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Abstract—We have studied the effect of low sulfate concentrations on the glycosaminoglycan synthesis
in rat patellar cartilage in vivo as well as in vitro. The oral administration of 200 mg/kg paracetamol to
male Wistar rats resulted in a significant reduction of the serum sulfate concentration. Reduced scrum
sulfate availability resulted in a 34% decrease of glycosaminoglycan synthesis in patellar cartilage. This
is due to sulfate depletion since paracetamol had no direct effects on glycosaminoglycan synthesis and
a slight but significant inhibitory effect on the catabolism of radiolabeled glycosaminoglycans in vitro.

The glycosaminoglycans synthesized at low sulfate -concentrations in vivo were similar to the
glycosaminoglycans synthesized at physiological sulfate concentrations. Studying the effect of sulfate
availability in vitro on glycosaminoglycan synthesis in patellar cartilage we found that incubation ol rat
patellae in medium containing less than 0.5 mM inorganic sulfate led to a decreased sulfate incorporation.
The use of potential sulfate decreasing drugs can lead to inhibition of glycosaminoglycan synthesis. This
argues for a reconsideration of the use of these drugs in patients with already dysfunctioning cartilage
metabolism as in rheumatoid arthritis and osteoarthrosis.
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Nonsteroidal antiinflammatory drugs (NSAIDs) are
used in the treatment of both rheumatoid arthritis
and osteoarthrosis (osteoarthritis). These diseases
are associated with the pathology of articular
cartilage. However, in the case of osteoarthrosis
cartilage destruction is a primary event while in
rheumatoid arthritis it is a secondary phenomenon
following the inflammation of synovial tissue. Several
investigations have demonstrated that certain
NSAIDs might affect the biochemical properties of
articular cartilage chondrocytes.

NSAIDs can exert their pharmacological effects
on chondrocytes in two ways: a direct effect on
the biochemical activities of chondrocytes and/or an
indirect effect by way of influencing systemic factors
determining the function of chondrocytes. Many
direct effects of NSAIDs are reported in the litera-
ture [1-7]. Salicylates are reported, by Palmoski
and Brandt, to suppress glycosaminoglycan synthesis
both in vitro and in vivo [8-11]. These authors
showed that this effect was a direct effect of salicylate
on the chondrocyte metabolism in their experiments
[12]. An indirect effect of salicylate on glycosamino-
glycan synthesis in articular cartilage has been
observed in our experiments [13, 14]. A decrease
of serum sulfate concentration in mice by way of
salicylate-induced sulfate diuresis, apparently was
the causative factor producing a diminished synthesis
of glycosaminoglycans in anatomically intact patellar
cartilage [13, 14].

Herein we describe the effect of serum sulfate
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reduction on cartilage glycosaminoglycan synthesis
in more detail. We used paracetamol instead of
salicylate, to decrease sulfate availability. In this way
possible direct effects of salicylate on glycosamino-
glycan synthesis are eliminated. Paracetamol is con-
jugated with sulfate by rat liver enzymes resulting in
depletion of serum sulfate [15]. We used in this study
Wistar rats instead of mice because rats are relatively
insensitive to paracetamol-induced hepatoxicity and
have a higher capacity of paracetamol sulfocon-
jugation than mice [16, 17].

MATERIALS AND METHODS

Effect of paracetamo!l on the serum sulfate
concentration. Male Wistar rats (150-200¢g) were
used in all experiments. They were fed with a com-
mercial pellet diet and given fresh tap water ad
libitum. Paracetamol (2()(]»mg/kg) dissolved in tap
water (1 ml) was orally administered to the rats.
Control animals received a comparable volume of
only tap water. After 2, 5, 7 and 24 hr a blood sample
was taken by orbita-punction under a light ether
anesthesia. Inorganic sulfate was determined by a
modification of the benzidine method of Dogson and
Spencer [18] as recently described [19].

