intact cartilage samples and in residual cartilage after ex-
traction with 4 M GdnHCI, as well as, purified proteoglycan
aggregates and monomers.

Isolation and purification of proteoglycans

Proteoglycans were extracted from 1 mm pieces of cartilage
following procedures described by Kahn et al. [18]. The
cartilage pieces were associatively extracted for 24 h at 4°C
with 10 volumes of buffer containing protease inhibitors.
Extracted proteoglycans were allowed to aggregate by di-
alysis against nine volumes of buffer without GdnHCI, and
then purified by CsCl density gradient centrifugation under
associative conditions. The bottom fractions (A1) contain-
ing proteoglycan aggregates were collected. Purified
aggrecan monomer (A1D1D1) were obtained from A1l frac-
tions by two CsCl density gradient centrifugations under
dissociative conditions [19]. Aggrecan fractions were
lyophilized after dialysis against water. Aggrecan concentra-
tions were estimated by uronic acid analysis [20].

Isolation of link proteins

Link protein was isolated separately from cartilage ob-
tained from four patients undergoing knee replacement.
Link protein was isolated from fractions A1DS5 and further
purified by two gel permeation chromatographies on
a Sephacryl S-200 column. The column effluent was
monitored for protein by reading A,go. Midportion of the
peak, which was found to be pure by SDS gel electrophor-
esis, was analyzed for pentosidine. The extinction coefficient
E%.17 at A%8° of purified human link protein was found to
be 1.14 following the procedure described by Tang et al.

[21].

In vitro crosslinking of proteoglycans

Bovine calf proteoglycan A1A1 fraction was incubated in
triplicates in the presence of oxygen at 37°C with either
500 mm ribose, or 25 mm ascorbic acid, or 100 mm glucose.
Since zinc is known to associate link proteins [22], 100 um
ZnCl, was added to another 500 mm ribose incubation.
Incubation proceeded over 4 weeks with weekly sampling.
In another experiment aggregates were incubated with vari-
ous concentrations of ribose for 4 weeks. Some aggreg-
ates from each group were incubated under antioxidative
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conditions in the presence of 1 mm diethylenetriaminepen-
taacetic acid (DTPA) and 1 mm phytic acid and nitrogen
[17]. Control groups contained only aggregates in buffer.
All incubations were done in 0.1 M phosphate buffer at pH
7.4 with a drop of toluene to prevent bacterial growth. After
incubation, fractions were subjected to dissociative centrifu-
gation (D1) and analyzed for the presence of pentosidine.

Column chromatography

Aggrecan (A1D1D1) from the in vitro incubation with ribose
were placed on a Sepharose CL-2B column (120 x 0.8 cm),
and eluted with buffer (pH 7.0) at a rate of 1.2mlh~! [18].
The column effluent was monitored for uronic acid. Frac-
tions from the aggrecan peak were collected as five pools for
pentosidine analysis.

Pyridinoline and pentosidine determination

Samples in distilled water were lyophilized and then hydro-
lyzed in 6 NHCI at 110°C for 24 h. Hydroxyproline was
assayed by the modified method of Stegemann and Stadler
[23]. Pyridinoline and pentosidine were quantified by re-
verse phase high performance liquid chromatography
(HPLC) as described by Eyre et al. [24].

The presence of pentosidine in the HPLC run was con-
firmed in representative samples using dual chromato-
graphic system by collecting fractions eluting from HPLC
using a Waters automated column switching valve set to
collect fractions eluting from 2 min prior to and 2 min post
elution of standard pentosidine [7]. The 5 ml fractions were
concentrated under reduced pressure with speedvac system
and then rehydrated with loading buffer for HPLC, using
cation exchange column (protein pak SP-5PW, Waters
Chromatography) with a gradient of NaCl from 0-40 min in
0.02 M sodium acetate buffer at pH 4.7. Pentosidine eluted
at 25.3 min. Pyridinoline and pentosidine standards were
kindly provided by Dr Vincent Monnier (Case Western
Reserve University, Cleveland, OH).

