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Abstract
To evaluate the antioxidant activity of the glycosaminoglycans
hyaluronic acid (HYA) and chondroitin-4-sulphate (C4S), we
used a rat model of collagen-induced arthritis (CIA). Arthritis
was induced in Lewis rats by multiple intradermal injections of
250 µl of emulsion containing bovine type II collagen in
complete Freund’s adjuvant at the base of the tail and into
three to five other sites on the back. Rats were challenged
again with the same antigen preparation 7 days later. Disease
developed about 11 days after the second immunization. The
effects of treatment in the rats were monitored by biochemical
parameters and by macroscopic and histological evaluations in
blood, synovial tissue and articular cartilage. Arthritis produced
the following symptoms: severe periarticular erythema, edema
and inflammation in the hindpaws; membrane peroxidation in
the cartilage of the joints; endogenous antioxidant wasting;

high tumour necrosis factor-α (TNF-α) plasma levels; and
synovial neutrophil accumulation. Treatment with HYA and
C4S, starting at the onset of arthritis for 10 days, limited the
erosive action of the disease in the articular joints of knee and
paw, reduced lipid peroxidation, restored the endogenous
antioxidants reduced glutathione (GSH) and superoxide
dismutase, decreased plasma TNF-α levels, and limited
synovial neutrophil infiltration. These data confirm that erosive
destruction of the joint cartilage in CIA is due at least in part to
free radicals released by activated neutrophils and produced
by other biochemical pathways. The beneficial effects obtained
with the treatment suggest that HYA and C4S could be
considered natural endogenous macromolecules to limit
erosive damage in CIA or as a useful tool with which to study
the involvement of free radicals in rheumatoid arthritis.
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Introduction
Rheumatoid arthritis (RA) is a common human autoimmune disease characterised by chronic inflammation of
the synovial joints and by subsequent progressive, erosive
destruction of articular tissue [1]. This disease affects
about 1% of the human population. The aetiology and
pathogenesis of this disease are not yet fully understood
but it seems likely that an autoimmune-mediated attack on
the joints has a crucial role in the pathogenesis of RA [2].
Collagen-induced arthritis (CIA) in Lewis rats is a widely
used experimental animal model of inflammatory polyarthri-
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tis with clinical and pathological features similar to those
of human RA that are dependent on both humoral and cellular immunity to the immunising antigen [3].
It has been suggested previously that the generation of
free radicals and other reactive oxygen species (ROS)
such as singlet oxygen and hypochlorous acid might have
a role in the pathogenesis of degenerative joint disease
[4]. ROS are highly reactive transient chemical species
with the potential to initiate cellular damage in joint
tissues. These reactive molecules are formed during
normal aerobic metabolism in cells and after the activation

CIA = collagen-induced arthritis; C4S = chondroitin-4-sulphate; GAG = glycosaminoglycan; GSH = reduced glutathione; HYA = hyaluronic acid;
RA = rheumatoid arthritis; ROS = reactive oxygen species; SOD = superoxide dismutase; TNF-α = tumour necrosis factor-α.
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of phagocytes during infection or inflammation; a consequence of the uncontrolled production of free radicals is
damage to biomolecules leading to altered function and
disease [5]. There are many pieces of evidence, both
direct and indirect, implicating radicals in the pathogenesis of inflammatory synovitis, such as the capacity of
several cells that are present in the inflamed joint
(macrophages, neutrophils, lymphocytes and endothelial
cells) to produce free radicals when isolated and stimulated [6]. Cells are normally protected from ROS-induced
damage by a variety of endogenous scavenging proteins,
enzymes and chemical compounds that constitute the
endogenous antioxidant systems [7]. It has been reported
that ROS destroy antioxidant systems (in fact the enzymatic and/or non-enzymatic antioxidant systems are
impaired in RA) and that RA patients are thus exposed to
oxidant stress and lipid peroxidation because of the
reduced antioxidant defence system [8,9].
Glycosaminoglycans (GAGs), a large family of heterogeneous polysaccharides, are linear sulphate-substituted
polymers composed of alternating hexuronic acid and hexosamine units that are important in all living organisms [10].
Their structure and degree of heterogeneity seem to be
highly specific; the ability of several proteins to bind GAGs
might reflect functional relationships and is likely to be
exploited physiologically in a variety of ways. Several reports
have shown that during the progression of RA the physiological levels of blood GAGs are increased [11–13]. The
obvious explanation is that GAGs originate from the metabolism of the joint cartilage damaged by erosion. Nevertheless, the exact meaning of their increase is still unclear.
Molecules able to limit the generation and the effects of
ROS exert a protective action in a variety of experimental
inflammatory diseases, including CIA [14–17]. Many
investigators have described the antioxidant properties of
some GAGs (mainly for hyaluronic acid [HYA] and chondroitin-4-sulphate [C4S]) in experimental models, both
in vitro and in vivo [18–22].
Starting from these findings, the aim of the present study
was to assess the possible ability of HYA and C4S in limiting inflammation and joint cartilage erosion in an experimental model of CIA in Lewis rats.