Effect of paracetamol and salicylate on
glycosaminoglycan synthesis in vitro. Wistar rats
were killed by cervical dislocation and both intact
patellae were, with a standard amount of sur-
rounding tissue, dissected from the knee joints.
Patellae were incubated in RPMI 1640 DM medium
supplemented with 2mM L-glutamine and 1 mM
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pyruvate (all from Flow Laboratories, Irvine,
Scotland). The sulfate concentration in the medium
was (.6 mM. Various concentrations of paracetamol
and sodium salicylate (1, 2 and 5 mM) were added
to the medium at the initiation of the 4-hr incubation
period. Administration of 200 mg/kg paracetamol to
male Wistar rats (150-200 g). as in our experiments,
will result in a maximum serum paracetamol con-
centration of 0.2-0.3 mM [15]. After 2 hrincubation.
20 uCi [#S]sulfate (Radiochemical Centre, Amer-
sham, U.K.) was added to the medium. All incu-
bations were performed at 37° in a humidified
atmosphere containing 5% CO,. Patellae were
washed twice with physiological saline and sub-
sequently fixed in ethanol (96%, v/v). Decal-
cification of the patellae with 5% (v/v) formic acid
was followed by stripping of the patellar cartilage
layer [19]. Patellar cartilage was digested overnight
at 60° by solulyte (J. T. Baker Chemicals, Deventer,
The Netherlands) and the amount of incorporated
[**S)sulfate per cartilage of one patella was assayed
by liquid scintillation analysis.

Effect of paracetamol on the catabolism of

[33S}sulfate labeled glycosaminoglycans. Patellae
were incubated in culture medium containing 80 uCi
[*3S}sulfate/m] for 2hr as described above. This
labeling period was followed by a chase without
radiolabel for 16 hr in medium containing 0. 1. 2 or
SmM paracetamol. This was succeeded by pro-
cessing of the patellae as described above.

Effect of medium sulfate concentration on
glycosaminoglvcan synthesis in vitro. Rat patellae
were incubated in BME-diploid medium (Flow Lab-
oratories) with various sulfate concentrations for 2 hr
at 37°in humidified 5% CO, atmosphere. The BME
medium was supplemented with 2 mM L-glutamine,
1 mM pyruvate, 20 uCi [*S]sulfate (carrier-free) and
40 uCi p-[6-'H]glucosamine (RCA) per ml,
respectively. Patellar cartilage was isolated from the
surrounding  tissue  as  described above and
glycosaminoglycans were isolated. To this end patel-
lar cartilage was digested overnight by papain at 60°,
The papain mixture (pH 6.0) consisted of | mg/ml
papain (type IV. double crystallized, Sigma. St.
Louis. MO, U.S.A.), 0.1 M Na-acetate, 10mM 1-
cysteine hydrochloride and 50 mM Na>-EDTA. Non-
hydrolysed remnants were spun down (10,000 g,
15min) and 150 gl 0.2% cetylpyridinium chloride
(CPC) was added to 150 ul supernatant. After 2 hr
incubation at 37° the precipitate was centrifuged
(10,000 g for 15 min) at 37°. The supernatant was
discarded and the pellet was washed twice with 0.5 ml
0.05% CPC. The pellet was solubilized for 2 hr in
0.5 ml solulyte at 60° and after addition of scin-
tillation fluid the guantity of radioactivity was ana-
lyzed with a liquid scintillation counter. Appropriate
corrections were made for channel overlap of *S-
counts and *H-counts.

Effect of paracetamol on the glycosaminoglycan
svathesis in vivo. Two hours after oral administration
of 200 mg/kg paracetamol or tap water to male Wis-
tar rats | ¢Ci/g [ S]sulfate (carrier free) was injected
intravenously (five rats per group). Blood samples
were taken by orbita-punction at 20 min and 1, 2.3,
4 and 5hr after injection of [*S]sulfate. Patellae
were dissected from the knee joints Shroafter
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administration of radiolabeled sulfate. Patellae were
processed for determination of the [**S|sulfate con-
tent as described above.

