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The Glycosaminoglycans of Normal and Arthritic Cartilage

HENRYJ. MANKINand Louis LIPPiELLO

From the Hospital for Joint Diseases, Mount Sinai School of Medicine of the
City University of NewYork, NewYork 10035

A B S T R A C T The cartilages from the hip joints of 13
normal and 15 osteoarthritic humans were analyzed for
glycosaminoglycan content and distribution. The GAGs
were separated by elution with CPCon a short cellulose
column by the technique of Svejcar and Robertson
after digestion of the tissue with pronase and papain.
The eluates were identified by a variety of methods in-
cluding determination of molar ratios, N-acetyl-hexosa-
mine determinations after hyaluronidase treatment and
thin-layer chromatography of unhydrolyzed and hy-
drolyzed GAGs.

From the data obtained, it was demonstrated that
cartilage from arthritic patients showed a significant
increase in the concentration of chondroitin 4-sulfate
and a significant decrease in keratan sulfate, with only
slight changes in the total amount of GAGpresent. Cal-
culations of the molar ratios showed variation in the
sulfation -with chondroitin 4-sulfate appearing in the
"supersulfated" state in the arthritic cartilage.

The data lead to speculation regarding the process
of osteoarthritis, and it is concluded that the changes
seen are more likely to represent an altered pattern of
synthesis rather than selective degradation. Since the
changes suggest a younger cartilage, a theory is ad-
vanced that the chondrocyte responds to the chronic
stress of osteoarthritis by modulation to a chondro-
blastic phase.

INTRODUCTION
The acidic glycosaminoglycans (GAGs(1))1 of articu-
lar cartilage have been identified as chondroitin 6-sul-
fate, chondroitin 4-sulfate, and keratan sulfate (2-4).
Because of the difficulty of separating, purifying, and
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identifying small quantities of the GAGs, only a few
studies have been performed using articular cartilage.
These have suggested that the relative percentages of
chondroitin 4-sulfate, chondroitin 6-sulfate, and keratan
sulfate, vary in immature and adult tissues but remain
fairJy constant with advancing age (2-11 ).

Histochemical and biochemical studies of cartilage
from osteoarthritic human joints have shown a sig-
nificant decrease in the GAGcontent (12-17), and that
the decrease in approximately proportional to the
severity of the disease. Since it has also been shown
that osteoarthritic cartilage has an increased rate of
protein and polysaccharide syntheses (12, 17, 18), it has
been postulated that the observed activity is a "feed-
back" response related to an increased selective enzy-
matic degradation of the protein polysaccharides of the
matrix (14, 15, 17, 19).

The study reported here describes the results of 'a
comparison of the absolute and relative amounts of the
component GAGs in articular cartilage from 15 patients
with osteoarthritis of the hip and 13 patients with nor-
mal hips who had suffered a fracture of the femoral
neck. The date demonstrates statistically significant al-
terations in the absolute and relative amounts of the
GAGs in the osteoarthritic cartilage. The possible sig-
nificance and interpretation of these findings are dis-
cussed.

METHODS
Human cartilage used for this study was obtained at the
time of surgery from two groups of patients: "the
normals", 13 patients who had suffered a fresh fracture
of the neck of the femur (average age, 77.5; median age,
79): and "osteoarthritics", 15 patients who had varying de-
grees of osteoarthritis as diagnosed by X-ray and histo-
logical studies (average age, 56.3; median age, 52). (Fig. 1)
Both groups were treated by prosthetic replacement, the
former group with Austin-Moore endoprostheses and the
latter with low-friction total replacement prostheses (Charn-
ley), so that cartilage from the entire femoral head was
available for study. Patients known to have rheumatoid
arthritis or osteonecrosis were excluded from the study.

At the time of removal of the femoral head, small seg-
ments of the cartilage and underlying bone were resected

1712 The Journal of Clinical Investigation Volume 50 1971



and studied by radiologic, histologic, and histochemical tech-
niques, to establish that the cartilage was either normal or
osteoarthritic, and the remainder of the cartilage was sub-
jected to analysis for GAGs.

Hexosamines were determined by the method of Rondle
and Morgan (20) and uronic acid by both the carbazole
(Bitter and Muir [21]) and orcinol (Khym and Doherty
[22]) techniques using glucuronolactone as a standard. Sul-
fate was measured by the benzidine technique (Antono-
poulos [23]) and hexose (as galactose) by the anthrone
reaction (24). N-acetyl hexosamine was measured by the
method of Reissig, Strominger, and Leloir (25) and protein
by the method of Lowry, Rosebrough, Farr, and Randall
(26).

