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Sulfate Metabolism in Human Chondrocyte Cultures

EDITH R. SCHWARTZ,P. ROGERKIRKPATRICK, and ROBYC. THOMPSON

From the Department of Orthopedics and Rehabilitation, University of Virginia
Medical Center, Charlottesville, Virginia 22901

A B S T R A CT The depletion of articular cartilage in
the afflicted joints is a primary clinical feature of osteo-
arthritis. This disorder has been linked to a disturbance
in the metabolism of the extracellular matrix components
of this tissue. The mechanisms involved in the regula-
tion of sulfated proteoglycan metabolism in articular
cartilage were therefore studied by measuring the bio-
synthesis and distribution of 'S-labeled glycosaminogly-
cans in chondrocyte cultures derived from normal and
osteoarthritic tissue. Incorporation experiments were
carried out at pH 7.0 with ["S]Na2SO4 in the presence
of fetal calf serum, human serum from normal or arth-
ritic individuals, or a combination of these.

In the presence of heat-inactivated human sera, osteo-
arthritic chondrocytes incorporate about two times as
much of the available sulfate into macromolecules as do
normal chondrocytes. The deposition of newly synthesized
sulfated macromolecules into the cell layer by these cells
is lower, however, than that by normal cells.

In cultures of normal human chondrocytes, noninac-
tivated sera from individuals with osteoarthritis stimu-
late sulfated proteoglycan biosynthesis more than equal
concentrations of normal sera. The fraction of the
newly synthesized material deposited into the cell layer
was found to decrease with increasing serum concentra-
tions. In the absence of serum, a 5- to 10-fold increase in
deposited sulfated macromolecules was found. The dis-
tribution within the cell layer between intra- and extra-
cellular sites also was monitored by serum factors. Heat
inactivation of the human serum component of the
medium resulted in a 50% decrease in intracellular
retention.

These data suggest that biosynthesis of sulfated pro-
teoglycans and their retention in the matrix are modu-
lated by cell and serum factors. Despite an increased
uptake of radioactively labeled inorganic sulfate by os-
teoarthritic chondrocytes in cell culture, a lower rate of
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deposition into the cell layer resulted in less matrix
formation. This may be representative of the process
leading to cartilage degradation in degenerative joint
disease in vivo.

INTRODUCTION

Osteoarthritis is characterized in part by the destruc-
tion of articular cartilage in the afflicted joint. A sug-
gested sequence of events includes the activation of the
degradative enzymes in this tissue by some traumatic
event, resulting in loss of joint surface tissue. Little is
known about the histologic and biochemical events that
initiate these processes. A concurrent stimulation of an
intense repair mechanism that causes increased cell
replication and synthesis of matrix material is not suffi-
cient to offset the eventual tissue depletion (1).

To facilitate the study of this disorder, chondrocyte
cultures derived from articular cartilage of normal and
afflicted individuals were established for measurement
of sulfated proteoglycan metabolism in the presence of
normal or osteoarthritlc human serum.

Since previous studies from these laboratories had
shown that sulfated proteoglycan metabolism in chondro-
cyte cultures was strongly influenced by environmental
pH, and particularly that release of incorporated sulfate
by the cell layer was inhibited in the alkaline pH range,
these studies were all conducted at pH 7.0.1 We report
here increased net biosynthesis accompanied by a re-
duced deposition into the cell layer of sulfated proteo-
glycans by chondrocytes derived from osteoarthritic hu-
man articular cartilage. Similar changes resulting from
the inclusion of arthritic serum in the medium when
normal chondrocytes were used will also be described.

METHODS
Human serum. Serum was obtained either from out-

patients or from hospital patients shortly after admission
and before administration of prophylactic antibiotics in
preparation for surgery. Donors were selected from pa-
tients with idiopathic osteoarthritis. Individuals with known

' Submitted for publication.
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traumatic osteoarthritis were not included. Control sera
wxere obtained from laboratory personnel or members of
their families. All sera were from individuals above 30 yr
of age and were age-matched as closely as possible in each
experiment.

