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Many findings demonstrated that Glycosaminoglycans
(GAGs) and Proteoglycans (PGs) possess antioxidant
activity. Collagen-induced arthritis (CIA) is an experimen-
tal animal model similar to human rheumatoid arthritis
(RA) in which free radicals are involved. Sodium salicylate
can be used as a chemical trap for hydroxyl radicals (OH†),
the most damaging reactive oxygen species (ROS), yielding
2,5-dihydroxybenzoic acid), (2,5-DHBA) and 2,3-dihydroxy-
benzoic acid (2,3-DHBA). The measurement of these two
acids in the plasma allows to indirectly assess the
production of OH† radicals.

The aim of the study was to investigate the effect of
hyaluronic acid (HYA) (30 mg/kg i.p.) or chondroitin-4-
sulphate (C4S) (30 mg/kg i.p.), on free radical production
in Lewis rats subjected to CIA.

After the immunization with bovine collagen type II in
complete Freund’s adjuvant, rats developed an erosive
hind paw arthritis, that produced high plasma OH† levels
assayed as 2,3-DHBA and 2,5-DHBA, primed lipid
peroxidation, evaluated by analyzing conjugated dienes
(CD) in the articular cartilage; decreased the concentration
of endogenous vitamin E (VE) and catalase (CA) in
the joint cartilage; enhanced macrophage inflammatory
protein-2 (MIP-2) serum levels and increased elastase
(ELA) evaluated as an index of activated leukocyte
polymophonuclear (PMNs) accumulation in the articular
joints.

The administration of HYA and C4S starting at the onset
of arthritis (day 11) for 20 days, limited inflammation and
the clinical signs in the knee and paw, reduced OH†

production, decreased CD levels, partially restored the
endogenous antioxidants VE and CA, reduced MIP-2
serum levels and limited PMNs infiltration.

The results indicate that the GAGs HYA and C4S
significantly reduce free radical production in CIA and
could be used as a tool to investigate the role of
antioxidants in RA.

Keywords: Glycosaminoglycans; Antioxidants; Aromatic trap;
Hyaluronic acid; Chondroitin sulphate; Lipid peroxidation

INTRODUCTION

Rheumatoid arthritis (RA) is the most common
disease of connective tissue of unknown origin.[1,2]

There is no cure for RA. Several factors play a role in
the onset and clinical course of the disease. The long-
term outcome of this illness is characterized by
significant morbidity, loss of functional capacity and
increased mortality.[3] A genetic background is
suspected, as well as a T cell receptor restricted
presentation of an unknown “arthritogenic epitope”.
Various immunocompetent cells and proinflamma-
tory cytokines are also involved in this erosive
disease.[4]

Collagen-induced arthritis (CIA) in rats is a widely
studied model of inflammatory polyarthritis that is
mediated by an autoimmune response and presents
many similarities to RA.[5]
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Reactive oxygen species (ROS) are thought to play
a role in RA. An increased production of ROS was
established in patients with inflammatory and
autoimmune rheumatic disease.[6,7] Excessive phago-
cytic ROS production degrades the extracellular
matrix and initiates the expression of leukocytic cell
adhesion molecules and proinflammatory cyto-
kines.[8,9] In normal conditions, antioxidant defence
is provided by low-molecular-weight antioxidants
including glutathione, b-carotene, uric acid, ascorbic
acid, tocopherols and by antioxidant enzymes
including glutathione peroxidase, glutathione
reductase, superoxide dismutase, catalase (CA).
In these conditions, ROS may be neutralized in
either a stoichiometric or a catalytic way.[10] How-
ever, in patients who suffer from rheumatic disease,
the antioxidant defence systems are impaired and
RA patients are thus exposed to oxidant stress and
the consequent membrane lipid peroxidation.[11,12]

