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Differential responses of human articular cartilage to
retinol
RONALD W. JUBB

From Strangeways Research Laboratory, Worts' Causeway, Cambridge

SUMMARY An in-vitro study has been made of the response of aged human articular cartilage to
the catabolic agent retinol. Weight bearing cartilage from the femoral condyle degrades and
releases proteoglycan with an associated reduction of sulphate incorporation. Similar cartilage
from the femoral head responds to the retinol with an inhibition of sulphate incorporation but no
degradation or loss of proteoglycan. Extraction of the proteoglycan from the femoral head
samples failed to demonstrate any evidence of breakdown.
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Articular chondrocytes can be activated to degrade
their surrounding matrix by factors released from
other cells such as fibroblasts and mononuclear
leucocytes. 1-3 This has increased interest in the
possible role of chondrocytes in the breakdown of
cartilage in arthritis. There is evidence both in
rheumatoid arthritis4 5 and in osteoarthritis6 7 that
the chondrocytes are contributing to the breakdown
of matrix, but the factors that control this function
are unknown.

Clinical studies indicate that some joints are much
more prone to arthritis than others. For example,
the knee joint is very commonly involved in osteoar-
thritis, while the hip joint is less often affected.8 The
reasons for this and other patterns of joint involve-
ment are unknown.

Retinol (vitamin A) in pharmacological doses will
activate articular chondrocytes to degrade the ex-
tracellular matrix. This effect has been demon-
strated in cartilage from a variety of sources including
chick limb bone rudiments,9 pig articular cartilage,
and young adult human cartilage."
The present work examines the response to

retinol of chondrocytes in weight-bearing regions of
human femoral head and femoral condyle cartilage.
The effect of this catabolic agent on the breakdown
of proteoglycan and the synthesis of new proteogly-
can has been studied.

Accepted for publication 6 June 1984.
Correspondence to Dr R. W. Jubb, Selly Oak Hospital, Raddle-
barn Road, Birmingham.

Materials and methods

MATERIALS
Human femoral head cartilage. Femoral heads re-
moved after fracture of the femoral neck were
immediately placed into sterile Hanks solution
containing penicillin and streptomycin. Full-
thickness samples of cartilage, weighing 5-10 mg,
were dissected from the superolateral weight-
bearing region of the femoral head. Samples were
set up in culture within three hours of excision of the
femoral head.
Human femoral condyle cartilage. A femoral

condyle was removed from cadavers at necropsy
within 24 hours of clinical death. All the patients
had died suddenly of myocardial infarction, cerebro-
vascular accident, or trauma, and the joints were
macroscopically normal. The condylar cartilage with
underlying bone was placed in Hanks solution.
Full-thickness samples of cartilage were removed
from the central region of the condyle.
Bovine nasal cartilage. Small discs, 2 mm thick by

4 mm diameter, of bovine nasal cartilage were
dissected within three hours of the animals being
slaughtered. 12

METHODS
Organ culture. Explants of cartilage were main-
tained in microtitre plates (Corning El1) with 250 ,l
of culture medium for 12 days. The basic medium
was Dulbecco's modification of Eagle's medium
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834 Jubb

(DMEM) (Gibco-high glucose, no pyruvate) sup-

plemented with ascorbic acid.' In some cultures
10% heat inactivated normal rabbit serum or human
serum was used. Retinol was used at 5 x 10-6M or
1 x 10-5M. The culture medium was changed at
three-day intervals with a final three-day pulse
of 35 o4 at 5 usCi/ml (Amersham International).
Samples were washed three times in phosphate
buffered sulphate (same as phosphate buffered
saline but with sulphate replacing the chloride).
These samples were then frozen at -20°C until
required. The culture medium was also collected
from each culture and stored at -20°C.