In each set of experiments, identical concentrations of a
given serum specimen were included in the media, in
which both normal and osteoarthritic chondrocytes were
grown and tested. No serum was used from any individual
whose tissue was utilized for chondrocyte cultures.

Cultutre of chondrocytes. Chondrocytes were grown from
normal or osteoarthritic cartilage obtained surgically from
distal or proximal femoral surfaces from adult humans
undergoing joint replacement or femoral head replacement
after fracture. In the case of osteoarthritic specimens, care
was taken to sample only those areas of the joint where
remaining articular cartilage was present. Osteophytes and
tissue near the bone cartilage margin were specifically ex-
cluded in all cases. Cultures were initiated as explants in
25-cm2 or 75-cm2 Falcon flasks (Falcon Plastics, Div. of
BioQuest, Oxnard, Calif.) and after cell passage were
maintained as monolayers at 37°C in the larger flasks for
3-8 mo before use. They were fed twice a week with
Ham's F-12 medium supplemented with 10% fetal calf
serum (FCS) 2, antibiotics, alpha-keto glutarate (16.8 ,ug/
ml), ascorbic acid (50 /Lg/ml), and magnesium sulfate
(200 Ag/ml). All the cell lines were maintained and passed
under identical conditions. Cells were checked periodically
for contamination by Mlycoplasma in culture. None of the
cells used ever gave a positive result.

Glycosaminoglycan metabolism. Kinetic experiments were
conducted in duplicate or triplicate in Leighton tubes (11
X 38-mm windows). Monolayer cultures were trypsinized
and cells inoculated into 1 ml of supplemented F-12 me-
dium at pH 7.0, in which the FCS was replaced by vary-
ing concentrations of experimental human serum, and 15
AmM HEPES buffer (N-2-hydroxyethylpiperazine-N-2-
ethane sulfonic acid) was included to maintain the en-
vironmental pH to +0.1 U. In a typical experiment, 24
Leighton tubes were set up from a large Falcon flask. The
medium was replaced on days 3, 7, and 10. The medium
was removed 24 h later (day 11) and 1 ml of sulfate-free,
supplemented F-12 medium containing carrier-free Na2SO4
(ca. 40 ,uCi/ml) was added to each tube for 48 h. When
either protein-free or serum concentrations in the medium
greater than 15%o were required, inoculation of the entire
series of tubes was performed in pH-adjusted F-12 medium
containing 10% FCS. Media containing the varying human
serum concentrations, or an absence of serum, were then
introduced on day 3 and wvere used for feeding on days 7
and 10, as above. Glycosaminoglycan metabolism was
studied according to the method described by Fratantoni,
Hall, and Neufeld (2) with some modifications.

The experiments described in Tables II and V7I were
conducted as described above except that the reaction ves-
sels were 25-cm2 Falcon flasks, and 4 ml of medium was
used. Triplicate determinations of normal and osteoarthritic
cells were made in each experiment.

At the end of the 48-h incubation period, the medium
was removed and dialyzed at 4°C for 6 h against 0.1 M
(NH4)2SO4, followed by extensive dialysis against distilled
water. The cell layer was washed with Gey's salt solution,
detached from the flask by treatment with 0.25% trypsin in

2Abbre-viationis used in this paper: FCS, fetal calf serum;
TCA, tric'loroacetic acid.