Total inorganic sulfate in serum of the rats was
quantitated as described above. To determine the
percentage of the free inorganic sulfate form of [ 7S]
in the serum of the rats. inorganic sulfate was pre-
cipitated with BaCls. To 30 ¢ of serum 1 ml of tri-
chloroacetic acid (5% w/v) was added. This mixture
was allowed to stand at room temperature tor 10 min
and was subsequently centrifuged for I3 min
(10.000 g). Five hundred microlitres of clear super-
natant was added to 125ul BaCl, reagent (20 g
BaCl,-2H-O and 100g Dextran in 11 distilled
water). The precipitate was spun down (30 min,
10,000 g) after overnight incubation at 4°. The radio-
activity in the pellet and supernatant was assayed by
liquid scintillation counting. At whatever time. in
the serum of control rats always more than 9377 of
total serum [*S] was precipitated. In the serum of
the paracetamol treated rats 50-609% of the total
[**S] was precipitable.

Characterization of glvcosaminoglycans svathes-
ized in vivo. Tap water or 200 mg/kg paracetamol
was orally administrated to male Wistar rats (two
rats per group) and after 2 hr a physiological saline
solution with 1 uCi/g [¥S]sulfate and 8 uCi/g
[*H]glucosamine was injected intravenously. Five
hours after injection of radiolabel. the patellac were
dissected from the knee joints and articular cartilage
was isolated as described above. After papain diges-
tion and spinning down of the undigested remnants
the supernatants were dialysed for 72 hr against
tap water. This was followed by Iyophilization and
redissolving of the glycosaminogliycans in the elution
buffers used during chromatography.

Glycosaminoglycans of individual patellae were
applied on a DEAE-Trisacrvl anion exchange
column (1 X [5cm) equilibrated with 200ml 0.2 M
NaClin 1 mM HCL A linear gradient of 0.2-2.0 M
NaCl in ImM HCl was used to clute the
glycosaminoglycans trom the column. Atter cach run
the column was washed with 100 ml 0.2 M NuaCl in
I mM HCIL The flow was 20 ml/hr and fractions ot
2 ml were collected. The fractions were assaved for
radioactive labelled glvecosaminoglveans by liguid
scintillation counting.

Glycosaminoglycans of individual patellac were
also applied on a Sepharose CL 6B gel chroma-
tography column (100X 0.7cm).  An (L1 M
ammonium acetate butfer (pH 3.0} was used as
eluent. The flow was 15ml/hr and fractions of
1.25 ml were collected and assaved for radioactive
labeled glycosaminoglycans. The void volume (V)
was determined by dextran blue (M.2 X 10%) and the
total volume (V) by Nas[*S]SO,.

Statistical analvsis. Statistical analysis of data was
performed by the two-tailed Student r-test. A P-
value <0.05 was considered significant.

RESULTS
Decrease of serum sulfate level by paracetamol
Oral administration ot 200 mg/kg paracetamol to
Wistar rats led to a significant reduction ot the inor-
ganic sulfate concentration in serum (Fig. 1). Five
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Fig. 1. Effect of the oral administration of 200 mg/kg paracetamol on the serum sulfate concentration
of male Wistar rats. Control rats received a comparable volume of tap water. The results are expressed
as the mean = SD of five rats (@, paracetamol treated rats: O, control rats).

hours after paracetamol administration the serum
sulfate concentration was decreased by more than
80% after 7 hr the sulfate depletion was still 66%.

Effect of paracetamol and salicylate on [*S]sulfate
labeled glycosaminoglycan synthesis in vitro

In-vitro incubation of anatomically intact rat patel-
lae with sodium salicylate resulted in a significantly
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Fig. 2. Effect of sodium salicylate and paracetamol on the
incorporation of [**S]sulfate in anatomically intact articular
cartilage of rat patellae in vitro. Patellae were incubated
for 4hr in medium containing sodium salicylate or
paracetamol. For the last 2 hr the patellae were incubated
in the presence of 20uCi [**S]sulfate. The results are
expressed as the mean + SD of five patellae (@, salicylate;
¥, paracetamol).

decreased incorporation of [*'S]sulfate already at a
concentration of 1 mM (Fig. 2). Paracetamol had up
to a concentration of 5mM, the highest con-
centration tested, no effect on incorporation of radio-
labeled sulfate (oral administration of 200 mg/kg will
result in a peak serum level of approximately 0.2—
0.3 mM [15]). The incubations were carried out in the
absence of serum, so the added drug concentrations
were equivalent with the free drug concentrations in
the incubation media.