Chromatographic identification of hexoses and hexosa-
mines was performed by thin-layer technique using ITLC-
SA silicate impregnated glass fiber sheets (Gelman Instru-
ment Company, Ann Arbor, Mich.) and an n-propanol:
ethanol: H20 (7: 2: 1) system after hydrolysis with 4 N
hydrochloric acid for 6 hr and neutralization of the hydroly-
sate. Mobility was compared against a variety of sugar
standards including glucose, glucosamine, galactose, galac-
tosamine, fucose, mannose, and sialic acid. Spots were visual-
ized with a silver nitrate spray or 50% sulfuric acid char.

The unhydrolyzed GAGpreparations were identified chro-
matographically after CPC fractionation, pooling, and con-
version to Na salts by thin-layer chromatography using a
sequential development (2 cm/solvent) on ITLC-S silicate
impregnated glass fiber (Gelman Instrument Company)
with ethanol, calcium acetate, and acetic acid of varying
concentrations (27). Localization was achieved by staining
with 1%o toluidine blue and/or 50% sulfuric acid charring
technique, or for the uronic acid-containing-GAGs, the car-
bazole reaction. Mobility of the materials studied were com-
pared against hyaluronic acid, chondroitin 4- and 6-sulfate,
keratan sulfate, dermatan sulfate, and heparan sulfate (gen-
erously provided by Dr. M. B. Mathews, Department of
Pediatrics, University of Chicago, Chicago, Ill.) and chon-
droitin 4-sulfate of a different tissue source (a gift of Dr.
P. Hoffman, Research Institute for Skeletomuscular Dis-
eases of the Hospital for Joint Diseases and Medical Center,
N. Y.)

The GAGswere isolated from the fresh resected cartilage
in the following manner. Tissue segments were dehydrated
in absolute ethanol, lyophilized in a freezing and drying
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FIGURE 1 Age distribution of patients in the normal and
osteoarthritic groups. As can be seen, the normal group
was considerably older (21 yr, average) than the osteo-
arthritic, but considerable overlap exists.

TABLE I
Recovery of Sugars after Digestion of Cartilage Samples

(iug/mg dry wt)

Normal Arthritic

Pre Post Pre Post
digest.* digest.: Rec. digest.* digest.: Rec.

Uronic acid 36.6 27.2 74.3 19.4 19.2 98.9
Hexosamine 37.4 35.8 95.7 32.0 24.7 77.2
Hexose 20.4 14.5 71.1 7.0 4.4 62.9

TOTAL 94.4 77.5 58.4 48.3

Recovery for
total 82.1% 82.7%

* Values are averages of results of analysis of four samples in each group.
1 Values were determined by analysis of pooled samples (see text).
Comparison of values for the component sugars of the GAGsobtained by
analysis pre and postenzyme digestion. Recovery was over 82% for both
normal and arthritic cartilage and, although there was some variation of
enzyme effect in the individual sugars, the values for the two series are

comparable.

apparatus (Virtis Company, Gardiner, N. Y.), weighed,
minced, and heated in phosphate buffer in a boiling water
bath for 20 min to destroy hydrolytic enzymes. After cool-
ing, 0.4% pronase solution in acetate buffer was added to
give a final concentration of 20 Ag enzyme/mg dry tissue
weight and the material incubated at 620C for 12 hr and
then the digestion repeated. A second digestion was per-
formed using crude papain (0.2% solution in phosphate
buffer [pH 7.0, 0.1 M] containing 0.01 M cysteine and 0.01
M EDTA) at a concentration of 5 ,ug enzyme/mg dry tissue
weight for 18 hr at 650C.