Several endogenous and exogenous antioxidants
have been administered in an effort to restore a
normal pool of ROS scavengers and modulate
eicosanoic acid production, but although some
positive results[13,14] have been obtained, a true
therapy still does not exist.[15]

Glycosaminoglycans (GAGs), a large family of
heterogeneous polysaccharides, are linear polymers
composed of alternating hexuronic acid and hexo-
samine units that play important roles in all living
organisms.[16] Their structure and degree of hetero-
geneity appear to be highly specific and the ability of
several proteins to bind GAGs may reflect functional
relationships and is likely to be exploited physio-
logically in a variety of different ways. Several
reports show that during the progression of RA the
physiological levels of blood GAGs are
increased.[17,18] The obvious explanation is that
GAGs originate from the joint cartilage erosion.
Nevertheless, the exact meaning of their rise is at the
moment unclear.

In the last years, several reports have shown
antioxidant properties of GAGs (mainly for HYA and
CS) both in vitro and in vivo experimental
models.[19 – 21] They are able to inhibit lipid peroxi-
dation.[19 – 21]

In the light of this evidence, the scope of this study
was to evaluate the possible capacity of HYA and
C4S in reducing inflammation and the joint cartilage
damage in an experimental model of CIA in Lewis
rats.

MATERIALS AND METHODS

Animals

Experiments were carried out on male Lewis
rats with a mean weight of 175–200 g. Animals,

purchased from Charles-River (Calco, Italy), were
housed at a constant temperature of 22 ^ 28C under
a 12 h light–dark cycle with unlimited access to
standard laboratory rat chow and tap water. The
health status of the animal colony was monitored
according to the guidelines from the Italian
Veterinary Board. Rats ware subdivided in the
following groups: (1) CTRL; (2) CIA þVehicle; (3)
CIA þ HYA (30 mg/kg); (4) CIA þ C4S (30 mg/kg);
(5) CIA þ (HYA þ C4S) (30 þ 30 mg/kg).

Materials

Hyaluronic acid (HYA) from human umbilical cord,
C4S from bovine trachea and bovine type II collagen
were obtained from Sigma–Aldrich Srl, Milan, Italy;
Complete Freund’s Aduvant (CFA) was purchased
from Difco Laboratories (Detroit, MI, USA). All the
other reagents used were purchased from Fluka
(division of Sigma–Aldrich Srl, Milan, Italy).

Induction of CIA

Arthritis was induced in rats ðn ¼ 7; Þ as previously
described,[22] by multiple intradermal injections, at
the base of the tail and into other 3–5 sites on the
back, of 100mg bovine type II collagen in 50ml of
0.1 M acetic acid emulsified in an equal volume of
CFA containing 2 mg/ml of mycobacterium tuber-
culosis H37 RA.[22] Seven days later, rats were
rechallenged with the same antigen preparation.
Before injections animals were anaesthetized with
ether and injections were performed with a 15 gauge
needle. Arthritis begin to develop 3–4 days after the
second immunization (days 10–11).

HYA and C4S Administration

The treatment of rats initiated at day 10, that
corresponded, approximately, with the onset of
disease. HYA was given at dose of 30 mg/kg ðn ¼

7Þ; C4S at dose of 30 mg/kg ðn ¼ 7Þ and HYA plus
C4S at dose of 30 þ 30 mg/kg ðn ¼ 7; Þ GAGs were
dissolved in physiological solution (NaCl 0.9%) and
administered in a volume of 1 ml/kg, intraperitone-
ally once a day until the day 30th. At day 31, rats
were sacrificed and specimens of blood and tissues
were collected for biochemical and histological
analysis.

Arthritis Evaluation

Assessment of joint inflammation was carried out
blindly by an independent observer with no know-
ledge of the treatment protocol. The severity of the
arthritis in each paw was quantified daily by a
clinical score measurement[23] from 0 to 4 as follows:
0, no macroscopic signs of arthritis; 1, swelling of one
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group of joints (i.e. wrist or 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 12. Clinical severity of arthritis
was also assessed by the quantification of the paw
volume changes. Measurements were made by using
a dial gauge caliper. Changes in body weight were
monitored in order to determine the rate of the
increment in each rat.