Coefficient of variation

A piece of cartilage for one subject was cut into four pieces,
these were hydrolyzed and analyzed separately for hy-
droxyproline, pyridinoline and pentosidine. The coefficient
of variation for each was calculated, using CV =(0/X)100
where CV is the coefficient of variation, ¢ is the standard
deviation, and X is the observed mean [25]. CV for
hydroxyproline was 5.5%, for pyridinoline 5% and for
pentosidine 3.4%.

Statisical analysis

For the differences among the groups nonparametric analy-
sis was used because of nonparametric distribution of data.
The Mann-Whitney rank sum test was used for comparison
between two groups using Sigma plot software. Linear
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equations, and regression coefficients were generated using
Microsoft Exel software. p-values less than 0.05 were con-
sidered significant.

Results
Analysis of cartilage specimens

Five samples of control and four samples of OA cartilage
were analyzed in terms of original wet weight. The average
amount of pentosidine in the control and OA samples was
11.8 pmolmg ! (range 2.4-33.0) and 9.4 pmolmg ™~ *(range
6.7-15.1), respectively. In the same tissues, the concentra-
tions of pentosidine in purified aggrecan were determined.
Extrapolating the concentrations of pentosidine in aggrecan
to the total amount of aggrecan as determined by uronic
acid gave an estimate of the total pentosidine in aggrecan to
be 0.13 pmolmg~! (range 0.02-2.30) in control cartilage
and 0.21 pmolmg ! (range 0.03-0.46) in OA cartilage. The
amounts of pentosidine calculated as percentage of total
cartilage pentosidine in aggrecan was 2.77% (range
0.57-11.0) for control tissue and 2.83% (range 0.32-6.89) in
OA cartilage.

In a larger group of specimens the residual cartilage after
extraction with 4M GdnHCI was studied to estimate the
amount of pentosidine (Table 1). The mean concentrations
of pyridinoline and pentosidine did not differ significantly in
normal and OA cartilage. Studies of OA human articular
cartilage by Takahashi et al. [10] using similar methods
found average pyridinoline concentrations of 3.6 mmol
mol~! hydroxyproline and average pentosidine levels of
0.107 mmolmol ! hydroxyproline. These findings are in
agreement with our findings. In our study, pentosidine was
approximately 3-5% of pyridinoline present in the residual
cartilage.

Age dependence of the amount of cross-linkage

Figure 1 shows the correlation of age of the subjects from
whom the cartilage was obtained with molar concentrations

Table 1. Analysis of in vivo crosslinks in human cartilage fractions
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Figure 1. Age-related changes in the content of pyridinoline (A) and
pentosidine (B) in residual cartilage obtained after extraction with 4 m
GdnHCI extraction. Cartilage was obtained from knees of patients with
OA during surgery and normal cartilage at autopsy. Cartilage samples
were hydrolyzed in 6 N hydrochloric acid and crosslinks were estimated
by reverse phase HPLC.

of pyridinoline and pentosidine per mole hydroxyproline in
the hydrolysates of residual cartilage after 4 m GdnHCI
extraction. Pyridinoline from OA and normal cartilage
showed no correlation with age (y=0.012x + 3.16,
R? =0.004 and y = — 0.019x + 5.32, R* = 0.063, respect-
ively), whereas pentosidine increased with age (y = 0.008x —

Pyridinoline Pentosidine
Normal OA Normal OA
(n=28) (n=29) (n=28) (n=29)

(mmol mol ~* hydroxyproline)

(mmol mol 71 hydroxyproline)

Residual cartilage
after 4 m GndHCI extraction

4.31 +0.55

Aggrecan aggregates
Aggrecan monomers

3.58 +0.74

0.14 +0.04 0.19 +0.04
(mmolmol ~* uronic acid)

0.011 + 0.002 0.005 + 0.001
0.006 + 0.002 0.005 + 0.002

Data are given as mean + SEMm.

