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Contents and compositions of glycosaminoglycans in
different sites of the human hip joint cartilage
KEIIGHICYOSHIDA' AND HIROHIKO AZUMA2

From the 'Tokyo Research Institute, Seikagaku Kogyo Co. Ltd., Tokyo, and the 2Department ofOrthopaedic
Surgery, Saitama Medical School, Saitama, Japan

SUMMARY The distribution of glycosaminoglycans (GAGs) in different functional regions
(weight-bearing and nonweight-bearing portions) of the human hip joint cartilage was studied. The
results obtained were as follows: (1) Weight-bearing cartilage contains larger amounts of GAGs
than nonweight-bearing cartilage. (2) Weight-bearing cartilage contains keratan sulphate in higher
ratio to chondroitin sulphate than nonweight-bearing cartilage. (3) The differences in content and
composition of GAGs between the weight-bearing and nonweight-bearing portions are more
pronounced in the femoral head than in the acetabulum. The preliminary analyses showed that the
chondroitin sulphate from the acetabular cartilage contained exclusively 6-sulphated disaccharide
units and there was some heterogeneity in keratan sulphate.

The distributional features of the glycosaminogly-
cans (GAGs) in normal articular cartilage have been
reported from the tangential and topographical
points of view. Most of these studies showed that in
mature cartilage both the concentration of total
GAG and proportion of keratan sulphate increased
with the depth of the tissue.'-9 The tangential dis-
tribution of GAGs in the cartilage was found to pro-
duce a gradual increase of internal osmotic pressure,
thus imparting to the cartilage the mechanical func-
tion of resiliently resisting a force applied to the
joint.'"1 This hypothesis seems to be supported by
the evidence that the compressive stiffness depends
on the concentration of GAGs, especially keratan
sulphate. "

Previous studies therefore suggest there is close
relation between the content and composition of
GAGs and the function of the joint cartilage on load-
ing. However, there are only a few reports on the
topographical distribution of GAGs over the articu-
lar cartilage in relation to the loading area. Moreover
the results of these studies have not been unanimous,
chiefly because of differences in sampling and
analytical procedures.
The purpose of the present investigation was to

clarify the differences in the content and composition
of GAGs in the weight-bearing and nonweight-
bearing regions of the 2 opposing cartilages in the hip
joint. In our study a high-porous anion-exchanger
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was used for the separation analysis of GAGs, and a
relatively large amount of material was obtained in
an attempt to characterise it more accurately. Sam-
pling regions of the cartilage have been determined
in accordance with weight-loading conditions," and
each GAG concentration was measured by analysis
of dry specimens of the full-thickness cartilage in the
area.

Materials and methods

Hip joint. The human femoral heads and acetabula
obtained from 10 fresh cadavers were stored at
-20°C until use. The ages of the subjects ranged
from 47 to 75 years, average 60-4. All cartilage
specimens were apparently normal apart from the
expected aging process.

Preparation of the dry cartilage. After the joint
surface was washed with water specimens of weight-
bearing cartilage were taken by curettage from the
superior portion of the femoral head and of
nonweight-bearing cartilage from the inferior por-
tion below the fovea (Fig. 1, left). The acetabulum
was divided into 5 pieces'4 by radial cuts (Fig. 1,
right) and the cartilage was removed from the areas
2, 3, and 4 as weight-bearing portion and from areas 1
and 5 as nonweight-bearing portion. The specimens
of cartilage were cut into small pieces, defatted and
dehydrated in acetone, and dried in vacuum over
P,O, at 80°C.

Preparation ofcrude GAGs. The weighed dry car-
tilage was swelled in water and denatured by boiling.
The denatured cartilage was suspended in 0-1 M
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Contents and compositions ofglycosaminoglycans 513

HUMAN HIP JOINT

Femoral Head

w

Acetabulum

2 3

4

Fig. 1 Schematic drawing of the
hip joint cartilage. The dotted areas
indicate the sites ofspecimens
removed for investigation.

5

W : Weight-Bearing
NW : Nonweight-Bearing

Tris-HC1 buffer, pH 8 0, with 0-01 % calcium ace-
tate, and incubated with 30 ,ug of pronase E (Kaken
Kagaku Co., Tokyo) per mg of dry cartilage at 37°C
overnight. The digest was adjusted to be 0-5 N at the
final concentration and kept at 37°C for 1 hour. After
neutralisation with acetic acid the solution was fil-
tered through Celite and concentrated. To this solu-
tion several volumes of ethanol containing 0 3%
sodium acetate were added, and the precipitate
formed was dissolved in a small amount of water and
reprecipitated. Crude GAGs were then collected by
centrifugation.