Materials and methods
Animals

Male Lewis rats 6–7 weeks old, with a mean weight of
175–200 g, were used in our study. Rats, purchased from
Charles River (Calco, Italy), were maintained under
climate-controlled conditions in a 12 hours light : 12 hours
dark cycle. The animals were fed with standard rodent
chow and water ad libitum. The health status of the animal
colony was monitored in accordance with the guidelines
from the Italian Veterinary Board. Rats were subdivided

into the following groups: (1) control (n = 7); (2) CIA plus
vehicle (n = 7); (3) CIA plus HYA (25 mg/kg) (n = 7); (4)
CIA plus C4S (25 mg/kg) (n = 7); (5) CIA plus HYA plus
C4S (each at 25 mg/kg) (n = 7).
Materials

Hyaluronic acid from human umbilical cord, chondroitin sulphate A from bovine trachea and bovine type II collagen
were purchased from Sigma–Aldrich Srl (Milan, Italy); complete Freund’s adjuvant was obtained from Difco Laboratories (Detroit, MI, USA). All other reagents were purchased
from Fluka (division of Sigma–Aldrich Srl, Milan, Italy).
Induction of arthritis

CIA was induced in rats as described previously [23], by
multiple intradermal injections, at the base of the tail and
into three to five other sites on the back, of 250 µg of
bovine type II collagen in 125 µl of 0.1 M acetic acid emulsified in an equal volume of complete Freund’s adjuvant
containing 2 mg/ml Mycobacterium tuberculosis H37 RA
[23]. Rats were challenged again with the same antigen
preparation 7 days later. Before injection, animals were
anaesthetised with ether and injections were performed
with a 15 gauge needle. Disease developed about
11 days after the second immunisation.
Treatment with GAGs

At day 11, animals were randomised to receive treatments
listed in the Animals section, timed to coincide approximately with the onset of arthritis pathology. GAGs were
dissolved in physiological saline (0.9% NaCl) and administered daily, in a volume of 1 ml/kg body weight, intraperitoneally once a day until the 20th day.
Plasma GAG evaluation

Evaluation of plasma galactosamine and glucosamine was
performed at day 21 to estimate indirectly the concentration
of HYA and C4S in the blood of animals after the intraperitoneal treatment. Samples of blood (1.5 ml) were drawn, at
the end of the experiment, from a tail vessel. The blood was
collected in polyethylene tubes with the previous addition of
75 µl of heparin solution (4000 IU).The plasma samples
obtained after centrifugation for 10 min at 3000g and 4°C
were frozen at –80°C until assay. On the day of analysis,
GAGs were first isolated and purified and then hydrolysed
into their constituent monosaccharides [24]. These amino
sugars (glucosamine and galactosamine) were then
assayed by a specific HPLC method [24].
Arthritis assessments

Evaluation of joint inflammation was performed by a
blinded independent observer with no knowledge of the
treatment protocol. The severity of the arthritis in each
paw was quantified daily by a clinical score measurement
[25] from 0 to 4 as follows: 0, no macroscopic signs of
arthritis; 1, swelling of one group of joints (namely, wrist or

R123

Arthritis Research & Therapy

Vol 5 No 3

Campo et al.

ankle joints); 2, two groups of swollen joints; 3, three
groups of swollen joints; 4; swelling of the entire paw. The
maximum score for each rat was 16. Clinical severity was
also assessed by the quantification of the paw volume
changes. Measurements were performed with a dial
gauge caliper. Changes in body weight were monitored to
determine the rate of the increment in each rat.