Extraction of 35S labelled glycosaminoglycans.
The frozen explants were weighed and then dried at
37°C to constant weight. The dried sample was
digested with papain (Sigma) and the glycosamino-
glycan precipitated with 5% cetyl pyridinium chlor-
ide. Aliquots of both the precipitate (dissolved in
formic acid) and the supernatant were counted on a
B counter (Packard Tri-Carb 300) and expressed as

disintegrations per minute (dpm).
Glycosaminoglycan assay. The glycosaminogly-

cans in the explant and the medium were assayed,
after papain digestion, by their ability to bind to
dimethylmethylene blue. '3 Whale chondroitin sul-
phate (Koch-Light) was used as a standard.

Sulphate assay. The total inorganic sulphate in the
culture medium was measured by precipitation with
133barium after uranyl acetate treatment to remove
protein and phosphate.'4

Extraction of proteoglycan. Proteoglycan was
extracted from cartilage samples with 4 M guanidi-
nium chloride in 0 05 M acetate buffer pH 5 8. 300
gl was used for 10 mg wet weight tissue. The
extraction continued for 5 days at 4°C. This proce-
dure was found to extract 60-70% of the total 35S.
Enzyme inhibitors were added to the extraction
fluid (5mM phenylmethylsulphonylfluoride, 1 mM
4-chloromercuribenzoate, 1 mM 0-phenanthroline,
and 1 ,ug/ml pepstatin). Fragments of human cartil-
age this size release Proteoglycan monomer without
the hyaluronic acid.

Sepharose chromatography. 50 /xi of the extrac-
tion solution was applied to sepharose 2B (Pharma-
cia) column (0.6x20 cm) and eluted with 4 M
guanidinium chloride in 0-05 M sodium acetate. The
void and total volumes were indicated by 35 o4

labelled proteoglycan aggregates from bovine nasal
cartilage and free 35 o4. Similar separations were

performed with Sepharose 6B. Alternate 2-drop
fractions were assayed for 35S activity or glycosami-
noglycan by the dimethylmethylene blue (DMMB)
assay.

Histology. Cartilage explants were fixed in 10%
buffered formalin for 48 hours, dehydrated with

ethanol, and embedded in glycolmethacrylate (Agar
Aids). 6 2 ,um sections were cut, coated with
autoradiographic stripping film (Kodak ARl0), and
exposed for two weeks. The autoradiograph was
developed with ID-19 and stained with Carazzi
haematoxylin.17 Other sections were stained with
toluidine blue to assess the pattern of proteoglycan
staining.

Results

RELEASE OF PROTEOGLYCAN
Femoral head. Retinol at both 10-5 M and 5 x 10-6M
had no detectable effect on the release of proteogly-
can as measured by the DMMB assay (Table 1). In
all six experiments there was no increased loss of
protoglycan above the control. In two experiments
retinol at additional doses of 2x 10-5 and 4x 10-5M
had no effect.
Femoral condyle. In the four experiments with

femoral condyle cartilage two showed a consider-
able release of proteoglycan. This loss could be
measured biochemically (Table 1) and was also seen
histologically (Figs. lA, B).

It was not clear why there was no response by the
femoral head cartilage and only a partial response
by the femoral condyle cartilage. The possibility of
the culture conditions being unsuitable was ex-
amined with cartilage that had been shown in
previously published work to respond to retinol in
vitro.
Bovine nasal cartilage. This cartilage responds

vigorously to the retinol in some circumstances. 12 As
can be seen from Table 2, there was an almost
complete loss of proteoglycan. Histological ex-
amination confirmed this result. The incorporation

Table 1 Release ofglycosaminoglycans (GAG) from
human cartilage culturedfor 12 days with 10% rabbit serum
and retinol

Source of % release of GAG
cartilage

10-5M 5x 10-6M Control
retinol . retinol

Femoral head 82yr 3±1* 5±2 4±2
Femoral head 83yr 11±5 10±2 11±3
Femoral head 77yr 5±1 7±2 5±1
Femoral head 86yr 5±2 1±1 1±1
Femoral head 83yr 8±3 10±1 8±1
Femoral head 79yr 7±2 6±1 5±1

Femoral condyle 76yr 20±7 15±3 17±4
Femoral condyle 80yr 34±10 20±6 13±2
Femoral condyle 83yr 41±6 32±6 15±5
Femoral condyle 82yr 32±5 30±8 25±5

*±standard error of the mean.
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Differential responses of human articular cartilage to retinol 835

Fig. 1 A. Section ofmid zone of
femoral condyle cartilage after 12 days
in DMEM+rabbit serum. 2R.
(Toluidine blue, x207). B. Similar
area as in A but after culture in
medium with 10-5M retinol. Note loss
ofproteoglycan staining. 21a
(Toluidine blue, x207).