Tyrode's solution at 370C for 15 min, and centrifuged. The
cell pellet was washed with saline and extracted three times
with 0.3-ml aliquots of boiling 80% ethanol. The super-
natant trypsin fraction, inactivated with an equal volume
of Ham's F-12 medium containing 10% FCS, was dialyzed
in a manner analogous to that used for the medium. The
cells were dissolved in 1 N NaOHwith gentle heating for
determination of radioactivity and of protein by the method
of Lowry, Rosebrough, Farr, and Randall (3). In addi-
tion, aliquots of the dialyzed medium, dialyzed trypsin, and
ethanol solution were counted in liquid scintillation solvent
consisting of 1: 1 ratio of toluene and methyl cellosolve con-
taining, per liter 6 g PPO (2, 5-diphenyloxazole) and 0.6g
dimethyl POPOP (1, 4-bis-2- [4-methyl-5-phenyloxazolyl]-
benzene). Specific activity is defined as counts per minute
per microgram cellular protein.

Qualitative analyses of the newly synthesized glycosa-
minoglycans were performed by chromatography on DEAE
cellulose (4). The dialyzed medium and trypsin fractions
were digested with papain (0.25%) at 650C for 18 h in
0.1 M phosphate buffer, pH 6.5, containing 0.01 M cysteine
and 0.01 M EDTA. The proteins were precipitated with
trichloroacetic acid (TCA) at a final concentration of 5%,
and the supernate was dialyzed to remove the TCA. Glycos-
aminoglycans were then precipitated with 3 vol of sodium
acetate-saturated absolute ethanol at 0°C. The precipitates
were washed with absolute ethanol, ethanol: ether (1: 1),
and ether, freeze-dried, and resuspended in a small volume
of water for subsequent ion-exchange chromatography.
Protein-free preparations were also analyzed by electro-
phoresis on cellulose acetate strips by the method of Wess-
ler, with barium acetate buffer (5). The strips were stained
with 0.05% alcian blue in 95% ethanol saturated with so-
dium chloride. The isolated polysaccharides were further
identified by their susceptibility toward treatment with
chondroitinases ABC and AC and chondro-4- and chondro-
6-sulfatases (6).

Calculations. The total radioactivity incorporated per
experiment was calculated by adding the 35S counts per
minute in the dialyzed medium and trypsin fractions to
those found in the ethanol extract and dissolved cell solu-
tions. That part attributable to the cell layer equals the
total radioactivity minus the amount contributed by the dia-
lyzed medium fraction. All results are the averages of
duplicate or triplicate experiments.

RESULTS

On chromatography, more than 80% of the sulfate-la-
beled glycosaminoglycans from the medium and cell
layer fractions were eluted in the chondroitin sulfate
fraction. No significant quantitative difference was dis-
cerned between material synthesized in the presence of
normal or osteoarthritc serum. On electrophoresis, the
material migrated as chondroitin sulfate. Quantitation of
chondroitin 4- and chondroitin 6-sulfate by the method of
Saito, Yamagata, and Suzuki (6) indicated over 50%
of the chondroitin sulfate was present as chondroitin-
6-sulfate in a normal cell line.

The rather slow growth exhibited by chondrocytes de-
rived from adult articular cartilage necessitated the use
of experimental vessels with small surface areas. Since
cell growth occurs equally well in plastic tubes or glass
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TABLE I
Biosynthesis of Sulfated Proteoglycans in Normal and

Osteoarthritic Human Chondrocyte Cultures

Fraction 35SO4 incorporated
pg cell protein

Serum* X 1061
Chondrocytes

Concen-
tration Osteo-

Type in medium arthritic Normal

Fetal calf 5 2.84 2.80
10 5.88 5.35

Normal 10.65 5.56
OA§ 11.76 6.03**
OAIl' 14.22 7.10

Mean (n = 6) 5¶ 12.21±1.99 6.27±1.01
SE 0.81 0.45
pit <0.00 1

Normal 10 18.71 8.14
OA' 19.56 8.79
OAIl 21.24 10.87

Mean (n = 6) 10 19.8441.25 9.27±1.25
SE 0.51 0.55
Pat <0.001

OA, osteoarthritis.
* Heat-inactivated for 30 min at 561C.

Average of duplicate determinations.
§ Patient P. G.
11 Patient 0. P.
¶ Supplemented with 5% FCS.
** Single determination only.
tf Standard Student I test.