10 mM dithiobisnitrobenzoic acid in methanol was added.
The samples were vortex-mixed again and the absorbance
at 412 nm was read after 5 min. The values of unknown
samples were drawn from a standard curve plotted by
assaying different known concentrations of GSH. The
amount of GSH was expressed as µmol/g of protein.
Evaluation of superoxide dismutase (SOD)

Histological analysis

Rats were killed at day 21 by ether narcosis; hind limbs
were removed and fixed in 10% buffered formalin. The
limbs were decalcified in 5% formic acid, processed for
paraffin embedding, sectioned at 5 µm thickness, and subsequently stained with haematoxylin–eosin for examination
under a light microscope [26]. Sections were examined
for the presence of hyperplasia of the synovium, pannus
formation, and destruction of the joint space.
Lipid peroxidation analysis

Determination of malonaldehyde in the articular tissue was
performed to estimate the extent of lipid peroxidation in
the damaged cartilage. At the end of the experiment hind
limbs were removed and maintained at 0°C, then the joint
cartilage was quickly separated from the bone and muscular tissue and frozen at –80°C until assay. On the day of
analysis, after thawing, cartilage samples were washed in
ice-cold 20 mM Tris-HCl, pH 7.4, and blotted on
absorbent paper. Each sample was then minced in icecold 20 mM Tris-HCl, pH 7.4 containing 1 mg/ml butylated
hydroxytoluene and homogenised in a 1 : 10 (w/v) ratio
with an Ultra-Turrax homogeniser. After centrifugation for
10 min at 3000g and 4°C, the clear supernatant was used
for biochemical assay. Analysis was performed with a colorimetric commercial kit (Lipid peroxidation assay kit, cat.
no. 437634; Calbiochem, La Jolla, CA, USA). In brief,
0.65 ml of 10.3 mM N-methyl-2-phenylindole in acetonitrile
was added to 0.2 ml of homogenate supernatant. After
vortex-mixing for 3–4 s and the addition of 0.15 ml of 37%
HCl, samples were well mixed, closed with a tight stopper
and incubated for 60 min at 45°C. The samples were then
cooled on ice and the absorbance was measured spectrophotometrically at 586 nm. A calibration curve of an
accurately prepared standard malonaldehyde solution was
also run for quantification. The malonaldehyde concentration was expressed as nmol/mg of protein.
Determination of GSH
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Samples of joint cartilage obtained at the end of the experiment were frozen at –80°C until GSH assay. The analysis
was performed with a spectrophotometric method [27]. In
brief, tissue samples were homogenised in a solution containing 5% trichloroacetic acid and 5 mM EDTA at 4°C.
Then each sample was centrifuged for 10 min at 15,000g
and 4°C. An aliquot of homogenate supernatant (0.4 ml)
was added to a dark polyethylene tube containing 1.6 ml of
0.4 M Tris-EDTA buffer, pH 8.9. After vortex-mixing, 40 µl of