Aromatic Trap Measurement

The aromatic trap technique[24] was used in order to
quantify OH† production in the rats underwent to
CIA. Sodium salicylate may be used as a specific trap
for hydroxyl radicals because it can react chemically
with OH† radicals produced, yielding 2,5-DHBA,
2,3-DHBA and catechol as its hydroxylation deriva-
tives in an approximate proportion of 40, 49 and
11%, respectively.[25,26] In this study, we measured
both 2,5-DHBA and 2,3-DHBA. To allow the
chemical reaction, each group of animals received
sodium salicylate (100 mg/kg i.p.)[27] (Sigma –
Aldrich Srl, Milan, Italy) one hour before the first
immunization and then, at the end of experiments,
one hour before the sacrifice. Sodium salicylate by
itself did not exert any protective effect in the injured
joint cartilage. Samples of blood were drawn 5 min
before the first immunization (basal) and immedi-
ately before the sacrifice (day 31st). The blood was
collected in polyethylene tubes with previous
addition of 20ml of heparin solution (16,000 IU).
The plasma obtained after centrifugation at 3000g for
10 min at 48C was frozen at 2808C until the assay. To
measure 2,5-DHBA and 2,3-DHBA formation, an
HPLC method, with some modification, was
used.[28] Briefly 250ml of plasma was treated with
10ml of 100mM 2,4-dihydroxybenzoic acid (2,4-
DHBA) (Janssen Chemical, Beerse, Belgium), which
has been used as internal standard and 10ml of 40%
HClO4. Then the plasma was extracted with 2.5 ml
HPLC grade diethylether and mixed on a vortex for
2 min. After centrifugation for 15 min at 15,000g at
48C, the diethylether layer was separated and was
then evaporated in a vacuum concentrator system
(Heto Lab Equipment, Denmark). The residue
obtained was dissolved in 30ml of 0.1 N HCl and
32.5ml of mobile phase, and 50ml of the solution was
injected into the HPLC apparatus. The HPLC
equipment consisted of a dual reciprocating pump
(Mod. LC-10Advp, Shimadzu, Kyoto, Japan)
coupled to a manual injector (Rheodyne, Mod.
7725i) with a 50ml fixed loop, and to a programmable
UV/VIS monitor (Mod. 1706, BioRad Laboratories,
Hercules, CA, USA) connected to an automatic
integrator (Mod. CR-3A, Shimadzu, Kyoto, Japan).
The column used was a Lichrosorb-10-RP18, 10m
250 £ 4.6 mm (Labservice Analytica, Milano, Italy),

attached to a precolumn (Guard column Water-
Millipore, Milford, USA). The mobile phase was 80%
0.03 M citric acid, 0.03 M acetic acid buffer ðpH ¼ 3:6Þ
and 25% methanol (J.T. Baker, Deventer, Holland) at
flow rate of 1.3 ml/min. The detector was set at a
wavelength of 315 nm. The concentrations of 2,3-
DHBA and 2,5-DHBA were expressed in mM.

Lipid Peroxidation Assessment

Estimation of conjugated dienes (CD) in the articular
tissue was carried out in order to estimate the
extension of lipid peroxidation in the damaged
cartilage. At the end of the experiment hind limbs
were removed and maintained cold in dry ice, then
quickly the joint cartilage was separate from bone
and muscular tissue and frozen at 2808C until the
assay. The day of analysis, after thawing, cartilage
samples were washed in ice-cold 20 mM Tris–HCl,
pH ¼ 7:4; and blotted on absorbent paper. Each
sample was then minced in ice-cold 20 mM Tris–
HCl, pH ¼ 7:4 containing butylated hydroxytoluene
(BHT) 1 mg/ml and homogenized in a ratio 1:10, w:v
by using an ultra-turrax homogenizer. The biochemi-
cal assay of CD required previous lipid extraction
from the omogenated samples by chloroform/
methanol (2:1). The lipid layer was dried under
nitrogen atmosphere and then dissolved in cyclo-
hexane. Cartilage contents of CD was measured at
232 nm by using a spectrophotometric technique[29]

with some modifications. The amount of tissue CD
was expressed as DABS/g protein.