The mixture was cooled, treated with 5% trichloroacetic
acid, and centrifuged. The supernate containing the GAG
was treated with three times the volume of 5% potassium
acetate in absolute ethanol at 40C., and the precipitate. so
obtained was washed with absolute ethanol, ethanol: ether
(1: 1) and ether, freeze-dried, resuspended in water, dia-
lyzed against running distilled water, and then relyophilized.
The final purified dried GAGwas weighed and reconsti-
tuted in 0.075 M NaCl at a concentration of 1 mg/ml in
preparation for the cetyl pyridinium chloride-cellulose col-
umn fractionation. Analysis for uronic acid, anthrone mate-
rial, hexosamine, and noncollagen protein was completed
before fractionation. An average protein value of 11%
(normal) and 7.1% (arthritic) was found, and all subse-
quent determinations were corrected for this contamination
in order to express the analytical data on a per mg dry
weight of GAGbasis. Recovery of GAG throughout the
digestion phase was estimated by comparison with analytical
values obtained for uronic acid, hexosamine, and hexose
determinations on dry undigested material from four sam-
ples from each series. The percentage recovery for both
normal and arthritic tissue was over 82%, and although not
uniform for all the sugars, was approximately the same in
both series (Table I).

The purified GAG was then fractionated by a slight
modification of a technique described by Svejcar and Robert-
son (28) employing a 3 X 60 mmcolumn packed with What-
man CF-il cellulose. ilv ml of the 0.075 M NaCl solution
of GAG (containing approximately 100 ug GAG) was ap-
plied to the column and eluted successively with 1.0 ml of
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TABLE II
Biochemical Data on the Pooled Fractions Obtained after CPC-Cellulose Column Separation

of Normal and Arthritic Cartilage GAGs

N-Ac
hexosamine

Uronic acid TLC after TLC
identification hyalu- identification

Fraction Carbazole Orcinol Sulfate Hexosamine Hexose of sugar ronidase of samples

mm mI mMll mM mM
Normal

galactose KS +
1 0.25 0.24 0.89 0.74 0.41 glucosamine Ch-6-SO4

galactosamine
3 0.09 0.13 0.04 0.10 - galactosamine + Ch-6-SO4
4 0.27 0.22 0.31 0.21 galactosamine - Ch-4-SO4
5 0.23 0.18 0.24 0.16 - galactosamine + Ch-6-SO4

Arthritic
galactose KS +

1 1.24 1.00 1.31 1.60 0.39 glucosamine Ch-6-SO4
galactosamine

3 0.24 0.26 0.19 0.10 - galactosamine + Ch-6-SO4
4 0.14 0.14 0.21 0.09 galactosamine - Ch-4-SO4
5 0.57 0.62 0.45 0.34 - galactosamine + Ch-6-SO4

See text for techniques and chemical methods.

1% CPC (fraction 1); 0.3 M NaCi (fraction 2); 0.3 M
MgC12 (fraction 3); 40% n-propanol/20% methanol and
1.5% acetic acid (fraction 4); 0.75 M MgCl2 + 0.6 acetic
acid (fraction 5); 0.75 M MgCI2 (fraction 6); and 1.25 M
MgCl2 (f raction 7). The solvent f or all solutions except
fraction 7 was 0.05% CPC.

The seven fractions so obtained were separately assayed
for their content of uronic acid and hexose and the results
plotted as per cent distribution of recovered material and
,ug/mg total GAG. Recovery was estimated by comparison
with the total quantity applied to the column and averaged
97% for uronic acid and 103% for hexose. The values
obtained for content of hexose and uronic acid were used to
calculate the individual content and percentage of the dif-
ferent GAGs in each of the 28 femoral heads studied.

To identify the materials present in each of the fractions,
40 columns of pooled normal and pooled arthritic tissue
were run, and the 7 fractions for each group were sepa-
rately pooled. The CPC or Mg salt of the GAGobtained
was converted back to the Na salt by the method described
by Hjertquist and Vejlens (29).

The absence of iduronic acid was determined by com-
parison of the uronic acid values obtained by the carbazole
and orcinol methods (2). Keratan sulfate was identified by
thin-layer chromatographic identification of galactose and
glucosamine after hydrolysis and by comparison against
keratan sulfate in the second thin-layer system (see above).
The chondroitin sulfates were identified by uronic acid:
sulfate: hexosamine molar ratios, carbazole/orcinol charac-
teristics, and by identification of galactosamine on thin-
layer chromatography after hydrolysis. The 4 and 6 sul-
fated polysaccharide isomers were distinguished by analysis
for N-acetyl hexosamine after hyaluronidase treatment (30)
and by differences in mobility of the thin-layer system as
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compared with standards. Dermatan sulfate, heparan sulfate,
and hyaluronic acid were not detected.