Samples of joint cartilage were washed with 0.9% NaCl
containing 0.16 mg/ml heparin and homogenised with a
Ultra-Turrax homogeniser in ice-cold 0.25 M sucrose containing 1 mM diethylenetriamine pentaacetic acid (1 : 1,
w/v). Each sample was then centrifuged for 20 min at
20,000g and 4°C. The supernatant was aspirated and the
total SOD activity was assayed spectrophotometrically at
505 nm with a commercial kit (Ransod assay kit, cat. no.
Sd 125; Randox Laboratories, Crumlin, UK). In brief, 50 µl
of each diluted sample (1 : 10 [w/v] in 0.01 M potassium
phosphate buffer, pH 7.0) was mixed with 1.7 ml of solution
containing 0.05 mM xanthine and 0.025 mM iodonitrotetrazolium chloride. After being mixed for 5 s, 250 µl of xanthine
oxidase (80 U/l) was added. The time between reading the
initial and final absorbances was 3 min. A standard curve of
SOD solution (from 2 to 32 U/ml) was run for quantification. All standard and diluted sample rates were converted
into a percentage of the buffer diluent rate and subtracted
from 100% to give a percentage inhibition. Sample SOD
activities were obtained from a plotted curve of the percentage inhibition for each standard. SOD values were
expressed as units/mg of protein.
Plasma tumour necrosis factor-α (TNF-α) assay

Plasma TNF-α concentration was determined with an
ELISA commercial kit (Rat TNF-α ELISA kit ultra sensitive,
cat. no. 22079; NBS Biologicals Ltd, Huntingdon, UK). At
the end of the experiment, samples of blood (0.5 ml) were
drawn from a tail vessel. The blood was collected in polyethylene tubes with the previous addition of 25 µl of
heparin solution (4000 IU).The plasma samples obtained
after centrifugation for 10 min at 3000g and 4°C were
frozen at –80°C until assay. In brief, 100 µl of standards,
samples and controls were added to each well of the
coated microplate. After 3 hours of incubation at 24°C the
microplate was decanted and the liquid discarded. Then,
100 µl of biotinylated anti-TNF-α antibody was added to
each well. After 45 min of incubation at 24°C and a further
elimination of the liquid from the wells, 100 µl of Streptavidin–horseradish peroxidase conjugate was added. After
incubation for a further 45 min and a washing of the wells,
100 µl of chromogen were added. The absorbance of
each well was read spectrophotometrically at 450 nm.
TNF-α values were expressed as ng/ml.
Articular neutrophil accumulation

Myeloperoxidase activity was analysed as an index of neutrophil infiltration in the synovial tissue, because it is
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closely correlated with the number of neutrophils present
in the tissue [28]. We measured myeloperoxidase in the
synovial tissue of joints by a specific assay for this enzyme
[29]. In brief, synovial tissue samples were separated from
rat joints and were first homogenised in a solution containing 20 mM potassium phosphate buffer, pH 7.0, to 1 : 10
(w/v) and then centrifuged for 30 min at 20,000g and 4°C.
The supernatant of each sample was discarded and the
resulting pellet was added to a buffer solution consisting
of 0.5% hexadecyltrimethylammonium bromide dissolved
in 50 mM potassium phosphate buffer, pH 6, containing
50 µl of protease and phosphatase inhibitor cocktails.
Samples were then sonicated for 1 min and centrifuged
for 30 min at 20,000g and 4°C. An aliquot of the supernatant was allowed to react with a solution of o-dianisidine
dihydrochloride (0.167 mg/ml) and 0.0005% hydrogen
peroxide. The rate of change in absorbance was measured spectrophotometrically at 405 nm. Myeloperoxidase
activity has been defined as the concentration of enzyme
degrading 1 µmol of peroxide/min at 37°C and was
expressed as U/g of protein.

Figure 1

Statistical analysis

Data are expressed as means ± SD. The difference
between the means of two groups was evaluated with an
ANOVA and was considered significant at P < 0.05.
Statement of animal care

The studies reported in this manuscript have been performed in accordance with the declaration of Helsinki and
with the Guide for the Care and Use of Laboratory Animals.

Results

Effect of hyaluronic acid (HYA) and chondroitin-4-sulphate (C4S) on
the time course of the development and progression of arthritis.
(A) Cumulative incidence of arthritis and day of onset of arthritis.
(B) Arthritis severity scores in rats during 21 day period after
immunisation. Values are means ± SD for seven animals for each
group.