There is no significant difference in pentosidine between normal and OA samples as p was >0.1 in all comparisons.
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0.365, R*=0.621 for OA and y=0.0024x +0.016, R*?=0.155
for normal) consistent with continued modification of the
collagen after maturity.

Detection of pentosidine in proteoglycans

Both purified aggrecan aggregates and monomers from
human specimens contain measurable amounts of pen-
tosidine (Table 1). There is no difference in pentosidine
between normal and OA samples (p>0.1). No pyridinoline
or hydroxyproline was detected in the same samples, which
indicates that the pentosidine found in the purified aggrecan
aggregates was not due to contamination by collagen. As
shown in Figure 2, there is a large variation in pentosidine
levels which is largely due to different amounts of pen-
tosidine present in the tissue as the coefficient of variation
of the assay itself is very small. The concentration of
pentosidine in purified monomers from OA and normal
cartilage showed no significant correlation with age
(y=0.0001x +0.0006, R?=0.021 and y= — 0.0001x -+0.009,
R? = 0.096 respectively).

Pentosidine concentration in the electrophoretically pure
link protein pooled from 4 patients was 34.7 mmol mol !
protein, assuming a molecular weight of 50kD.

In vitro glycation of proteoglycans

Figure 3 shows the effect of incubating aggrecan aggregates
from bovine calf nasal cartilage with different glycating
agents. After incubation, aggrecan monomers were obtained
by dissociative CsCl density gradient centrifugation. Incu-
bation of aggrecan with either glucose or ascorbic acid,
formed no detectable pentosidine, while ribose incubation
led to the appearence of significant amounts of pentosidine
within the first week, which did not change significantly
over the next three weeks. The addition of zinc to the ribose
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Figure 2. Changes in the content of pentosidine in purified aggrecan
(A1D1D1) extracted from OA and normal human cartilage of different
ages. Aggrecan was purified by 4 m GdnHCI extraction followed by
centrifugation under associative and dissociative conditions and ana-
lyzed for pentosidine estimation.
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incubation, reduced pentosidine synthesis to levels signifi-
cantly less than ribose alone (p<0.001) in 4 weeks. This
inhibition of pentosidine formation was unexpected since
zinc is known to cause link proteins to associate [22].

Figure 4 shows the effect of incubating bovine nasal
aggregates with various concentrations of ribose. Pen-
tosidine increased significantly at 100 mM ribose concentra-
tion (p<0.002) after 4 weeks of incubation compared to
control. There was an unexpected decrease (p<0.005) in
pentosidine at 500 mm ribose concentration as compared to
pentosidine at 100 mm ribose.

Incubation of aggrecan with ribose under antioxidative
conditions led to the formation of only 3.5% of the pento-
sidine formed in presence of oxygen.
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Figure 3. In vitro glycation of proteoglycans: Effect of incubating bovine
proteoglycan aggregates with different glycating agents including ribose,
ascorbic acid, glucose and ribose with zinc chloride, over a period of
4 weeks. Proteoglycans extracted from bovine nasal cartilage were
incubated in presence and absence of different glycating agents. After
incubation, fractions were subjected to dissociative centrifugation and
analyzed for the presence of pentosidine.

300

N

[=]

o
1

PENTOSIDINE
u mol/mol uronic acid
=)
o

0 1 10 100 500
RIBOSE CONCENTRATION (mM)

Figure 4. Effect of ribose concentration on pentosidine formation in
aggrecan over a period of 4 weeks.



Nonenzymatic glycation of proteoglycans

0.7 T T T T 150 5
® A1DID1 4 140 g

0.6 v A1DID1 with ribose 4130
- 4120 8
E =
c L 4110 ©
0.5 2
§ 4100 =
a 0.4 190 ©°
S 1o £
. []
Q o3} 70 £
2 4 60 2
- 50 w
Q o2} 40 2
5 ] o
& 430 @
S 0.1 420 g
410 &
0.0 0 [-%

10 50 60

vt
FRACTION NUMBER

Figure 5. Sepharose CL-2B analysis of purified aggrecan monomers
(A1D1D1) from bovine nasal cartilage incubated for 90 days in the
absence and presence of 500 mm ribose at 37 °C. Elution profiles depict
uronic acid content as measured by reaction with carbazole. Bar graph
reflects concentration of pentosidine in pooled samples of ribose treated
monomers.