Vitamin E (a-tocopherol) Evaluation

VE levels in the articular tissue were measured in
order to determine the oxidative state of the joints
during arthritis. The assay was performed in
cartilage tissue obtained at the end of experi-
ments (day 31st). Articular specimens were stored
at 2808C until the assay. The analysis was carried out
by using a HPLC method.[30] Briefly, 0.2 ml of tissue
homogenate, contained in polycarbonate tubes lined
with aluminium foil, was treated with 200ml of
tocopherol acetate (25mg/ml in ethanol), which has
been used as an internal standard, and with 400ml of
butanol/ethyl acetate (1:1, v:v). After vortexing for
20 s, 20 mg of sodium sulphate were added and the
sample was shaken on vortex mixer for additional
60 s. After Centrifugation at 15,000g for 5 min at 48C,
the organic layer was recovered and a 50ml aliquot
was injected into the HPLC apparatus. The HPLC
equipment consisted of a dual reciprocating pump
(Mod. LC-10Advp, Shimadzu, Kyoto, Japan)
coupled to a manual injector (Rheodyne, Mod.
7725i) with a 50ml fixed loop, and to a programmable
UV/VIS monitor (Mod. 1706, BioRad Laboratories,
Hercules, CA, USA) connected to an automatic
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integrator (Mod. CR-3A, Shimadzu, Kyoto, Japan).
The column used was a ultratechsphere C18,
250 £ 4.6 mm, 5m particle size (HPLC Technology
LTD, Macclesfield, Cheshire, UK). Attached to a pre-
column (Guard column, Water-Millipore, Milford,
USA). The mobile phase was methanol/water (97:5,
v:v) at a flow rate of 1 ml/min at room temperature.
The detector was set at wavelength of 280 nm. VE
levels were expressed as nmol/g protein.

Articular Catalase Analysis

CA activity was evaluated in order to estimate
endogenous defence against free radicals. Specimens
of joint cartilage obtained at the end of experiment
were frozen at 2808C until assay. The day of
analysis, each sample was washed with 0.9% NaCl
and homogenized with an ultra-turrax homogenizer
in ice-cold 0.05 M potassium phosphate buffer, pH ¼

7:4 containing 0.1 mM ethylenediamine tetraacetic
acid sodium salt. Then, each sample was centrifuged
at 20,000g for 20 min at 48C. The supernatant was
aspirated and the CA activity was assayed spectro-
metrically at 520 nm by using a commercial kit
(Catalase-520, cat n8 21042, OxisResearch, Portland,
OR, USA). Briefly, 30ml of diluted samples (1:10, w:v
with 0.01 M potassium phosphate buffer, pH ¼ 7:4)
were mixed with 500 ml of 10 mM H2O2 and
incubated for 1 min at room temperature. Then the
reaction was stopped by adding 500ml of sodium
azide. After mixing by inversion, 20ml of each
reaction mixture were added to 2 ml of a solution of
4-aminophenazone, 3,5-dichloro-2-hydroxybenzene-
sulfonic acid in phosphate buffer. After mixing by
inversion and incubation for 10 min the absorbance
was read at 520 nm. A standard curve of CA solution
(from 5 to 120 U/ml) was run for quantitation. CA
values were expressed as units/g protein.