Effects of HYA and C4S on clinical signs of CIA

Four days after the second immunisation, animals began to
show evidence of clinical inflammation in one or more hindpaws. The first manifestation of disease was erythema of
one or more ankle joints, followed by involvement of the
metatarsal and interphalangeal joints. In Figure 1A we show
the incidence of CIA through the 21-day study period. The
initial signs of arthritis in all groups were evident at day 11
and the incidence was about 55%. In the vehicle group the
incidence was 100% at day 14; the same incidence was
maintained until the end of the experiment. The treatment
with GAGs exerted a significant attenuation in the incidence
of CIA: 70% in HYA treatment, 60% in C4S treatment and
42% in HYA plus C4S treatment (Fig. 1A).

inflammation in these joints was invariably associated with
inflammation in the tarsal joint. The mean arthritis severity
score in the CIA plus vehicle group was progressive from
day 11 and achieved values of about 10 in the last four
days (Fig. 1B). The same variations were observed in the
hindpaw diameter of CIA rats given vehicle alone. In fact,
at the end of the experiment, the increase in the hindpaw
diameter due to oedema and inflammation was about
1 mm (Fig. 2A). Administration of HYA and C4S attenuated both the mean arthritis severity score and the change
in hindpaw diameter (Figs 1B and 2A). Only the treatment
with HYA reduced the hindpaw diameter but it was not
statistically significant (Fig. 2A).

The typical time course of the development and progression of disease, as assessed by mean arthritis severity
score and paw diameter, is shown in Figures 1B and 2A.
By 11 days all animals showed evidence of disease, predominantly in the hindpaws. The disease was always progressive, with joint recruitment following the same pattern:
tarsal, metatarsophalangeal and then interphalangeal. The
interphalangeal joints were never solely involved, and

Changes in body weight

In the first 2 weeks the absolute increment in body weight
was similar in all groups, and no significant differences
were seen between them. After day 15 a significant loss in
body weight was observed in the CIA rats given vehicle
alone compared with the control rats. This weight loss
increased until the end of the experiment (Fig. 2B). Treatment with GAGs ameliorated the decrease in body
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Histology

Figure 2

Representative joint histopathology of the experimental
groups is shown in Figure 3. A characteristic of arthritic
joints in rats with CIA is synovial hyperplasia, pannus formation, exudation of cells into the joint space, and erosion
of bone and cartilage. A massive influx of inflammatory
cells, synovial hyperplasia, and accumulation of abundant
monomorphonuclear and polymorphonuclear cells in the
joint space are evident (Fig. 3B) compared with a normal
control group (Fig. 3A). By comparison, rats treated with
HYA plus C4S revealed minimal evidence of inflammation
or joint destruction. In fact the synovial membrane in the
joints was like normal synovium, with few signs of synovial
hyperplasia or other characteristics of inflammation
(Fig. 3E). A reduced degree of arthritis severity was also
observed in the rats that received only HYA or C4S
(Fig. 3C,D).
Plasma GAG levels

Effect of hyaluronic acid (HYA) and chondroitin-4-sulphate (C4S) on
time course of change in paw diameter (A) and body weight increment
(B) in rats with collagen-induced arthritis during the 21 days after
immunisation. Values are means ± SD for seven animals for each group.

weight; the greatest effect was achieved after treatment
with both polymers (Fig. 2B).

Because HYA contains the amino sugar glucosamine as a
component, whereas C4S contains galactosamine,
Table 1 reports the concentrations of GAGs, expressed in
terms of glucosamine and galactosamine, in rats that
underwent CIA after 10 days of treatment with HYA, C4S
or both substances. In the control group, galactosamine
levels were 9.81 ± 1.11 mg/l while glucosamine levels
were 10.35 ± 1.71 mg/l; these values were considered
physiological. However, in CIA rats treated with vehicle
alone there was a significant increase in both amino
sugars. The increase was even more significant in the
three groups administered with HYA, C4S or both GAGs.
The intraperitoneal administration of HYA increased glucosamine levels by about 31%; treatment with C4S
increased galactosamine levels by about 30%. The administration of both GAGs increased both glucosamine and
galactosamine (30% and 22% respectively; Table 1).