Effect of paracetamol on the degradation of
[33S)sulfate labeled glycosaminoglycans

Paracetamol had a slight but significant inhibitory
effect on the catabolism of radiolabeled glycosamino-
glycans in vitro (Table 1). All three paracetamol
concentrations tested had a significant suppressing
effect on the breakdown of radiolabeled
glycosaminoglycans but a dose response was not
observed.

Table 1. The effect of paracetamol on the degradation of
[**S]sulfate labeled glycosaminoglycans in vitro

[**S]sulfate content

Paracetamol Chase of patellae
(mM) (hr) (cpm)
— 0 19,232 = 3407
0 16 10,148 = 878
1 16 13,040 = 1153
2 16 13,864 = 2768
5 16 11,777 = 1427

Expressed are the mecan values = SD of at least five
patellae. A 2-hr labeling period was followed by a 16-hr
chase period in culture medium without radiolabel.
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Effect of the sulfate concentration in medium on
glvcosaminoglyvcan synthesis

The incorporation of sulfate and glucosamine in
the glvcosaminoglycans of patellar cartilage incu-
bated in medium with various sulfate concentrations
is shown in Fig. 3. The incorporated quantity of
sulfate and glucosamine was calculated by the incor-
poration of radiolabeled sulfate and glucosamine
corrected for the specific activities of these precursors
in the various experimental conditions. Incubation
of patellae in medium containing less than 0.5 mM
sulfate resulted in significantly reduced incorporation
of sulfate in patellar cartilage glycosaminoglycans,
The incorporation of glucosamine in patellar car-
tilage glycosaminoglycans was not diminished at sul-
fate concentrations below 0.5 mM. These results
suggested  the  synthesis  of  undersulfated
glycosaminoglycans at sulfate concentrations below
0.5 mM.

Effect of serum sulfate depletion on glycosamino-
glvcan synthesis in vivo

The in-vitro experiments described above show
that a reduction of the sulfate concentration leads to
a diminished sulfate incorporation and indicates the
synthesis of undersultated glycosaminoglycans at low
sulfate concentrations. To answer the question if
serum sulfate depletion leads to a diminished syn-
thesis of glycosaminoglycans in vivo, rats were
injected with radiolabeled sulfate 2 hr after oral
administration of 200 mg/kg paracetamol. Patellae
were dissected from the knee joints 5 hr after injec-
tion of radiolabel. The specific activity of [*S]sulfate
in the serum of the paracetamol treated and control
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rats in this 5-hr period is shown in Fig. 4. The arca
under the specific activity curve of the paracetamol
treated rats was 1.52 greater than the arca under the
curve of the control rats. Moreover, the specitic
activity in the serum of the paracctamol treated rats
decreased faster than the specific activity in the serum
of the control rats.

The incorporation of radiolabel in the patellar
cartilage of the paracetamol treated rats and the
control rats is shown in Table 2. Incorporation of
sulfate in the patellar cartilage of scrum sulfate
depleted rats was significantly diminished (66% ).
The paracetamol-induced serum sulfate depletion
leads to a decreased synthesis  of  cartilage
glycosaminoglycans.

Characterization of newly in vivo svathesized
glycosaminoglycans

Our n-vitro experiments indicated the synthesis
of undersulfated glycosaminoglycans at low sulfate
concentrations. Therefore, in-vivo newly synthes-
ized glycosaminoglycans were  characterized by
column chromatography to examine the presence of
undersulfated glycosaminoglycans in the cartilage of
the paracetamol treated rats. DEAE-Trisacryl anion
exchange analysis of patellar glyvcosaminoglycans
synthesized in vivo by paracetamol treated and con-
trol rats resulted in the chromatograms shown in
Fig. 5. Both the chromatogram of the paracetamol
treated and control rats showed the presence of one
peak. The peak in both chromatograms eluted at a
NaCl concentration of 0.7 M. In the chromatogram
of the sulfate depleted rats (paracetamol treated)
neither a shift of the sulfated glvcosaminoglycan
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Fig. 3. Effect of sulfate concentration in the medium on incorporation of sulfate and glucosamine in

anatomically intact articular cartilage of rat patetlac. Patallac were incubated for 2 hr in BME-diploid

medium with various sulfate concentrations. The results are expressed as the mean + SD of at least five
patellae (@. sulfate; O, glucosamine).
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Fig. 4. The specific activity of free inorganic [*°S]sulfate in the serum of paracetamol treated and control
rats. Paracetamol was orally administered 2 hr before injection of radiolabelled sulfate (¢ = 0). The
results are expressed as the mean = SD of five rats (¥, paracetamol-treated rats; @, control rats).