Leighton tubes after trypsinization from Falcon flasks,'
the latter were chosen for most of these studies.

Biosynthesis of sulfated proteoglycans
Cellular effects. In the presence of 10% heat-inac-

tivated human serum in the medium, chondrocytes from
patients with osteoarthritis incorporate about two times
as much of the available inorganic sulfate into macro-
molecules per unit of cell protein as do chondrocytes de-
rive from normal adults (Table I). This difference, not
nearly as great when the medium was supplemented
solely with FCS, was, however, observed when equal
parts of human serum FCS were present. The sulfate
incorporation by osteoarthritic chondrocytes was sig-
nificantly higher (P < 0.001) in the presence of either
5%or 10% human serum.

Increased sulfate incorporation with increasing con-
centrations of human and fetal calf sera in the media was
exhibited by both normal and osteoarthritic chondrocytes.
Thus, when the FCS concentration in the medium was
doubled from 5 to 10%, biosynthesis of sulfated proteo-
glycans, as reflected in sulfate incorporation, also doubled.
When normal or osteoarthritic serum concentrations
were doubled, the biosynthesis rates increased 75 and
50%, respectively.

'Unpublished observation.

TABLE II
Sulfate Incorporation in Normal and Osteoarthritic

Human Chondrocyte Cultures

Fraction 35SO4 incorporated X 104*
jig cell protein

Chondrocytes
Exp. Cell line
no. no. Osteoarthritic Normal

it 2700 2.03 ±0.05 (n = 3)
3600 1.16 ±0. 105 (n = 3)

SE 0.029 0.061
Ph1 < 0.001

2$ 3900 2.11 ±0.03 (n = 3) 0.892 ±0.092 (n = 3)
3400

SE 0.017 0.053
Ph1 < 0.001

3§ 4200 0.348±0.0092 (a = 3)
2600 0.186±-0.009 (a = 3)

SE 0.0053 0.0050
Ph <0.001

* Triplicate determinations were done in 25-cm2 Falcon flasks.
Media contains 5%normal human serum and 5% heat-inactivated FCS.

§ Media contains 10% FCS.
11 Standard Student t test.

Further verification of increased biosynthesis of sul-
fated proteoglycans in osteoarthritic chondrocytes is
shown in the data presented in Table II. Sulfate in-
corporation was measured in cell cultures derived from
tissue of three normal and three osteoarthritic patients.
In each experiment, sulfate incorporation was signifi-
cantly higher in the osteoarthritic cell line.

Serum effects. Differences in the biosynthesis of sul-
fated proteoglycans per unit of cell protein by normal
chondrocytes were found when the medium was sup-
plemented with normal or osteoarthritic serum. The ef-
fects of 5 or 10% normal or osteoarthritic serum are
shown in Table III. The former was supplemented with
5% inactivated FCS to bring the final serum concentra-
tion to 10% also. On the average, 5 and 10% osteo-
arthritic serum increased the biosynthesis 50 and 100%
over the normal control value, respectively. These in-
creases were statistically significant with both 5% (P <
0.01) and 10% (P < 0.002) human serum present in
the medium. A comparable rise was not observed when
heat-inactivated human serum was used. It is therefore
unlikely that the observed difference was due solely to
variations in the existing somatomedin levels, since this
polypeptide has been reported to withstand boiling
temperature (7).

Cellular patterns
The integrity of chondrocyte culture systems, par-

ticularly with respect to phenotypic expression on cell
passage, has been investigated in many laboratories
(8-10). Sulfated proteoglycan biosynthesis by third and
fifth passage chondrocytes derived from the same cell
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TABLE III
Effect of Human Serum on the Biosynthesis ot Sulfated

Proteoglycans in Chondrocyte Cultures*

Serum concentration in medium Fraction 35SO4 incorporated
gg cell protein

Not inactivated X 105$§
human

Inactivated Normal OA
fetal calf Normal OA serum serum

5 511 3.17
5 511 5.82
5 5.00
5 5¶ 7.48

Mean (at = 4) 4.09 ±-1.24 6.65 i±1.15
SE 0.62 0.58

<0.01

1)11 4.40
1011 11.45

l010 6.55
10¶ 11.63

Mean (a = 4) 5.48 ±1.52 11.54 ±1.66
SE 0.76 0.83

<0.002

GA, osteoarthritis.
* Chondrocytes derived from normal articular cartilage.