Column chromatography

Aggrecan monomer fractions incubated with ribose were
analyzed by Sepharose CL-2B chromatography to deter-
mine if in vitro glycation led to increase in the size of the
monomers, which would suggest that the monomers were
cross-linked together by pentosidine. As shown in Figure 5,
monomers that were incubated with ribose did not appear
to be larger than those incubated with saline alone, sugges-
ting that the cross-linking occurred within individual mono-
mers, rather than between monomers. There appeared to be
a small shift in the ribose incubated profile to lower molecu-
lar weights, which may be due to sugar induced protein
fragmentation reactions [17]. Pentosidine was present
throughout the peak indicating the presence of pentosidine
in large and small aggrecan molecules. This eliminates the
possibility that pentosidine may have been in the purified
aggrecan monomer as a contaminant of non-aggrecan pro-
teins, which would have had lower molecular weight.

Discussion

In this study, we used pentosidine as a marker of the
presence of AGE in human cartilage proteins. In general,
pentosidine comprises only a small percentage of the total
AGE produced [26] and the percentage of pentosidine
compared to total AGE on specific proteins probably varies
greatly. The relative positions of lysines and arginines on the
protein may favor lysine-lysine cross-links or types of
lysine-arginine cross-links other than pentosidine, and the
array of AGE produced may be dependent upon the type of
sugar participating in the reaction. In in vitro studies, the
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best estimate of total AGE may be found by measuring the
amount of lysine and arginine residues in the molecules that
have not been modified [27]. We used ribose in our in vitro
glycation studies to accelerate the creation of pentosidine.
Ribose has been found to be 130 times more reactive than
glucose in producing browning reaction in proteins [28]
and 50 times as reactive in producing pentosidine [29].
Pentoses are so much more reactive than hexoses that it has
been hypothesized that the small amount of pentoses in the
extracellular fluid may contribute significantly to AGE syn-
thesis [14].

Since the prerequisite for a Maillard reaction is the pres-
ence of free amino groups, either on proteins or amino acids,
and reducing sugar, all proteins containing arginine and
lysine can undergo nonenzymatic glycation. This is the
rationale used to propose the role of the Maillard reaction
in the cellular and molecular damage that occurs with aging
and diabetes [26]. The differences in the accumulation of
pentosidine in different tissues as a function of age is
thought to be due to different tissue protein turnover rates.
Rapid turnover of most proteins may thus act as a natural
mechanism to eliminate this sugar mediated damage, where-
as the long lived proteins such as collagen succumb to AGE
accumulation [27]. Studies by Takahashi et al. [10] quan-
tifying amounts of pentosidine and pyridinoline in human
articular cartilage from patients with bone and joint dis-
orders have shown that pyridinoline remains constant after
skeletal maturity, while pentosidine increases with age, in-
dicative of on going chemical modification. Similar findings
have been reported by Uchiyama et al. [11] in aging human
articular cartilage obtained from patients, which was also
the case in the present study. Studies of the Maillard reac-
tion mediated cross-links in aging and osteoarthritic carti-
lage suggest pentosidine to be primarily associated with
collagen [4,6, 9-11,30].

The present study shows the presence of pentosidine in
aggrecan and link proteins. The accumulation of pen-
tosidine in cartilage aggrecan can be attributed to the pool
of proteoglycan which has a half life of many years as
compared to the other aggrecan pool whose mean half life is
about 1-2 years [15]. There was no significant difference in
pentosidine levels in aggrecan derived from control and OA
cartilage which appeared macroscopically normal. The fact
that AGE appear to render collagen less digestible by pro-
teases [13], suggests that AGE may be partially responsible
for the increased longevity of proteoglycans if they block
sites of proteolysis.