Fractionation ofGAGs. Crude GAGs were dissol-
ved in water and applied on the column of high-
porous anion-exchange resin (Diaion HPA-10,
Mitsubishi Kasei Co., Tokyo). The columns were
eluted with water, 0-2 M, 0 5 M, 1 M, 1 5 M, and 3 M
NaCl in sequence.
Analytical methods. Uronic acid was determined

by the carbazole method of Bitter and Muir"5 with
glucuronic acid as standard. Hexose was determined
by the anthrone method'6 with galactose as standard.
Hexosamine was assayed by using an amino acid
AutoAnalyzer (Hitachi KLA-5) on samples hyd-
rolysed with 4 N HCl at 100°C for 18 hours in a
vacuum. Infrared spectrophotometory was carried
out with a JASCO IR-S instrument by the KBr pellet
technique. Electrophoresis was performed on cellu-
lose acetate strips in 0 1 M HCl. GAG standards

and chondroitinase-AC (CHase-AC II) were
obtained from Seikagaku Kogyo Co., Tokyo. Chon-
droitinase digestion was carried out in 004 M
Tris-HCl buffer (pH 6 4), and the unsaturated
disaccharides formed were separated by paper
chromatography according to Saito et al. 7 After elu-
tion from the filter paper the disaccharides were
analysed by carbazole reaction. Gel filtration was
performed on a column (1-5 x 93 cm) of Sephadex
G-200 with aqueous 0 5 M NaCl.

Results

PRELIMINARY EXPERIMENTS
The chromatographic behaviour of GAGs prepared
from the weight-bearing cartilage was investigated on
a preliminary basis, and the results are shown in Fig.
2. Uronic acid and hexose contents were determined
as indices for the estimation of GAGs. Galac-
tosamine was eluted only in 1 M and 1.5 M NaCl
fractions, while glucosamine and hexose were eluted
over all fractions. The ratio of galactosamine in 1 M
to 1U5 M fractions was considerably higher in the
femoral head than in the acetabulum. A large amount
of hexose observed in 0-2 M NaCl fractions showed
no metachromasy and it was excluded.

All fractions were analysed on cellulose acetate
electrophoresis before and after chondroitinase
digestion (Fig. 3). According to the mobility and

I

copyright.
 on M

ay 16, 2023 by guest. P
rotected by

http://ard.bm
j.com

/
A

nn R
heum

 D
is: first published as 10.1136/ard.41.5.512 on 1 O

ctober 1982. D
ow

nloaded from
 

http://ard.bmj.com/


Fig. 2 Sugar analyses ofGAG
fractions obtained from the anion
exchange column.
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Fig. 3 Cellulose acetate
electrophoresis ofGAG fractions
before and after chondroitinase
digestion. About 20 ,ag of aliquots
were applied on cellulose acetate
and subjected to electrophoresis for
2 h at mA/cm in 01 M HCI.

HA =Hyaluronic acid,
C6S=chondroitin 6-sulphate,
CHase =chondroitinase.

FEMORAL HEAD

susceptibility to the enzyme the main GAGs in
these fractions were identified as hyaluronic acid in
0 5 M fraction, chondroitin sulphate in 1 M and 1 5 M
fractions, and keratan sulphate in 1-5 M and 3 M
fractions. Although the 1 M fraction contained
GAGs rich in hexose and glucosamine, it showed
only weak metachromasy after digestion by chon-
droitinase. Therefore all amounts of hexose did not

necessarily account for the component of keratan
sulphate.
The infrared spectra of 1-5 M and 3 M fractions of

the acetabulum showed a pattern having absorption

ACETABULUM

bands at 1000 cm-l, 820 cm-', and 775 cm-' similar
to those of standard chondroitin 6-sulphate and kera-
tan sulphate from shark (Fig. 4).
Chondroitin sulphate from the acetabulum pro-

duced 86% of ADi-6S by chondroitinase digestion,
suggesting that it belongs to chondroitin 6-sulphate.
There was little variation in the disaccharide ratio of
chondroitin sulphate over the entire area in the
acetabulum (Table 1).
The gel chromatographic behaviour of keratan

sulphate and chondroitin sulphate indicated that
chondroitin sulphate might be of larger molecular
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Contents and compositions ofglycosaminoglycans 515

Table 1 Molar ratio of the unsaturated disaccharides
obtained by digestion with chondroitinase-AC