Serum MIP-2 Assay

Serum MIP-2 analysis was determined by using an
ELISA commercial kit (Rat MIP-2 ELISA kit, cat. n8
22076, NBS Biologicals Ltd, Huntingdon, U.K.).
Samples of blood (0.5 ml) were drawn, at the end of
experiment, from a tail vessel. The blood was
collected in polyethylene tubes and centrifuged at
3000g for 10 min at 48C. The serum samples obtained
were frozen at 2808C until the assay. Briefly, 50ml of
standard, samples and controls were added to each
well of the precoated microplate. Then 50ml of
biotinylated anti-MIP-2 solution were added. After a
gently mix, the plate was covered and incubated for
2 h at 378C. Then, after decantation and elimination
of the liquid, 100ml of streptavidin-HRP working
solution to each well were added. After an
incubation for 60 min and a washing of the wells,
100ml of chromogen were added. Then, the plate was

covered and incubated in the dark for a further
30 min. Finally, 100ml of stop solution were added
and the absorbance was read spectrophotometrically
at 450 nm. MIP-2 values were expressed as ng/ml.

Articular Elastase Content

EL levels in the articular joints were evaluated as an
index of polymorphonuclear leukocyte (PMNs)
accumulation and activation in the inflamed tissue
because this enzyme is released from the stimulated
granulocytes at the site of injury.[31] We measured
ELA activity in the cartilage of articular joints by a
specific assay for this enzyme.[32] Briefly, cartilage
tissue samples were first diluted and homogenized
in a solution containing 20 mM potassium phosphate
buffer pH 7 in a ratio of 1:10 (w:v) and then
centrifuged for 20 min at 10,000g at 48C. An aliquot of
each sample was incubated for 24 h at 378 C with
0.1 M Tris–Hcl buffer, pH ¼ 8, containing 0.5 M
NaCl and 1 mM N-methoxysuccinyl-Ala-Ala-Pro-
Val p-nitroanilide, that is a high specific synthetic
substrate for neutrophil elastase (ELA). The amount
of p-nitroanilide liberated was measured spectro-
photometrically at 405 nm and was considered as
neutrophil ELA activity. The ELA activity was
converted and expressed as ng/g protein.

Histology

Rats were sacrificed at day 31 by ether narcosis. Knee
joints were removed and fixed for 4 days in 4%
formaldehyde. After decalcification in 5% formic
acid, the samples were processed for paraffin
embedding.[33] Tissue sections (7mm thick) were
stained with haematoxylin–eosin or safranin O for
light microscope examination. Histopathological
changes were scored by using the following
parameters.

Infiltration of cells was scored on a scale from 0 to
3, depending on the amount of inflammation cells
revealed in the synovial tissues. Inflammatory cells
in the joint cavity were graded on a scale from 0 to 3
and expressed as exudates. Cartilage erosion was
determined by using safranin O staining, and was
scored on a scale from 0 to 3, ranging from fully
stained cartilage to destained cartilage or complete
loss of articular cartilage. Bone erosion was on a scale
ranging from 0 to 3, ranging from no abnormalities to
complete loss of cortical and trabecular bone of the
femoral head and patella. Histopathological changes
in the knee joints were scored in the patella/femur
region on 7 semiserial sections of the joint. Scoring
was performed on decoded slides by two observers
as previously reported.[33]
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Statistical Analysis

Data are expressed as mean ^ S.D. The difference
between the means of two groups was evaluated
with an ANOVA and was considered significant
when p , 0:05: For incidence of arthritis data,
statistical analysis was done with Fisher’s exact
probability test.

Statement of Animal Care

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

RESULTS

Effect of GAGs on Clinical Manifestations of
Arthritis

At day 11, rats started to show evidence of clinical
inflammation in one or more hind paws. The first
sign of disease was erythema of one or more ankle
joints, followed by involvement of the metatarsal
and interphalangeal joints. In Table I the data of CIA
incidence during the 31-days study period are
reported. The initial manifestations of arthritis in
all group were evident at day 11 and the incidence
was different but not significant among groups.
In the Vehicle group incidence was 100% at day 17
and the same state was maintained until the end of
the experiment. The treatment with GAGs exerted a
significant amelioration in the incidence of CIA, 74%
for HYA treatment, 65% for C4S treatment and 55%
for HYA þ CSA treatment (Table I).