Incorporation period of 48 h.
§ Average values for duplicate determinations.
11 Female patient and control.
¶ Male patient and control.
** Standard Student test.

line is shown in Table IV. In the presence of identical
concentrations of arthritic or arthritic and normal se-
rum, the fraction of available 'SO4 incorporated from the
labeling medium per unit of cell protein was similar for
the two cell culture systems. The mechanisms operative
in the biosynthesis of sulfated macromolecules appear to
be conserved in the processes of cell passage used in our
laboratories.

TABLE IV
Similarity in [36S] Proteoglycan Biosynthesis of Normal

Chondrocytes in Different Cell Passages

Fraction 35SO4 incorporated
Serum Mg cell protein

X 106*

Concentration Passage
Type in medium Third Fifth

OAT 6 13.6 11.1
OAT 12 18.1 14.1
OAT 18 24.4 22.0
OAT 12 23.5 21.2

+ +
normal§ 6

OA, osteoarthritis.
* Average value of duplicate determinations.

Male patient C. M.
§ Male control.

TABLE V
Effect of Cell Origin on Distribution of Newly Synthesized

Sulfated Proteoglycans between Medium and Cell
Layer in Chondrocyte Cultures

[35S]PG in cell layerl
Total [35S]PG

Serum*
Chondrocyte type

Concentration
Type in medium Normal Osteoarthritic

% %/C
Normal 5§ 17.23 10.88
Normal 10 17.79 10.78

OAl 5§ 12.24 10.22
OAT 5§ 13.70 8.95
OAl 10 18.33 9.73
OAT 10 17.28 9.42

Statistical analysis of data: to determine whether the distribution was
significantly different in the normal and osteoarthritic cell line, a two-way
analysis of variance was applied to the data. In the presence of normal
serum, the fraction deposited in the cell layer was significantly higher in
normal cells (P < 0.001). Similarly, the fraction deposited in the cell
layer of normal cells was also significantly higher (P < 0.001) in the
presence of osteoarthritic serum. Although variation in the concentration
of normal serum in the medium had no effect, a larger proportion of the
sulfated proteoglycans was deposited in the presence of the higher level
of osteoarthritic serum (P < 0.005). OA, osteoarthritis; PG, proteoglycan.
* Heat-inactivated at 56°C for 30 min.

Average value for duplicate determinations.
§ Supplemented with 5% inactivated FCS.
ll Patient P. G.
1' Patient 0. P.

The uptake of 'SOs increases with increasing con-
centrations of osteoarthritic human serum (Table IV).
A similar increase in the incorporation of 'SO4 with in-
creasing levels of normal human serum was also ob-
served (data not given). This effect may result from
higher levels of somatomedin, introduced into the test
media by the greater concentrations of human sera
present.

TABLE VI
Deposition of Newly Synthesized Sulfated Proteoglycans

into the Cell Layer in Normal and Osteoarthritic
Chondrocytes

Fraction E35S] proteoglycans in cell layer
Expt. Cell Cell Ag cell protein

no. line type Ratio (normal:OA)*

1$ 3600 N 1.26
2700 OA

21 3400 N 1.32
3900 OA

3§ 2600 N 1.36
4200 OA

OA, osteoarthritis.
* Average value of triplicate determinations in 25-cm2 Falcon flask for
each cell line.
$ Medium contains 5% normal human serum and 5% heat-inactivated
FCS.
§ Medium contains 10% FCS.