Table 1
Effect of hyaluronic acid (HYA) and chondroitin-4-sulphate (C4S) administration on plasma levels of galactosamine and
glucosamine in rats subjected to collagen-induced arthritis (CIA), at the end of the experiment (day 21)
Concentration in plasma (mg/l)
Experimental group
Control
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Galactosamine
9.81 ± 1.11

Glucosamine

Increase (%)
Galactosamine

Glucosamine

10.35 ± 1.71

CIA + vehicle

12.58 ± 1.45*

14.79 ± 2.01*

CIA + HYA

14.68 ± 2.74

19.34 ± 3.27†

+17

+31

CIA + C4S

16.34 ± 3.18†

14.97 ± 3.16

+30

+1

CIA + HYA + C4S

15.39 ± 1.86†

19.24 ± 3.36†

+22

+30

Where added, the concentrations of HYA and C4S were each 25 mg/kg. Values are means ± SD for seven rats for each group.
Significance: *P < 0.01 versus control; †P < 0.05 versus CIA + vehicle.
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Figure 3

Figure 4

Articular cartilage malonaldehyde (MAL) content of joints of animals
with RA treated with hyaluronic acid (HYA), chondroitin-4-sulphate
(C4S) or both glycosaminoglycans. Values are means ± SD for seven
animals for each group.

GSH assay

The concentration of GSH was evaluated to estimate
endogenous defences against hydrogen peroxide formation. Figure 5A shows the changes in GSH content evaluated in the joint articular cartilage (day 21) in the
experimental groups. In normal control rats GSH levels
ranged between 5.0 and 7.0 µmol/g of protein. In contrast,
a marked decrease in GSH concentrations was found in
the joint articular cartilage of CIA rats given vehicle alone.
Treatment with each of the two polymers significantly
inhibited the decrease in GSH levels. In this case, too, the
maximum effect was obtained in the group treated with
both polymers.
Representative joint histopathology of the groups with collageninduced arthritis (CIA) administered vehicle alone and administered
hyaluronic acid (HYA), chondroitin-4-sulphate (C4S) or both
glycosaminoglycans, at the end of the experiment. (A) control; (B) CIA
plus vehicle; (C) CIA plus HYA; (D) CIA plus C4S; (E) CIA plus HYA
plus C4S. (Original magnification ×100.)

Assessment of malonaldehyde (MAL)

Determination of malonaldehyde in the articular cartilage
was performed to estimate free-radical damage to biological membranes (Fig. 4). Low levels of malonaldehyde were
seen in the control group at the end of the experiment
(day 21); these values were considered normal. In contrast, a significant increase in malonaldehyde production
was found in the joints of CIA rats given vehicle alone.
Treatment with GAGs decreased malonaldehyde concentrations by inhibiting lipid peroxidation in the cartilage
tissue. Treatment with HYA was at the limit of significance,
whereas the maximum effect was observed by administering HYA plus C4S (Fig. 4).

SOD activity

SOD activity was evaluated to estimate endogenous
defences against superoxide anions. Figure 5B summarises the articular cartilage content of SOD in the
experimental groups. In control animals normal SOD activities ranged between 10.0 and 15.0 U/mg of protein. In
contrast, a significant decrease in this antioxidant was
seen in CIA rats treated only with vehicle. As previously,
chronic administration of the two GAGs significantly
limited the decline in SOD.
α levels
TNF-α

Figure 6 reports the changes in TNF-α concentration
assayed in plasma of rats at the end of the experiment. In
the control group the normal levels of TNF-α ranged
between 20.0 and 40.0 pg/ml. A marked increase in
TNF-α concentration was found in the plasma of CIA rats
given vehicle alone. Administration of GAGs significantly
inhibited the increase in the cytokine in the three other
groups.
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Figure 5

Figure 6

Plasma TNF-α (TNF-α) concentrations assayed in rats with RA treated
with hyaluronic acid (HYA), chondroitin-4-sulphate (C4S) or both
glycosaminoglycans. Values are means ± SD for seven animals for
each group.

Figure 7
Articular cartilage antioxidant content of joints of animals with RA
treated with hyaluronic acid (HYA), chondroitin-4-sulphate (C4S) or
both glycosaminoglycans. (A) Articular reduced glutathione (GSH)
levels. (B) Articular superoxide dismutase (SOD) activity. Values are
means ± SD for seven animals for each group.