Samplig areas ofacetabulum

1 2 3 4 5

ADi-4S
13-1±2-2 11-3t0-5 12-6±1-2 17-1t3-1 12-6%1-7

ADi-4S+ADi-6S

2 Values are means ± SD (n = 5).
ADi-4S: 2-acetamido-2-deoxy-3-0-(,-D-gluco-4-enepyranosyluronic

acid)-4-0-sulfo-D-galactose.
ADi-6S: 2-acetamido-2-deoxy-3-0(i-D-gluco-4-enepyranosyluronic

acid)-60-sulfo-D-galactose.

size than keratan sulphate, and this tendency showed
little variation regardless of the sampling region

3 (Fig. 5).

1400 l:

Fig. 4 Infrared spi
acetabulum cartilagi
chondroitin 6-sulph
keratan sulphate.
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V\J * *CONTENTS OF GAGS IN DRY CARTILAGE
The quantitative analysis ofGAGs was carried out on
70 specimens of dry cartilage prepared from division
of the femoral heads and the acetabula obtained from

.... ~~~~~~10hip joints by the method described previously. In
accordance with the results of preliminary experi-
ments the GAG fractionation was carried out on a
resin column employing 0 3 M, 05 M, and 3 M NaCl

200 s000800 (cm solutions. Uronic acid in 0 5 M and 1-5 M fractions
was determined as indices of hyaluronic acid and
chondroitin sulphate respectively, and hexose in 3 M

ectra ofGAG fractions obtained from fraction was determined as keratan sulphate. The
te. (1) 1 5 M Fraction. (2) Standard results of the analysis are shown in Figs 6, 7, and 8, in
ate. (3) 3 M Fraction. (4) Standard which the sugar contents were plotted on a graph

against the sampling areas of the cartilage.

(A)

-a
Vo j \ Vt
.1

0.11i

20 30 40 Fr. No.

(C)

0.21

0.11
Vo t

n

0.31

0.21

(B)

Vo * oVt
1/

D 20 30 40 Fr. No.

(D)

Vo i Vt
.+Z

I

Is

Fig. 5 Gel chromatography of
GAGs in 3Mfractions on sephadex
G-200. (A) Weight-bearing,
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acetabulum. (C) Nonweight-
bearing, femoral head.
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Table 2 Analysis ofuronic acid and hexose content ofhuman hip joint cartilage (as ,ug per mg dry cartilage)
Fraction Weight-bearing Nonweight-bearing Significant differences*

Acetabulum
Uronic acid (05 M Fr) 1-53±0-20 1-13±0-34 p<0005
Uronic acid (3 M Fr) 21-0±3-2 17-5±4-6 p<001
Hexose (3 M Fr) 22-7±4-8 16-8±6-8 p<0005

Femoral head
Uronic acid (0-5 M Fr) 2-56±0-50 2-12±0-46 NS
Uronic acid (3 M Fr) 25-1±0-50 14-1±2-9 p<0001
Hexose (3 M Fr) 32-4±5-7 11-2±29 p<0001

Mean± SD. Uronic acid as glucuronic acid, hexose as galactose. *Significant differences between weight-bearing and nonweight-bearing. NS=not significant.
Fr=fraction.

The uronic acid content of 0-5 M fraction (i.e.,
hyaluronic acid) in the femoral head showed no
significant differences between weight-bearing and
nonweight-bearing regions, while in the acetabulum
it was significantly higher in the weight-bearing por-
tion. The ratio of uronic acid to hexose in 3 M fraction
(i.e., the chondroitin sulphate/keratan sulphate) was
significantly higher in the nonweight-bearing regions
of both the femoral heads and the acetabula (Fig. 9).
These results suggest that the increase of GAGs at
the weight-bearing region is mainly due to a remark-
able increase of keratan sulphate. All the results are
summarised in Table 2.
The GAG content in the acetabulum was highest at

the area 3 and tended to decrease toward the areas 1
and 5. A relatively large standard deviation was
observed in the amounts of uronic acid and hexose at
regions 1 and 5.