RESULTS

Identification of the glycosarninoglycans. Only frac-
tions 1, 3, 4, and 5 contained significant amounts of the
GAGs, and these were subjected to the studies described
above for the purpose of identification. The results are
shown in Tables II and III. It is apparent from these
data that fraction 1 contains all of the keratan sulfate.
In addition, substantial amounts of another GAGwere
present which contained uronic acid, hexosamine and
sulfate, and had a mobility on chromatogram consistent
with chondroitin 6-sulfate (Fig. 3).

Fractions 3, 4, and 5 in both the normal and arthritic
cartilage showed a chemical composition consistent with
chondroitin sulfate. The material from fraction 5 gives
a positive reaction for N-acetyl hexosamine after treat-
ment with hyaluronidase (30) and had a mobility on
thin-layer chromatography similar to chondroitin 6-
sulfate (Fig. 3). The material in fraction 4 showed a
mobility identical to chondroitin 4-sulfate (Fig. 3) and
gave a negative reaction after hyaluronidase treatment.

A small amount of uronic acid containing material
was eluted in the third fraction (< 17% of the total
GAGs). Although this gave a positive test for N-acetyl
hexosamine after hyaluronidase treatment, the mobility
on TLC was slightly faster than that of the chondroitin



6-sulfate standard (Fig. 3). Examination of the molar
ratio data suggests that, at least in normal tissue, this
fraction is low in sulfate, and it is certainly possible
that this represents "chondroitin" either naturally oc-
curring, or resulting from the separatory procedures.

Molar ratios. The molar ratios for the GAGs of the
various fractions are shown in Table III. Because two
different GAGs were eluted in fraction 1, the molar
ratio for the keratan sulfate and chondroitin sulfate
could only be estimated. This was accomplished by
utilizing an empiric 1: 1.5: 1 (hexose: sulfate: hexosa-
mine) for the keratan sulfate (31, 32). The remainder
of the molar ratios were calculated directly from the
chemical determinations, and as can be seen, there is a
decrease in sulfate concentration in fraction 3 of the
normal tissue and a fairly marked "oversulfation" in
fraction 4 of the arthritic cartilage.

Concentration and distribution of the GAGs. The
GAGcontent was estimated by multiplying the amount
of uronic acid or hexose for each fraction from each of
the 28 samples by a specific factor as calculated from the
derived molar ratio. For reasons indicated above, the
chondroitin 6-sulfate value was obtained by adding the
amounts of GAGfound in fractions 1, 3, and 5.

The total content values are shown and compared in
Table IV. It may be noted that there is a 22.4% de-
crease in the keratosulfate concentrations in the arthritic
cartilage, significant at the 10% confidence level. No
change is noted in the chondroitin 6-sulfate concentra-
tion, but a 35% increase is noted in the chondroitin 4-
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FIGURE 2 Drawing of a typical thin-layer chromatogram
of the hexoses and amino hexoses after digestion of the
GAGby 0.4N HCO for 16 hr at 110'C. Solvent system con-
sisted of N-propanol: ethyl alcohol: H20 (7: 2: 1), and
spots were detected with AgNO3 spray. As can be seen,
glucosamine and galactose were present only in fraction 1,
and fractions 1, 3, 4, and 5 contained galactosamine (see
Table I and text).

TABLE I I I
Molar Ratios

Uronic acid: hexosamine: S04 Hexose: S04: hexosamine*

Frac-
tion Normal Arthritic Normal Arthritic

1 1.0:1.3:1.1 1.0:1.0:0.6 1.0:1.5:1.0 1.0:1.5:1.0
3 1.0:1.1:0.4 1.0:0.4:0.8
4 1.0:0.8:1.1 1.0:0.6:1.5
5 1.0:0.7:1.0 1.0:0.6:0.8

* Estimated on the basis of hexose content with sulfate to
hexose ratio assigned a value of 1.5: 1.
Molar ratios of the materials obtained in each fraction after
CPC-cellulose column separation of normal and arthritic
cartilage GAGs. As indicated in the text, fraction 1 contained
two GAGs, one of which was keratan sulfate. The molar ratio
of the keratan sulfate was estimated from the hexose content
by assigning arbitrarily a sulfate to hexose ratio of 1.5:1 and
a hexosamine to hexose ratio of 1:1. This allowed calculation
of the molar ratio for the other GAGpresent.

sulfate concentration (P < 0.2). The total GAG con-
centration is slightly decreased, but the values lack sta-
tistical validity (P < 0.30). Percentage distributions of
the GAGs are shown in Table V. In the arthritic car-
tilage, keratosulfate is reduced by 11.4% and chondroitin
4- and 6-sulfates increased by 36.8% and 8.7% respec-
tively. These values are all statistically significant. The
keratosulfate-chondroitin sulfate ratio is considerably
reduced in the arthritic tissues (20%) (P <0.1), and
the chondroitin 4- and 6-sulfate ratio shows a 20.3% in-
crease of doubtful significance (P < 0.20) (Table V).