Fig. 1A Fig. 1B

of sulphate into the glycosaminoglycan in the
cartilage was markedly reduced. This could be
inhibition of synthesis or rapid release from the
cartilage.
Young human femoral condyle cartilage. Cartilage

from this source aged 20-40 yr has been shown to
respond to retinol with loss of proteoglycan.' 1 In the
system used in these experiments this cartilage also
responds well to the retinol (Table 2) with a 60%
release compared with 20% in the controls. Once
a gain there was a reduction in the incorporation of
3 SO4 into the cartilage.

Table 2 Effect ofretinol on the release of
glycosaminoglycans (GAG) and sulphation ofproteoglycan
by bovine nasal cartilage and young human articular
cartilage cultured in 10% rabbit serum for 12 days

dpmlmg wet % "'S % release
weight inhibition of GAG

Bovine nasal cartilage
Control 10 008±5385* - 34±10
10-5M retinol 504±164 99 96±1
5x 10-6M retinol 549±294 99 99±1

Young human cartilage
Control 4667±1236 - 21±2
10-5M retinol 914±132 81 63±6
5x10-6M retinol 1562±654 67 58±9

*±standard error of the mean.

SULPHATION OF GLYCOSAMINOGLYCAN
The lack of response of the chondrocytes in the
femoral head cartilage could be due to poor viability
of the cells, lack of penetration of retinol, toxicity of
retinol, inability of cells to recognise retinol, or a
difference in the metabolic responsiveness of the
cells. Some of these aspects were resolved by
examining the response of the cells in the cartilage
to 35SO4.
The chondrocytes in all samples studied were able

to incorporate 35SO4 into glycosaminoglycans. Kill-
ing the cells by freezing and thawing (x2) abolished
this effect (Table 3). By this criterion the chondro-
cytes were alive at the end of the 12-day culture
period.

In the six experiments with femoral head cartilage
there was an inhibition of incorporation of 35SO4
into the glycosaminoglycans in the presence of
retinol (Table 3). The mean inhibition was about
40-50%. The femoral condyle cartilage showed a
similar inhibition in all four samples studied (Table
3).

Autoradiographs of histological sections showed
pericellular accumulation of radiolabel in all the
control cartilage (Fig. 2). The reduction in
radiolabelling with retinol was uniform throughout
the cartilage. There was no obvious gradient in
effect from the edge of the sample to the centre, nor
was any zone of cartilage particularly affected. The
histological appearance of the femoral head and
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836 Jubb

Table 3 Effect ofretinol on the sulphation ofproteoglycan by human articular cartilage cultured in 10% rabbit serum for
12 days. Counts incorporated into cetyl pyridinium chloride precipitable material after papain digest

Source of cartilage dpmlmg wet weight in control medium % Inhibition of sulphationt

Living Dead 10-5M retinol 5x10-6M retinol

Femoral head 82yr 940±110* - 46% 18%
Femoral head 83yr 370±210 25±10 69% 49%
Femoral head 77yr 555±140 20±15 27% 12%
Femoral head 86yr 1433±1000 29±12 38% 55%
Femoral head 83yr 4013±1402 137±125 56% 68%
Femoral head 79yr 3476±2618 240±41 68% 37%

50± 16 40±21
Femoral condyle 76yr 945±110 20±16 40% 18%
Femoral condyle 80yr 3154±1806 65±49 60% 66%
Femoral condyle 83yr 4599±1555 145±66 82% 74%
Femoral condyle 82yr 1876±1526 192±129 46% 73%

57±18 57±26

*±standard error of the mean.

tl100.testx 100/living control.

femoral condyle cartilage were similar, when stained
....... either with toluidine blue or haematoxylin.