peak nor the presence of a non-sulfated glycosamino-
glycan peak was observed. Also the length of the
newly synthesized glycosaminoglycan chains, as
determined by gel chromatography with Sepharose
CL 6B, was similar for the sulfate depleted and the
control rats (Fig. 6). The K,y of the glycosamino-
glycan chains was 0.44.

DISCUSSION

The oral administration of 200 mg/kg paracetamol
to male Wistar rats resulted in a significant reduction
of the serum sulfate concentration. This serum sul-
fate depletion led to a diminished incorporation of
[3’S]sulfate in patellar cartilage indicating a
decreased glycosaminoglycan synthesis. Also incu-
bation of rat patellae in medium containing less than
0.5 mM sulfate reduced the incorporation of sulfate.
However, the incorporation of glucosamine was
unaltered in these experiments at low sulfate con-
centrations in the medium. Characterization of pate}-

lar glycosaminoglycans synthesized in vivo could
not confirm the production of undersulfated
glycosaminoglycans as suggested by these results.
The use of sulfate decreasing drugs can lead to a
diminished glycosaminoglycan synthesis but will not
alter the biochemical nature of these glycosamino-
glycans, at least in short term.

In earlier studies we reported the inhibitory effect
of salicylate induced sulfate depletion on
glycosaminoglycan synthesis in mice [13, 14]. Sali-
cylate induced an elevated excretion of sulfate by
the kidneys {13, 14]. Incubation of murine cartilage
in the presence of 5 mM salicylate inhibited sulfate
incorporation 46% [13] while the incorporation in
rat cartilage was inhibited by more than 90% (Fig.
2). Rat chondrocytes are more vulnerable to sali-
cylate than murine chondrocytes.

The potential direct effects of salicylate on the
metabolism of chondrocytes makes this drug less
suitable for in-vivo studies on the effects of sulfate
depletion on glycosaminoglycan synthesis [8]. Phe-

Table 2. Incorporation of [**S}sulfate in patellar cartilage of paracetamol treated rats and
control rats

[**S]sulfate incorporation in patellar cartilage

Non-corrected Corrected
value value Percentage
{cpm) {cpm) of control
Paracetamol-treated rats 6285 = 692 4135 = 455 66
Control rats 6051 = 550 6051 + 550 100

Expressed are mean values * SD of the patellae of five rats. The values in the second
column are corrected for the difference between the specific activity in the serum of the
paracetamol treated rats and in the serum of the control rats (Fig. 4, area under the curve

ratio is 1.52).
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Fig. 5. DEAE-Trisacryl anion exchange chromatogram

of newly synthesized patellar cartilage glycosaminoglycans

from paracetamol-treated and control rats. Glycosamino-

glycans were eluted with a NaCl gradient (0.2-2.0 M NaCl

in 1 mM HCI). Fractions of 2 ml were collected and radio-

activity was determined by liquid scintillation counting (@,
[*3S]-counts; O, [*H}-counts).

nolic compounds like paracetamol and salicylamide
are known to decrease the inorganic serum sulfate
level by conjugation with sulfate [15, 20, 21}. Morris
and Levy reported a significant reduction of the
serum sulfate concentration in healthy human vol-
unteers after a single dose of 1.5 g paracetamol [22].

Paracetamol (200 mg/kg) decreased the serum sul-
fate level in male Wistar rats significantly. The
oral administration of this dose of paracetamol to
male Wistar rats will result in a maximal serum
paracetamol concentration of 0.2-0.3 mM, 1 hr after
administration [15]. Paracetamol had no effect on
the glycosaminoglycan synthesis up to the highest
concentration tested (5 mM) while the glycosamino-
glycan synthesis was already significantly inhibited
by 1 mM salicylate (Fig. 2). Paracetamol had, in
vitro, a slight inhibitory effect on the degradation of
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[¥S]sulfate labeled glycosaminoglycans. Paracet-
amol is a suitable drug to study the effect of sulfate
depletion on glycsaminoglycan synthesis in vivo in
the rat.