Myeloperoxidase analysis

Very low myeloperoxidase activity was measured in control
rats (Fig. 7). In contrast, elevated myeloperoxidase levels
were measured in the vehicle-administered CIA group.
However, treatment with HYA and C4S decreased neutrophil accumulation by reducing myeloperoxidase activity in
the synovial tissue of the joints. The decrease in myeloperoxidase activity was similar in all GAG-treated groups (Fig. 7).

Discussion
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Free radicals have long been implicated as mediators of
tissue damage in RA patients [30]. Correspondingly, it has
been shown that affected articulations are infiltrated by
blood-derived cells, mainly neutrophils, macrophages and
dendritic cells [31]. In response to activation, these cells
are responsible for the generation of ROS [32,33], which
are released in large amounts into the surrounding tissue.
When the endogenous antioxidant defences are overcome, the resulting production of free radicals induces
impairment and destruction of the affected joint constituents such as synovial fluid, cartilage and other articular constituents [30]. One of several approaches to
reduce oxidative stress is treatment with antioxidant compounds as therapeutic agents [34–38].

Articular myeloperoxidase (MPO) content of joints of animals with RA
treated with hyaluronic acid (HYA), chondroitin-4-sulphate (C4S) or
both glycosaminoglycans. Values are means ± SD for seven animals for
each group.

Acid GAGs are present in blood, usually in proteoglycan
form. The main GAG of normal human plasma is C4S,
which is mostly in a low-sulphate form [39,40]. Keratan
sulphate, heparan sulphate and HYA are the other GAG
structures usually detected in human plasma [39,40]. In
animals, the total amounts of GAGs in plasma [41] are
similar to those measured in humans [42]. Nevertheless,
significantly increased plasma concentrations of GAGs
have been observed in a wide range of diseases
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[39,43–46] including RA in humans [47,48] and experimental arthritis in rat and mouse [49,50]. These changes
in circulating GAGs in RA are thought to represent products of the connective tissue metabolism, and some circulating GAG structures are probably degradation products
originating from articular cartilage [51]. However, the high
levels of HYA and other GAGs found in RA [48] could not
be explained only by the erosion of articular cartilage. In
fact, the biological role, the real sites of origin and the
metabolic fate of these amino-sugar-containing polysaccharides are not clearly understood.
Another approach to explaining the increased presence of
GAG in the plasma comes from evidence that these molecules might function as carriers or modulators between
adjacent cells [52]. It has been shown that GAGs can alter
the binding with selectins because the latter bind several
glycoproteins [53]. HYA and other GAGs could decrease
cytokine gene expression directly [54] or indirectly by
binding the CD44 receptor [55]. GAGs might also stimulate or inhibit cell proliferation in different mesothelioma cell
lines [56]. In addition, some GAGs possess antioxidant
activity capable of reducing free radicals and inhibiting lipid
peroxidation [57–59]. The use of these molecules as therapeutic agents has shown some positive outcomes both in
humans and in experimental animal models [36,60–64].
The present study was designed to evaluate the effect of
chronic treatment with HYA and C4S in a rat model of CIA.
The choice of these two compounds from other GAGs was
made on the basis of the evidence that they show the best
antioxidant activity [36,60–64].
The data obtained in the groups treated with HYA, C4S or
both GAGs were positive in all parameters considered.
Nevertheless, treatment with HYA alone showed less protection than that with C4S, and often the data were not
significant (Fig. 2A,B) or at the limit of significance
(Figs 3C, 4, 5A,B and 7). In contrast, the administration of
both compounds showed maximal effect in limiting the
CIA damage in all parameters. The beneficial effect of
HYA and C4S was made evident by measuring the incidence of CIA. Similar results were obtained for the mean
arthritis severity score. HYA and C4S were also able to
reduce the hindpaw diameter and the body weight
decrease observed in the CIA rats receiving vehicle alone.
Lipid peroxidation is considered a critical mechanism of the
injury that occurs during RA [9,65]. The evidence supporting these biochemical changes is based on the analysis of
a large number of intermediate products [66]. An indicative
method, extensively used, of evaluating lipid peroxidation is
analysis of tissue malonaldehyde [66]. The large amount of
malonaldehyde found in the CIA plus vehicle group at
day 21 is consistent with the occurrence of damage mediated by free radicals. Treatment with the two GAGs produced a significant attenuation of cartilage injury.