Discussion

A microfractionation method for the analysis of
minute amount of GAGs was developed by authors

employing a high-porous anion-exchange resin,
HPA-10, which had about a hundred times larger
capacity for GAG than that of Dowex-1. This
method is simpler than the excellent but complicated
method of Antonopoulos et al., 8 and it requires a

considerably smaller column size that that of Schiller
et al. 1

Galactosamine and uronic acid were found in
almost equimolar amounts in 1 M and 1-5 M saline
fractions, which indicate the presence of chondroitin
sulphate in these fractions. The existence of keratan
sulphate was also expected from the electrophoretic
pattern of these fractions and from the considerable
amounts of hexose detected along with glucosamine.
However, the hexose content is too high for it to be
explained as originating only from keratan sulphate.
Both these experiments indicate the broad
heterogeneity of keratan sulphate in the samples.
The GAG content of weight-loaded cartilage sam-

ples both from the femoral head and from the
acetabulum was higher than that of nonloaded sam-

ples. Especially in the femoral head, both chondroitin

0

lY

0

I .01

copyright.
 on M

ay 16, 2023 by guest. P
rotected by

http://ard.bm
j.com

/
A

nn R
heum

 D
is: first published as 10.1136/ard.41.5.512 on 1 O

ctober 1982. D
ow

nloaded from
 

http://ard.bmj.com/


518 Yoshida, Azuma

sulphate and keratan sulphate were extremely rich at
weight-loaded areas. In the acetabulum all GAG
members were rich in area 3, and they tended to
decrease in the areas 1 and 5, but not so clearly as in
the femoral head. These apparent differences in the
distribution of GAGs in the acetabulum and the
femoral head seem to have resulted from the follow-
ing fact. In the femoral head weight-bearing and
nonweight-bearing regions could be clearly
separated, whereas in the acetabulum the 2 regions
were continuous, with no clear-cut boundaries. The
arbitrary content of GAGs at areas 1 and 5 in the
acetabulum may depend on a relatively larger indi-
vidual variation of morphological structure of the
cartilage in these areas.
Maroudas et al.4 carried out a charge-density

analysis on the GAGs in the perifoveal cartilage of
the femoral head, and they concluded that there was
negligible variation in GAG content from site to site.
In contrast Venn9 reported in a similar study that the
content of total GAGs was maximum on the superior
surface and then gradually decreased towards the
inferior region. In the case of the knee joint cartilage
Ficat and Maroudas20 indicated that there were no
significant differences between the GAG content of
lateral, medial, and central zones of the human
patella cartilage. On the other hand Bjelle2" found a
significantly higher content of both chondroitin sul-
phate and keratan sulphate, especially the latter, in
cartilage from the caudal surface (subjected to maxi-
mal load) than from the posterior surface ('non-
essential' cartilage).
Thus the results of these studies have differed with

regard to the relation between GAG distribution and
the loading regions. This might have been caused by
differences in the procedures and the subjects used in
the studies. The results of our study seem to be con-
sistent with those of Venn9 and Bjelle.2"
Some additional reports may support our results.

Sweet et al.22 and Thonar et al. 2 found more hyaluro-
nate and much more keratan sulphate in the articulat-
ing areas of maximum contact than in the minimum
contact areas, and therefore they inferred that some
keratan sulphate might be synthesised as a reaction to
loading. Carterson et al.24 showed that chondroitin
sulphate significantly increased in the load-bearing
cartilage in relation to loading stimulation. These
results agree with the present observation that the
weight-bearing cartilage contained higher amounts
of every GAG.
The topographical distribution of GAGs in the

cartilage should be considered with respect not only
to loading conditions but also to the thickness of the
cartilage,7 because the superficial and deeper por-
tions of the cartilage contain different concentration
of GAGs. The cartilage collected in the present study

seems to be thick in weight-bearing regions and thin
in nonweight-bearing regions.2526 Therefore it is
possible that such tangential distribution of GAGs
might cause greater concentrations of them in the
thicker cartilage.

The authors thank Dr Shiro Ukawa, who revised our paper in
English.

References

Stockwell R A, Scott J E. Distribution of acid glycosaminoglycans
in human articular cartilage. Nature 1967; 215: 1376-8.

2 Maroudas A, Muir H, Wingham J. The correlation of fixed nega-
tive charge with glycosaminoglycan content of human articular
cartilage. Biochim Biophys Acta 1969; 177: 492-500.
Stockwell R A. Changes in the acid glycosaminoglycan content of
the matrix of ageing human articular cartilage. Ann Rheum Dis
1970; 29: 509-15.
Maroudas A, Evans H, Almeida L. Cartilage of the hip joint:
topographical variation of glycosaminoglycan content in normal
and fibrillated tissue. Ann Rheum Dis 1973; 32: 1-9.
Jones I L, Larsson S-E, Lemperg R L. The glycosaminoglycans of
human cartilage: concentration and distribution in different
layers in the adult individual. Clin Orthop 1977; 127: 257-64.
Maroudas A, Venn M. Chemical composition and swelling of
normal and osteoarthrotic femoral head cartilage: II. Swelling.
Ann Rheum Dis 1977; 36: 399-406.
Venn M F, Maroudas A. Chemical composition and swelling of
normal and osteoarthrotic femoral head cartilage: I. Chemical
composition. Ann Rheum Dis 1977; 36: 121-9.
Venn M F. Variation of chemical composition with age in human
femoral head cartilage. Ann Rheum Dis 1978; 37: 168-74.
Venn M F. Chemical composition of human femoral head cartil-
age: influence of topographical position and fibrillation. Ann
Rheum Dis 1979; 38: 57-62.