This study showed that low sulfate concentrations
resulted both in vitro and in vive in a diminished
incorporation of sulfate in anatomically intact articu-
lar cartilage of the rat. Similar in-vitro results were
found in experiments of Maroudas and Evans with
slices of human and bovine cartilage and by Bayliss
et al. for rabbit annulus cartilage {23, 24]. Also in-
vitro incubation of anatomically intact patellar car-
tilage of mice in medium with less than 0.5 mM
sulfate led to a diminished sulfate incorporation [13].
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Fig. 6. Sepharose CL 6B chromatogram of newly syn-

thesized patellar cartilage glycosaminoglycans from par-

acetamo! treated and control rats. Glycosaminoglycans

were eluted with an ammonium acctate buffer (0.1 M.

pH 5.0). Fractions of 1.25mi were collected and radio-

activity was assayed by liquid scintillation counting (@.
[¥*S}-counts; O, [*H]-counts).
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A decreased sulfate incorporation in cartilage is
considered to be a reflection of a diminished
glvcosaminoglycan  synthesis.  However,  the
decreased sulfate incorporation in our in-vitro
experiments did not show a concomitant decrease
of glucosamine incorporation, a precursor of the
glycosaminoglycan backbone. This suggested the
synthesis of undersulfated glycosaminoglycans.
Seegmiller et al. also found a decreased incorporation
of sulfate and an unaltered incorporation of glu-
cosamine after treatment of cartilage epiphyses from
chick embryos with 6-aminonicotinamide [25]. Char-
aracterization with anion exchange chromatography
of patellar cartilage glycosaminoglycans synthesized
in vivo at decreased sulfate concentrations could not
confirm the synthesis of undersulfated glycosamino-
glycans (Fig. 5). Incubation of murine patellae in
vitro at low sulfate concentrations (<0.5 mM) also
resulted in decreased sulfate and unaltered
glucosamine incorporation. The glycosamino-
glycans synthesized at a high sulfate concentration
(1mM) were similar to those synthesized at a
low sulfate concentration (0.1 mM) (manuscript
submitted).

The unaltered incorporation of glucosamine in the
presence of a decreased glycosaminoglycan synthesis
could be the result of changes in the intracellular
specific activity of [*H]glucosamine. We postulate
the hypothesis that at a high rate of glycosamino-
glycan synthesis the demand for glucosamine will be
high and the glucose component of glucosamine will
be derived from the intracellular glycogen pool in
the chondrocytes. A decreased synthesis of
glycosaminoglycans as a consequence of sulfate
shortage or glycosaminoglycan synthesis inhibiting
compounds will result in a reduced degradation of
glycogen to glucose. The reduced intracellular supply
of glucose and consequently of unlabeled glu-
cosamine will result in an increased specific activity
of [*H]glycosamine. This could be an explanation for
the apparent unaltered incorporation of glucosamine
at low sulfate concentrations.

In this study we demonstrate that reduction of the
serum sulfate concentration can lead to inhibition of
glycosaminoglycan synthesis in vivo. The bio-
chemical quantities of the glycosaminoglycans syn-
thesized at low sulfate concentration were similar
with those synthesized at physiological sulfate
concentrations. Conjugation with sulfate is a com-
mon physiological way of drug detoxification [15].
Drugs can also effect the renal excretion of sulfate
[13. 14]. Both mechanisms can lead to sulfate deple-
tion and consequently to inhibition of glycosamino-
glycan synthesis. The glycosaminoglycan synthesis in
man will be extremely sensitive for sulfate depletion
because man has a very low serum sulfate level
(0.3-0.4 mM) and sulfate concentrations just below
0.3 mM do already result in a diminished synthesis
of glycosaminoglycans in human articular cartilage
[22, 23]. The use of potential serum sulfate decreas-
ing drugs might have deleterious effects on cartilage,
especially when used for prolonged periods. This
argues for a reconsideration of the use of potential
sulfate decreasing drugs in patients with rheumatoid
arthritis or osteoarthritis who already have a dis-
turbed cartilage metabolism.
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