Correlations. As indicated by the standard devia-
tions and the tests of statistical validity, individual
sample variations were fairly widely distributed from
the mean. An attempt was made to correlate the per-
centage distribution of the GAGswith the total hexosa-
mine content of the sample (a theoretical indicator of
the severity of the process) and the age or sex of the
patient. No significant correlation was noted.

DISCUSSION
It is apparent from examination of the two series of
patients that the "normal controls" are neither "nor-
mal" nor "controls" as compared with the osteoarthritic
group. These were elderly patients who had suffered an
intracapsular fracture of the neck of the femur from 24
to 48 hr before resection of the femoral head, and one
must presume some trauma to the cartilage surface, cap-
sular rupture, bleeding, or partial devascularization of
the underlying bone. Although it is unlikely that this
state would greatly alter the pattern of GAGs, the pos-
sibility of acceleration of an autodegradative process
exists, and if the patients were not treated rapidly, such
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FIGURE 3 Drawing of a typical thin-layer chromatogram
of the unhydrolyzed GAGsamples. The method uses a se-
quential development on ITLC-S silicate impregnated glass
fiber with ethanol, calcium acetate, and acetic acid of vary-
ing concentrations. Localization was achieved by staining
with 1% toluidine blue or a 50% sulfuric acid charring
technique. Note that keratosulfate has a distinctive spot at
6 cm, chondroitin 4- is polydisperse with a major spot at
2 cm and a secondary one at 4 cm, and chondroitin 6- shows
a distinctive spot at 4 cm. The materials eluted from the
columns are shown in the spaces marked 1, 3, 4, and 5,
and a mixture of the three is also shown. From these data,
it is evident that GAGmaterials with mobility essentially
equivalent to chondroitin 6-sulfate were present in frac-
tions 1, 3, and 5. Fraction 3 contains material with the
same mobility as chondroitin 4-sulfate and fraction 1, a
material similar to keratan sulfate. The behavior of the
mixture indicates the resolution of the system. (Chromato-
grams of the normal and arthritic cartilage did not differ
in distribution of materials in fractions or localization of
the spots.)

factors could be significant. In all fracture patients, the
time lapse between injury and surgery did not exceed 48
hr.

Of considerably greater significance is the difference
in age between the two patient groups. The average
age of the control group was 21 yr older than the
arthritic although, as can be noted in Fig. 1, consider-
able overlap was present. In 1959, Kaplan and Meyer
(5) noted a linear increase in keratan sulfate content
of rib cartilage with age associated with a simultaneous
decline in the concentrations of the chondroitin sulfates.
Previously, Loewi (11) reported considerable change
in the hexosamine and sulfate concentrations of both
costal cartilage and articular cartilage, but only slight
change was noted between ages 40 and 89 in his series.
In 1958, Stedworthy, Masters, and Shetlar (10) cor-
roborated the stability of the glucosamine content of
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costal cartilage after age 25, and the recent studies of
Mathews and Glagov (8) showed that the chondroitin
4- and 6-sulfate and keratosulfate concentrations of
aging human rib cartilage remained essentially the same
after the 5th decade. This lack of change with age was
confirmed in articular cartilage by Bollet and Nance
(13), Anderson and coworkers (33, 34) and Kuhn and
Leppelmann (9), all of whom established the relative
stability of the total and some of the component GAGs
between the ages of 40 and 90. To establish that the
keratan sulfate values were not materially affected by
age, 8 more femoral heads were obtained from patients
without osteoarthritic disease whose ages ranged from
61 to 82 and the keratosulfate values for the entire group
of 21 patients plotted against their ages. As can be seen
in Fig. 4, there was no significant correlation and most
of the values fell within the range of the standard de-
viation for the "normal" group.