It is apparent, therefore, that the retinol reaches
the femoral head chondrocytes and that they re-

spond by a reduction in sulphation of glycosamino-
glycan but not by a release of proteoglycan.

:A
;.:000+; tIt was possible that the reduced sulphation indi-

cated not a reduced synthesis but an increased
sulphatase activity. An attempt was made to assess

this by measuring the total inorganic sulphate
released into the culture medium. In two separate

experiments there was no evidence of elevated
sulphate in the medium (Table 4).

RESPONSE TO RETINOL IN HUMAN SERUM
It has previously been shown that chondrocytes in
human articular cartilage have a different response

to ascorbic acid when in human serum rather than
bovine serum.t9 In the present experiments the use

of rabbit serum for the culture of human cartilage
might account for the poor catabolic response to:W. ...

retinol. The experiments, therefore, were repeated
with 10% human serum.

Table 4 Effect of retinol on the release ofinorganic
sulphatefromfemoral head cartilage in organ culturefor 12
days

Fig. 2 Autoradiograph ofsection ofmid zone offemoral
head cartilage after 12 days in control medium with 5
,uCi/ml35s04forfinalthreedays. (Unstained, x300).

Cartilage Concentration of inorganic sulphate (mM)
sample

10-5M retinol 5x10-6M retinol Control

82 yr 0-96+0-03* 1-02±0-02 1-03±0-05
83 yr 1-02±0-03 1-01±0-03 0-95±0-06

*±standard error of the mean.
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Differential responses of human articular cartilage to retinol 837

Fie-. 3A Fie 3C

Fie. 3B

Fig. 3 A. Section ofmid zone of
femoral head cartilage after 12 daYs in
DMEM+human serum. (2 ,um thick,
toluidine blue, x207). B. Similar area
as in A but after culture in medium
with 10 -5M retinol. (2 p.m thick,
toluidine blue, x207). C. Section of
mid zone offemoral condyle cartilage
after 12 days in DMEM+human
serum. (2 p.m thick, toluidine blue,
x207). D. Similar area as in C but
after cultures in medium with 10 -5M
retinol. (2 p.m thick, toluidine blue,
x207).

Fie.l 3D

Release of proteoglycan. With the substitution of
the human serum all the samples of femoral condyle
cartilage studied showed a clear response to the
retinol with loss of proteoglycan (Table 5). This
release was about 2-3 times above the control levels

(Figs. 3A, B, C, D) The femoral head cartilage,
however, did not show any significant response to
the retinol (Table 5) (Fig. 3).

Sulphation ofglycosaminoglycans. Once again the
retinol produced a consistent reduction in the

-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.43.6.833 on 1 D

ecem
ber 1984. D

ow
nloaded from

 

http://ard.bmj.com/


838 Jubb

Table 5 Release ofglycosaminoglycan (GAG) from
human cartilage culturedfor 12 days with 10% human
serum and retinol

Source of % release of GAG
cartilage

0-O5M 5x10-6M Control
retinol retinol

Femoral head 86yr 6±1* 4±1 3±1
Femoral head 83yr 11±2 17±6 12±4
Femoral head 79yr 9±2 7±1 6±1

Femoral condyle 80yr 47±3 43±12 14±3+
Femoral condyle 83yr 37+19 30±12 12±2++
Femoral condyle 82yr 51±10 32±8 23±4+++

* ±standard error of the mean.
Retinol treatment compared with control. Analysis by paired t test:
+=p<O-0001, ++=p<003. +++=p<0005.

sulphation of the glycosaminoglycans (Table 6). At
least in the case of the femoral head cartilage, where
there is no loss of proteoglycan this is likely to
reflect a genuine inhibition of synthesis.