Sulfate Metabolism in Chondrocytes 1059



TABLE VII
Effect of Serum Concentration on Distribution of Newly Synthesized Sulfated

Proteoglycans between Medium and Cell Layer in
Chondrocyte Cultures

Fraction [36S]PG in cell layer X 102*1
jg cell protein

Serum Serum concentration

Normal Concentration Low High
cell line Type in medium (5-8%) (10-18%) None

2500 N 8 16 0.43 0.25
OA§ 8 16 0.33 0.195

i. _ 4.85
1600 OAII 5 10 0.37 0.23

,, _ -4.09
1900 OA¶ 6 12 0.395 0.225

di OA¶ 18 0.20
2500 OA** 6 12 0.557 0.455

"I OA** 18 0.24
Mean 0.421 40.082 0.26640.096 4.48-40.43

(n = 10) (n = 14) (n = 4)
SE 0.026 0.028 0.21

Statistical analysis of data: to determine whether deposition into the cell layer was
a function of the presence or absence of serum; the serum concentration; the serum
type; and/or the cell line origin, the data were subjected to the standard Student t
test and to two-way analysis of variance. Standard t test on serum concentration:
The deposition into the cell layer was significantly higher in the absence of serum
(low vs. none, P < 0.0001; high vs. none, P < 0.0001). Furthermore, it was signifi-
cantly higher in the presence of low than with high concentrations of serum
(P < 0.001). A two-way analysis of variance of serum type vs. concentration showed
the significant decrease in the deposition of [355]PG in the cell layer with increasing
serum concentration (P < 0.002) but revealed no significant difference on this effect
by normal or osteoarthritic sera (P - 0.06). A similar two-way analysis of variance
of cell line origin vs. osteoarthritic serum concentrations supported the significance
of the effect of serum concentration levels on [35S]PG deposition (P < 0.005) but
indicated no dependence on cell-line history (P - NS). OA, osteoarthritis, PG,
proteoglycans.
* Fraction in cell layer calculated as described in Methods.
t Average of duplicate determinations.
§ Male patient H. B.

Female patient V. S.
¶ Male patient C. M.
** Female patient M. S.

Product distribution

Cellular effects. The distribution of newly synthe-
sized sulfated macromolecules between medium and cell
layer fractions is determined, in part, by the ratio of
cell layer surface and medium volume, as well as the
time interval between the administration of the labeling
medium and the previous medium change. When normal
chondrocytes were used, approximately 85% of the
newly synthesized sulfated proteoglycans were found in
the medium fraction when the experimental procedures
described in the Methods section were followed. The

remainder, about 15%, was found in the cell layer
(Table V). With osteoarthritic cells, the fraction de-
posited in the cell layer was reduced to about 10%. The
distribution between the medium and cell layer fractions
therefore appeared to be dependent on the origins of the
cells in culture. When compared with osteoarthritic cells,
the fraction deposited in the cell layer of normal cell
cultures was significantly higher in the presence of
both normal (P<0.001) or osteoarthritic (P<0.001)
sera. The reduction in matrix formation was not due to
a smaller cell density, since a comparable difference ap-
pears when expressed per unit of cell protein. This is
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shown in Table VI, where deposition of sulfated pro-
teoglycans into the cell layer is given on a protein basis.
These data are derived from three sets of experiments
pairing a different normal and a different osteoarthritic
cell line in each set. Deposition of sulfated macromole-
cules into the cell layer was always higher in the normal
cell line.

Serif n effects. In addition to cellular effects, the
deposition of newly synthesized sulfated macromole-
cules into the cell layer was also modulated by the con-
centration of serum present in the medium. In the ab-
sence of serum, the fraction deposited per microgram of
cell protein was several-fold higher than when protein-
supplemented medium was used (Table VII).