The production of oxygen free radicals that occurs with
the development of arthritis in the articular cartilage leads
to decreased GSH and SOD levels as a consequence of
their consumption during oxidative stress and cellular lysis
[67,68]. This decrease contributes to increased cellular
damage by favouring attack by free radicals. HYA and
C4S blunted the depletion of GSH and SOD, probably by
competing in scavenging for free radicals, and as a result
helped to preserve the integrity of cellular membranes in
the injured cartilage.
The myeloperoxidase results demonstrated that a strong
decrease in infiltration of polymorphonuclear cells
occurred in the synovial tissue of joints. This decrease and
the other biochemical parameters were evaluated by histological analysis, confirming the protective effects of the
two polymers. We suggest that the decrease in neutrophil
accumulation induced by GAGs might be due to the inhibition of lipid peroxidation and the consequent decrease in
the chemotactic reduction of peroxide [66].
Several areas of investigation have indirectly implicated
TNF-α as a contributor to cellular damage in CIA. The high
levels of this cytokine can be interpreted as a progression
of cartilage cell injury [69]. The antioxidant activity of
GAGs might have lowered plasma TNF-α concentrations
and consequently mitigated articular cell damage.
Which, then, is the mechanism by which HYA and C4S
protect the cartilage against free radical attack? HYA and
C4S are linear polymers formed by alternating hexuronic
acid and hexosamine units. HYA is non-sulphated compound whereas C4S is sulphated in position 4 of the
amino sugar. One plausible explanation for the antioxidant
activity of HYA and C4S is the presence in their structure
of a carboxylic group that might bind transition metals
such as Cu2+ or Fe2+ [59,70], which are in turn responsible for the initiation of Fenton’s reaction. In this reaction
the oxidation of Fe2+ or Cu2+ to Fe3+ or Cu3+ leads to the
formation of the detrimental hydroxyl radical (OH•) from
hydrogen peroxide. In this way these molecules might
function as metal chelators like the antioxidant deferoxamine or the calcium chelator EDTA. Another antioxidant
mechanism might be the direct scavenging effect of HYA
and C4S on free-radical molecules, especially the OH•
radical or other Fenton’s reaction intermediates such as
the superoxide anion [19,61].
These hypotheses could explain the increased levels of
GAGs during RA. In fact, elevated circulating levels of
GAGs might be a biological response to the production of
free radicals. The aim of our work was to increase the
physiological levels of HYA and C4S by administering
these compounds endogenously. Several studies have
previously reported an increase in blood and tissue distribution of HYA and C4S after their administration in rats
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[71,72]. We suggest that, after intraperitoneal administration, these polymers might be absorbed by the lymphatic
system and blood vessels and then they may accumulate
at the sites of production of free radicals. In addition, the
amounts of HYA and C4S might cause an increase in total
negative charge with a consequent inhibition of lymphocyte interactions with the target cell surface. In this way
GAGs could exert a positive anti-inflammatory effect.
Treatment was performed intraperitoneally and not by the
oral route, as previously reported by other investigators
[64,73]. We suggest that this different mode of administration, as demonstrated by our results, is preferable to the
oral route because a large amount of the two polymers
can reach the inflamed cartilage and they are available
locally to neutralise transition metals or other reactive
species.

Conclusions
The evidence of benefits obtained in this study show that
GAGs are neither a specific drug nor an alternative to
actual therapies for RA, but they represent a small step in
our understanding of this complex pathology. The hypotheses about the mechanism of action in our model, reported
above, need several further investigations for confirmation.
GAGs might then be a useful tool in the study of the
involvement of free radicals in CIA or in assessing other
models of damage induced by free radicals.
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