EFFECT OF RETINOL ON PRELABELLED
PROTEOGLYCAN IN FEMORAL HEAD
Although the experiments in the preceding sections
have been unable to demonstrate any active loss of
proteoglycan from the femoral head cartilage, it
could be that the retinol was having a degradative
effect but that the breakdown products were not
being released into the medium.
To examine this possibility, femoral head carti-

lage was prelabelled with 35S04 to provide an
additional method for monitoring the proteoglycan.

S~~~~~~~

E 1000

a b c d e

Fig. 4 Effect ofretinol on the release of35S04-associated
macromolecules from femoral head cartilage prelabelled
with 35So4. 12-day cultures with medium changed at
three-day intervals, collected and dialysed. (a) 10-5M
retinol +rabbit serum; (b) 5x10-6M retinol+rabbit serum;
(c) 10% rabbit serum; (d) DMEM alone; (e) dead cartilage
in DMEM. Bars represent SEM.
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Table 6 Effect of retinol on the sulphation ofproteoglycan
by human articular cartilage cultured in 10% human serum
for 12 days. Counts incorporated into cetyl pyridinium
chloride precipitable material after pepsin digest

Source of dpmlmg wet % Inhibition of
cartilage weight in sulphationt

control medium
10-5M 5x 10-6M
retinol retinol

Femoral head 86yr 1644±1582* 20% 24%
Femoral head 83yr 8279±3543 58% 41%
Femoral head 79yr 11 745+8467 77% 73%

51±29 46±24
Femoral condyle 80yr 15 793±3260 68% 75%
Femoral condyle 83yr 20 574±2718 78% 80%
Femoral condyle 82yr 18 563+9068 76% 70%

74±5 75±5

*±standard error of the mean.
'100-testx100 living control).
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Fig. 5 Effect ofretinol on the size of4 M GnCJ
extractable proteoglycan. Femoral head cartilage
prelabelled with 35S04. Sepharose 2B separation.
A: 35S labelled proteoglycan;
glycosaminoglycans in proteoglycan from retinol treated
cartilage.
B: 35S labelled proteoglycan; - --- -

glycosaminoglycan in proteoglycan from control
cartilage.
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Differential responses of human articular cartilage to retinol 839

vt
0.30

0.20 uo Fig. 6 Separation on Sepharose
to 6B of4M GnCJ extractable
a materialfrom retinol treated
0 femoral head cartilage prelabelled

with 35504* 35S labelled
0.10 material; .

glycosaminoglycan containing
material.

Fraction number

The release of 35S04-labelled non-dialysable ma-
terial into the medium confirmed that the retinol did
not cause any increased release of proteoglycan
above the dead controls (Fig. 4).
The proteoglycan that could be extracted with 4

M guanidinium chloride was further analysed.
Separation on a Sepharose 2B column failed to
demonstrate any reduction in the size of the
proteoglycan in the retinol treated group (Fig. 5).
Both the labelled proteoglycan and the unlabelled
material gave similar profiles in the control and the
retinol group. It is not clear why the radiolabelled
material is not the same as the total proteoglycan
profile.
The presence of free glycosaminoglycans was

examined by separation on a Sepharose 6B column
(Fig. 6). There was no evidence from the elution
profile to suggest the presence of breakdown frag-
ments in the retinol treated group.

Discussion

The results presented show a qualitative difference
between hip chondrocytes and knee chondrocytes
from weight-bearing regions in their response to
retinol. Despite retinol penetrating the cartilage and
affecting both types of chondrocytes only those in
the knee cartilage degrade the extracellular proteo-
glycan. It is quite possible that the hip chondrocytes
could respond under different conditions. However,
the results do demonstrate that, although the
cartilages appear the same histologically, there are
clear differences in their metabolic activity. This
lack of proteoglycan breakdown could be due to the
chondrocytes failing to produce the necessary de-
gradative agents, the presence of antagonists, or the
proteoglycan being more resistant to these agents.