At low concentrations of noninactivated serum (5-
8%), the fraction deposited into the cell layer was sig-
nificantly greater than with higher concentrations (10-
18%) of serum (P < 0.001). The relative decrease
in the deposition of newly synthesized materials into
the cell layer was observed with a variety of test sys-
tems, which included the use of three different cell
lines and one normal and four osteoarthritic serum
specimens. Statistical analysis showed that the concen-
tration-dependent deposition into the cell laver was in-
dependent of the serum origin (P > 0.05) or the cell-
line history (P NS).

Intracellular accumulation

The distribution of newly synthesized sulfated macro-
molecules within the cell layer also appeared to be de-
)endent on serum components in the culture medium.
The fraction of total labeled proteoglycans in the cell
layer retained intracellularlv wsvas approximately two
times greater in the presence of noninactivated com-
pared with heat-inactivated human serum (Table VIII).
The higher intracellular accumulation was evident in
the presence of both noninactivated normal (P = 2.5 X
10-4) and noninactivated osteoarthritic sera (P =3.6 X
10-3). This suggests regulation of product release by
circulating factors at the cellular level.

DISCUSSION

The biochemical events preceding and accompanying the
disintegration of articular cartilage in osteoarthritis
have been widely investigated in various experimental
animal models of degenerative joint disease and numer-
ous human cases. Differences in proteoglycan composi-
tion (11), collagen structure (12), and lysosomal en-
zyme activities (13-15) in pathologic tissue specimens
have been described. Increased cellular and biosynthetic
activity has been found in animal studies in vivo and
in vitro. Increased sulfate uptake per gram of dried os-
teoarthritic cartilage when compared to controls was
shown by Meachim, Ghadially, and Collins (16). Bollet,

TABLE VIII
Effect of Human Serum on the Distribution of Sulfated Proteo-

glycans in the Cell Layer of Chondrocyte Cultures

[35S]PG in Cells/[36S]PG in Cell Layer*

Serum in medium:

Normal Osteoarthritic

Efx1)t. Not Heat- Not Heat-
no. inactivated inactivated inactivated inactivated

§V~J25.7 13.0 27.2 12.8

2§ 22.4 13.8 23.5 11.4
3 25.7 12.0 22.0 18.9
414~ 22.3 10.6 25.3 8.7

P 2.5 Xlo-4** 3.68 Xto-3**

PG, proteoglycans.
* Average values for duplicate determinations after 48-h incorporation
period.
1 1W70 total.
§ Equal mixtures of FCS and human serum.

Female patient L. A. and female control.
¶ Female patient H. F. and male control.
** P values derived from one-way analysis of variance.

Hardy, and Sturgill had found increased specific ac-
tiv ity of sulfated polysaccharides in osteoarthritic car-
tilage (17). The question remained, however, whether
there was more synthesis per chondrocyte, more chondro-
cytes per unit of tissue, or differences in the products
sy nthesized. Despite evidence of increased sulfate in-
corporation, histological studies correlated advances in
the diseased state with increasing loss of metachromatic
staining from the cartilage surface to the interior re-
gions of the tissue. Furthermore, an elevation of joint
fluid sulfate (18) and elevation of aryl sulfatase A and
B activities (15) have been measured in degenerative
arthritis. Our objective, therefore, was to compare sul-
fate metabolism of normal and osteoarthritic chondro-
cytes in culture systems under controlled environmental
conditions to understand the regulatory mechanisms
that apparently malfunction in the pathologic state. The
data presented here support previous findings of ele-
vated sulfate incorporation in osteoarthritis. Most im-
portantly, however, they provide evidence that the in-
formation for the increased biosynthesis may be in-
herent in the chondrocytes derived from the pathologic
tissue and appears to be conserved on cell passage. Since
the products synthesized by normal and osteoarthritic
cells migrated similarly on electrophoresis. it is unlikely
that the significant difference in increased incorpora-
tion was principally due to variation in the degree of sul-
fation of the proteoglycans, but rather does indeed re-
flect increased biosynthesis.