Although aggrecans are long lived, the amount of pen-
tosidine in aggrecan did not increase with age as in collagen,
this could be attributed to the different pools of aggrecans
which turnover at different rates. Also activity levels of
joints are known to influence aggrecan metabolism. Tem-
porary joint immobilization of the knee results in loss of
aggrecan due to degradation and lowering of aggrecan
synthesis [31]. Since the tissue samples in this study were
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collected from arthritic knees at the time of surgery and
from post mortem specimens, some of the joints from which
the cartilage was obtained may have been relatively inactive
for periods of time prior to the collection of the tissue. These
factors may in turn contribute to the variation in amounts
of aggrecan and its pentosidine content.

Incubation of bovine aggrecan with 500 mm ribose
showed pentosidine synthesis within the first week which
did not significantly increase over the next 3 weeks
(Figure 3), whereas, glucose and ascorbic acid formed no
detectable pentosidine after 4 weeks. This may be due to the
lower reactivity of glucose and ascorbic acid compared to
ribose [32]. Dyer et al. [33] also showed a similar low yield
when incubating N-acetyl-arginine and N-acetyl-lysine with
glucose or ascorbic acid. They suggest that the slower rate of
synthesis of pentosidine by glucose as compared to ribose
could possibly be due to the required autoxidation of
hexoses into pentoses prior to formation of pentosidine.

An in vitro study of concentration dependence of ribose
on pentosidine synthesis in aggrecan yielded the unan-
ticipated result that pentosidine formation increased with
increasing ribose concentration up to 100 mM, then
decreased at 500 mm. The kinetic studies done by Khalifah
et al. [34] also demonstrate inhibition of overall AGE
formation by high concentrations of ribose. They explain
this inhibition as possibly being caused by the interaction of
ribose with a protein intermediate containing reactive
Amadori products thus inhibiting the formation of the ad-
vanced glycosylated endproducts.

Another important area of future research is to determine
if AGE are capable of cross-linking aggrecan to other pro-
teins or to each other. The cross-linking reagent, dithiobis
(succinimidyl propionate) (DTSP), which cross-links two
lysine residues has been shown to cross-link link proteins to
aggrecan in purified aggregates [ 35]. Ultrastructural studies
of the extractable aggrecan showed that 45% of the ag-
grecan was cross-linked to form polymers. Even in the
absence of DTSP 7-9% of monomers appeared to be in
polymeric form. At the time of the study, there was no
explanation for the existence of the polymers in non cross-
linked cartilage. One possible explanation may be that the
naturally occurring polymers are formed by pentosidine or
other AGE.

When DTSP was added to purified aggrecan monomers
(A1D1D1), cross-linking between monomers did not occur.
Similarly in the present study Sepharose CL-2B chromato-
graphy showed no shift in the molecular weight of the
monomers cross-linked after in vitro cross-linking with pen-
tosidine. This suggests that pentosidine formed cross-links
within monomeric aggrecan but not between aggrecan. It
remains to be determined if AGE can form intermolecular
cross-links of aggrecan in aggregates.

Cartilage aggrecan undergo several age related structural
changes including the decrease in the length of chondroitin
sulphate rich region of the molecules, increase in the
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variation of aggrecan length, and increase in the density of
keratan sulphate chains. The number of aggrecan subunits
per aggregate decrease, and percentage of aggrecan capable
of aggregating also decrease [36]. What role AGE may play
in altering the function and turnover of aggrecan and link
proteins has yet to be determined. AGE could possibly
block proteolytic enzymes or preserve the integrity of the
proteins despite proteolytic cleavage. They might block new
aggrecan monomers from aggregating, and they might fur-
ther stabilize aggregates or connect aggregates by cross-
linking aggrecan on different aggregates.
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