Retinol is rapidly oxidised and inactivated if it is

not bound to serum proteins in tissue culture
medium. Rabbit serum was used in the present
experiments, since it was entirely satisfactory for
cultures of pig articular cartilage.'( However, the
lack of response in the femoral head cartilage and
the inconsistent response in the femoral condyles
meant that the experiments could not be satisfac-
torily interpreted. It was found that substituting the
rabbit serum with human serum gave consistent but
different results in the two cartilage groups. Human
serum differs in many ways from rabbit serum, and
no attempt has been made in this paper to identify
which factors might be relevant. Krystal et al. found
that DNA synthesis was stimulated by ascorbate in
human articular cartilage in 10% human serum but
not in 10% fetal bovine serum. 19

In experimental situations where the retinol
stimulates considerable proteoglycan release it is not
easy to be sure that any reduction in the incorpora-
tion of 35S reflects a direct inhibition of proteoglycan
synthesis. However, with the femoral head carti-
lage, where there is no loss of proteoglycan, the
retinol does inhibit the total incorporation of sul-
phate into proteoglycan. This reduction might be
due to an inhibition of core protein synthesis,
alteration of the glycosaminoglycan chain synthesis,
or decreased sulphation. The biological significance
of the observation is not clear, since retinol in
sufficient dose will kill the cells. The importance,
however, in the context of this paper is that it
indicates that the retinol has reached the hip
chondrocytes and that the cells have been able to
respond to this potential catabolic agent.
Although the femoral head consistently looked

normal and this source of cartilage is commonly
used in studies of normal human cartilage, it should
be remembered that the cartilage comes from
patients who have fractured their necks of femur;
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840 Jubb

many of these people have osteoporosis. It is not
clear whether or not cartilage from such patients
should be considered as normal.21' The younger
femoral condyle cartilage responded much more to
retinol than the very old cartilage, but there are not
enough data to know whether there is an age related
variation as well as a variation between joints. The
experiment was performed with the younger tissue
to check the experimental conditions and act as a
positive control. l A further study of the response of
femoral head cartilage from different sources and
ages is now required.

In chick limb bone rudiments retinol has been
shown to degrade proteoglycan into fragments
containing 4-6 polysaccharide chains.'8 If this
mechanism applied in the femoral head cartilage,
then, even if the proteoglycan was not released, the
fragments should be easily seen on the Sepharose
separation. The prelabelled proteoglycan, being
next to the chondrocyte, might also be expected to
be sensitive to a minor degradative action of retinol.
The results, however, clearly show that there has
been no breakdown of the unlabelled or labelled
proteoglycan in the hip cartilage. These results were
further confirmed by the lack of release of sulphate
into the medium. Based on previously published
data2' the potential release of sulphate from the
cartilage could be about four-fold the concentration
in the medium.

It is of interest that the hip cartilage used in these
experiments is peculiarly resistant to the degradative
effects of retinol. The hip Joint is often spared in
generalised osteoarthritis, and patients with
osteoporosis are often spared osteoarthritis. The
results of the experiments reported here provide a
possible explanation, since, if the hip and the knee
cartilage were exposed to a catabolic factor in vivo,
and they responded as suggested by the experi-
ments, then the knee cartilage would suffer much
more. Such a direct extrapolation of the data is not
justified with our present meagre knowledge of the
metabolic state of the chondrocytes in different
joints in humans. At present we do not know if the
mechanism of action of the retinol is in any way
similar to that of the possible physiological factors.
The results, however, do indicate an in-vitro differ-
ence in metabolic reactivity which requires further
study. It is important to establish whether or not this
is due to resistance of the matrix to the degradative
process or a different response of the chondrocytes
to the retinol, and also to ascertain if it is unique to
the particular source of cartilage used in this study.
Further investigations are in progress.
I am indebted to Miss Joanna Hewitt for expert technical assistance
and to Mr C. Green for the art work and photographic plates. I am
grateful to the staff of the orthopaedic theatre and the post-mortem

room at Addenbrookc's Hospital. Cambridge. for providing the
human cartilagc. I thank Dr J. T. Dinglc for his suppol-t and
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