Osteoarthritis is a focal disease, and histological
studies have demonstrated marked variation in the
process depending on the site studied. Even more im-
portant is the special problem related to the surgery.
Patients are rarely subjected to replacement surgery for
osteoarthritis unless the process is classified as a Collins
III or IV (18). Since these classifications are charac-
terized by areas of complete denudation of the surface
to the underlying bone, samples in such patients, of
necessity, must come from sites of less severe involv-
ment or over the osteophytes. This may help explain
some of the variation in these results as compared with
those of Bollet (12, 13), whose patients had perhaps
less severe arthritis but whose cartilage may have had
more disease.

If one accepts the problems discussed above as being
minimal or of minor significance, the data obtained
seem to indicate the following: (a) In normal (aged)
human hip articular cartilage, the GAGs account for
about 15% of the dry weight, and the distribution of
chondroitin 6-sulfate, chondroitin 4-sulfate and keratan
sulfate is approximately 1 to 0.13 to 1.21. (b) In carti-
lage from the hips of patients with osteoarthritis, there
is a slight diminuation in total GAG (11.7%) but a

significant alteration of the concentrations of the com-

ponent GAGs to 1 to 0.17 to 0.99. This alteration is
primarily due to an 11% decrease in the keratosulfate
concentration and a 36.8% increase in the chondroitin
4-sulfate. (c) The only other abnormality noted was an

increase in sulfation, as determined by the molar ratios,
of the chondroitin 4-sulfate in the arthritic cartilage.

The findings in the normal tissues are essentially con-

sistent with those for adult cartilage as reported by
other investigators both for total quantity of GAGand
percentage distribution (33, 34). Stockwell and Scott
(4) have demonstrated by both histochemical and bio-



TABLE IV
GAGContent of Normal and Arthritic Cartilage

GAGcontent
Number

of Avg. Kerato-
samples Age sulfate CH-4-SO- CH-6-SO4 Total GAG

9g/mg dry wi
Normal 13 77.5 75.8 -125.1 8.0 =14.4 65.2 :1:30.3 149.0 1:53.4
SE 7.0 1.2 8.4 14.3

Arthritic 15 56.3 58.8 4:19.9 10.8 :1:5.8 62.0 1426.8 131.5 4149.8
SE 5.1 1.5 6.9 12.9

Average change in arthritic -22.4% +35% -4.9% -11.7%
*P < 0.1 PP<0.2 - P<0.30

* As determined by the standard t test.
Glycosaminoglycan content of the normal and arthritic cartilage based on CPC-cellulose column separation and identification
There is an 11.7% decrease in the total GAGcontent, but the significance of this observation is questionable (P < 0.30). Of
greater significance is the decrease in keratan sulfate (22.4%) and the increase in chondroitin 4-sulfate.

chemical studies that the keratan sulfate is not uni-
formly distributed in the cartilage but has its highest
concentration in the basal layers, but the average values
for the entire tissue conform with the values reported
in this study. The variations as indicated by the stan-
dard deviations in Tables IV and V are also consistent
with those reported in other series.

The change in the osteoarthritic cartilage differs
somewhat from that reported by others. In 1953, Mat-
thews (16) described a significant decrease in the
chondroitin sulfate concentration of osteoarthritic knees,
and several years later this was confirmed by Bollet
and Nance (13) who also noted that the change was
essentially proportional to the severity of the process.

Anderson, Ludoweig, Harper, and Engleman (33) failed
to confirm these findings in a study of total mucopoly-
saccharides and sulfates in 60 samples of cartilage from
around osteoarthritis human joints and suggested this
finding confirmed the focal nature of the osteoarthritic
lesion. Bollet attributed the major decrease in GAGs to
a loss of chondroitin sulfate, which he felt resulted from
the action of hyaluronidase-like enzyme or possibly a
protease although he did note that the neutral sugars
were also decreased (12, 13). Benmaman, Ludoweig,
and Anderson found the keratan sulfate significantly re-
duced in arthritic cartilage (34).