The paradox of cartilage depletion despite increased
biosynthesis of sulfated macromolecules appears to be
duplicated in the cell culture system of chondrocytes
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derived from osteoarthritic tissue. These cells, when
contrasted to those derived from normal articular carti-
lage, deposit a smaller fraction of the newly synthesized
macromolecular products into the cell layer in a variety
of cell culture conditions. The decrease in the deposi-
tion could result from variation in chain size synthesis or
conformation that prevents proper aggregation for
stable matrix formation. Alternatively, if the relative
catabolic rate was elevated in osteoarthritic cells, the
newly synthesized molecules might be partially degraded
before they could be incorporated into the matrix of the
cell layer. By analogy, these factors inherent in the
osteoarthritic chondrocytes might prevent normal rates
of matrix formation in vivo. Further studies are needed
to decide whether cartilage depletion in degenerative
joint disease results from an abnormality in the products
synthesized or assembled, from degradative or other
cellular factors, or from a combination of these.

A unifying hypothesis for the biochemical basis of
osteoarthritis will need to include the role played by
circulating serum factors. Increased biosynthesis of sul-
fated proteoglycans, as reflected in elevated sulfate up-
take, also was observed in the presence of sera from
osteoarthritic patients when compared to sera from age-
matched controls. The increase as measured in normal
chondrocyte culture systems was found to be concentra-
tion dependent.

The higher rate of sulfated proteoglycan biosynthesis
seen in the presence of osteoarthritic sera could result
from interactions with one or more serum components.
Since the increase was not found with heat-inactivated
serum, it is unlikely that a difference in the somatomedin
level per se was the determining factor. It is possible,
however, that variation in the concentrations of other
polypeptides may be responsible for the measured dif-
ference. It has recently been shown, for example, that
insulin and somatomedin bind competitively to chondro-
cytes (19). Whether the newly described family of
"growth-promoting" substances are synthesized by
chondrocytes themselves is unclear at this time.

The question of whether osteoarthritic serum causes
an excessive reduction in the deposition of newly syn-
thesized sulfated macromolecules into the cell layer is
more difficult to resolve, since as presented under Rel,
sults, a net decrease of sulfated proteoglycans per unit
of cell protein was deposited in the cell layer with in-
creasing serum concentrations. Similar findings (data
not given) were made with normal serum in the medium.
The data presented do suggest, however, that the ex-
tent of biosynthesis and deposition of newly sulfated
proteoglycans are modulated by both cellular and cir-
culating factors. The latter may include biosynthetic
regulators, binding factors, or enzymes that catalyze the
degradation of the macromolecules before assembly and

deposition have occurred in the extracellular matrix.
The action of these circulating factors on the articular
cartilage may be mediated through the synovial fluid.

The release of newly synthesized sulfated proteogly-
cans from intracellular sites in chondrocytes also ap-
pears to be regulated by circulating factors. The intra-
cellular accumulation in the presence of noninactivated
human serum was nearly double that found in the pres-
ence of comparable heat-inactivated serum. Experiments
have been initiated to isolate this heat-labile component
and to establish whether the site of action of this factor
is directly on the cellular membrane, or perhaps on other
membranes used to assemble export vesicles.

A previously proposed pathway for lysosomal enzyme
action in degenerative joint diseases assigns initial carti-
lage matrix destruction to be the trigger for synovitis.
Further cartilage destruction then occurs through the
action of enzymes in the synovial fluid, which are car-
ried to the articular cartilage.

The data presented here might extend this hypothesis
to assign a more extensive transport role to the synovial
fluid. In addition to synovial enzymes, effector mole-
cules derived from the serum may be carried via the
synovial fluid to cellular sites in articular cartilage. This
may be accentuated in the fibrillated surface areas present
in the degenerative tissue. Furthermore, the alteration
in the biochemical metabolism inherent in the osteoar-
thritic chondrocyte strongly supports the role of cartilage
as a site of active cellular response to pathogenesis in
degenerative joint disease.
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