'1 Maroudas A. Balance between swelling pressure and collagen
tension in normal and degenerate cartilage. Nature 1976; 260:
808-9.
Greenwald R A, Moy W W, Seibold J. Functional properties of
cartilage proteoglycans. Semin Arthritis Rheum 1978; 8: 53-67.

12 Kempeson G E, Muir H, Swanson S A V, Freeman M A R.
Correlations between stiffness and the chemical constituents of
cartilage on the human femoral head. Biochim Biophys Acta
1970; 215: 70-7.

13 Greenwald A S. Joint congruence-a dynamic concept. In:
Harris W H, ed. The Hip. Saint Louis: Mosby, 1974: 3-21.

14 Azuma H, Itoigawa Y, Tsuzuki N, Yoshii T, Motosuneya I,
Yoshizaki K. Ageing process of the acetabulum with special
reference to the changes of the labrum. Hip Joint 1977; 3: 94-8.

15 Bitter T, Muir H. A modified uronic acid carbazole reaction. Anal
Biochem 1962; 4: 330-4.

16 Trevelyan W E, Harrison J S. Studies on yeast metabolism. I.
Fractionation and microdetermination of cell carbohydrates.
Biochem J 1952; 50: 298-303.

17 Saito H, Yamagata T, Suzuki S. Enzymatic methods for the
determination of small quantities of isomeric chondroitin
sulfates. J Biol Chem 1968; 243: 1536-42.

18 Antonopoulos C A, Gardell S, Szirmai J A, De Tyssonsk E R.
Determination of glycosaminoglycans (mucopolysaccharides)
from tissues on the microgram scale. Biochim BiophysActa 1964;
83: 1-19.

19 Schiller S, Slover G A, Dorfman A. A method for the separation
of acid mucopolysaccharides: its application to the isolation of
heparin from the skin of rats. J Biol Chem 1961; 236: 983-7.

' Ficat C, Maroudas A. Cartilage of the patella: topographical
variation of glycosaminoglycan content in normal and fibrillated
tissue. Ann Rheum Dis 1975; 34: 515-9.

21 Bjelle A. Content and composition of glycosaminoglycans in

copyright.
 on M

ay 16, 2023 by guest. P
rotected by

http://ard.bm
j.com

/
A

nn R
heum

 D
is: first published as 10.1136/ard.41.5.512 on 1 O

ctober 1982. D
ow

nloaded from
 

http://ard.bmj.com/


Contents and compositions ofglycosaminoglycans 519

human knee joint cartilage: variation with site and age in adults.
Connect Tissue Res 1975; 3: 141-7.

22 Sweet M B E, Thonar E J-M A, Immelman A R. Regional
distribution of water and glycosaminoglycan in immature articu-
lar cartilage. Biochim Biophys Acta 1977; 500: 173-86.

3 Thonar E J-M A, Sweet M B E, Immelman A R, Lyons G.
Hyaluronate in articular cartilage: Age-related changes. Calcif
Tissue Res 1978; 26: 19-21.

4 Carteson B, Lowther D A. Changes in the metabolism of the
proteoglycans from sheep articular cartilage in response to
mechanical stress. Biochim Biophys Acta 1978; 540: 412-22.

15 Armstrong G, Gardner D L. Thickness and distribution of human
femoral head articular cartilage: Changes with age. Ann Rheum
Dis 1977; 36: 407-12.

1 Kurrat H J, Oberlander W. The thickness of the cartilage in the
hip joint, J Anat 1978; 126: 145-55.

copyright.
 on M

ay 16, 2023 by guest. P
rotected by

http://ard.bm
j.com

/
A

nn R
heum

 D
is: first published as 10.1136/ard.41.5.512 on 1 O

ctober 1982. D
ow

nloaded from
 

http://ard.bmj.com/