The findings in this study confirm those of Anderson
et al. (33) and Benmaman et al. (34) in that there was

TABLE V
Distribution of GAGsin Normal and Arthritic Cartilage

Percentage distribution of GAG
Number

of Kerato-
samples sulfate CH-4-SO4 CH-6-SO4 KS/CH-S CH-4-S/CH-6-S

Normal 13 51.7 4:4.5 5.7 412.5 42.5 :16.1 1.09 4:0.20 0.143 :410.072
SE 1.2 0.7 1.7 0.06 0.02

Arthritic 15 45.8 :1:5.8 7.8 :1:2.2 46.2 4:4.6 0.87 :410.20 0.172 :1:0.04
SE 1.5 0.6 1.2 0.05 0.01

Average change in arthritic -11.4% +36.8% +8.7% -20.1% +20.3%
*P < 0.005 P < 0.05 P < 0.10 P < 0.01 P < 0.20

* As determined by standard t-test.
Distribution of the glycosaminoglycans and ratios for normal and arthritic cartilage. Considerable difference is noted between
the percentage of GAGsin normal and arthritic cartilage and, as is indicated here, there is an 11.4% decrease in keratan sulfate
and a 36.8% increase in chondroitin 4-sulfate, both of higher significance. The change in chondroitin 6-sulfate is less marked and
also less significant. As might be expected, the keratosulfate/chondroitin sulfate and chondroitin 4-/chondroitin 6-sulfate ratios
reflect the percentage distribution.
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FIGURE 4 Graphic representation of keratan sulfate con-
centrations in cartilage of normal femoral heads from pa-
tients of various ages. An additional 8 femoral heads were
studied and the data added to the 13 patients in the control
series to provide a broader age distribution. No significant
correlation can be detected. (Mean and standard deviations
are shown.)

only an 11.7% decrease in total GAG, and this was
principally in the keratan sulfate fraction. The lack of
confirmation of the findings of Bollet et al. (12, 13) are
probably based on the problems of sampling described
in the early part of the discussion.

The increase in concentration of sulfate in one of
the GAGs of the osteoarthritis tissue is a finding which
has not been previously noted by those who have studied
the chemical aspects of the disease (12, 33, 34). The
phenomenon of "oversulfation" is well -recognized, par-
ticularly in the keratan sulfates (31, 32). The data pre-
sented here offer no explanation for the observed in-
crease, but clearly further study is indicated to confirm
the finding and possibly to ascertain the sterochemical
site of the "extra" sulfates.

In critical evaluation of the data, the major abbera-
tions in osteoarthritis cartilage are the increase in chon-
droitin 4-sulfate and decrease in keratan sulfate. These
changes may be due to an alteration in the synthetic
pattern of the chondrocyte or a selective degradation
favoring keratosulfate and sparing chondroitin sulfate.
The latter alternative, selective degradation, seems some-
what unlikely since chondroitin 4- and 6-sulfates are
probably equally susceptible to autolytic local enzymes,
and keratan sulfate is probably the most stable of the
GAGs, with a half-life of over 140 days as reported by
Davidson and Small in material from nucleus pulposus
(37). Keratan sulfate is also thought to be resistant to
hyaluronidase (2, 3), thus eliminating the only other

likely mechanism of depolymerization or degradation in
the diseased joint.

The alternative possibility, that of an altered product
of synthesis, is much more intriguing. A number of
studies have demonstrated that the rate of synthesis of
polysaccharides is markedly increased in osteoarthritis
(12, 17, 18), and several investigations have suggested
that this anabolic increase is proportional to the severity
of the disease, possibly on the basis of a negative "feed-
back" system (14, 15, 17, 19).

It has been shown both histologically and with thymi-
dine studies that the cells of articular cartilage from
osteoarthritis joints are actively replicating, a privilege
they do not ordinarily enjoy after maturity (17). Ultra-
microscopic studies of the osteoarthritic cells suggest an
extremely active cell with well-developed organelles in
contradistinction to the more effete cell of the normal
mature tissue.2

It is possible to speculate on the basis of these ob-
servations that the chondrocyte, under the influence of
the chronic osteoarthritis stress, undergoes a modula-
tion to a chondroblastic phase and assumes the struc-

tural appearance, replicative powers, and synthetic proc-
esses of the cells from a younger individual. The matrix
synthesized by such a cell should, in theory, be lower in
keratosulfate, and if young enough, richer in chondroitin
4-sulfate-essentially the findings noted in this study.

The formulation described above is obviously specu-
lative and although based on reasonable bits of evidence,
lacks clear definition and positive proof. It is still a

very tempting one and would suggest the possibility
that damaged cartilage may attempt repair by the only
method available: conversion of its cell from a balance
maintenance organ (the chondrocyte) to one engaging
in net synthesis (the chondroblast).
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