The data of time-course of the development and
progression of disease, as assessed by mean arthritis
severity score and paw diameter, is shown in Table II
and III. By 11 days, all animals showed evidence of
disease, predominantly in the hind paws. The
disease was always progressive with joint recruit-
ment following the same pattern. The interphalan-
geal joints were never solely involved and
inflammation in these joints was invariably associ-
ated with inflammation in the tarsal joint. The mean

arthritis severity score in the Vehicle group was
progressive from day 11 and achieved values over 10
day 23 (Table II). The same variations were observed
in the hind paw diameter of the Vehicle group. In
fact, at the end of the experiment, the increase in the
hind paw diameter, due to oedema and inflam-
mation, was 1.98 mm (Table III). Administration of
HYA and C4S decreased both the mean arthritis
severity score and the change in hind paw diameter
(Table II and III).

Changes in Body Weight

In the first week, the absolute body weight increment
was similar in all group considered, and no
significant differences were seen among them. At
the day 13 a significant loss in body weight was
observed in the CIA þ vehicle animals compared
with the CTRL rats ðp , 0:001Þ: This weight loss,
increased until end of the experiment (Table IV).
Also in this case the treatment with GAGs
ameliorated the body weight increment. The most
effect was achieved after the treatment with both
polymers ( p , 0:005; Table IV).

Plasma OH† Evaluation

Analysis of 2,3-DHBA and 2,5-DHBA was performed
in order to indirectly assess the detrimental
production of OH† Radical. Table V reports the
levels of 2,3-DHBA and 2,5-DHBA measured in each
group under basal conditions and at the end of the
experiment (day 31st). Very low amounts of both
acids were detected before immunization in all
considered groups (,0.5 mM for 2,3-DHBA and
,1.0 for 2,5-DHBA). In contrast, a high level either of
2,3-DHBA or 2,5-DHBA was found at day 31 in the
CIA plus vehicle group ðp , 0:001Þ: The treatment
with HYA and C4S showed a marked reduction in
the OH. Production (Table V).

Articular CD Assay

Determination of CD was carried out in the
articular cartilage. Table VI reports that low
levels of CD were observed in the CTRL group

TABLE I Effect of HYA and C4S on time-course of the development of arthritis. Cumulative incidence of arthritis (%) and day of onset of
arthritis in rats during 31 days period after immunzation

Days

Experimental group 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

CIA þVehicle 0 0 0 0 0 46 65 85 100 100 100 100 100 100 100 100
CIA þ HYA (30 mg/kg) 0 0 0 0 0 43 60 65* 70* 70* 75* 74* 77 75* 70* 74*
CIA þ C4S (30 mg/kg) 0 0 0 0 0 35 48 53* 56** 54* 60** 58* 59* 62* 60* 65*
CIA þ HYA þ C4S (30 þ 30 mg/kg) 0 0 0 0 0 30 45* 49* 44*** 50** 52** 49** 49** 54** 52** 55**

Values are the mean of seven animals for each group. *p , 0:05; **p , 0:01 and ***p , 0:005 vs. CIA þVehicle.
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(0.53 ^ 0.07 DABS/g protein), and these values were
considered normal. In contrast, a significant increase
in CD formation was seen in the joint cartilage of
CIA-rats given with vehicle (5.37 ^ 1.46 DAbs/g
protein). The administration of both GAGs reduced
CD concentration by inhibiting lipid peroxidation in
the articular tissue (Table VI).

Cartilage VE Content

Table VII reports cartilage VE levels assayed at the
day 31st in the studied groups. In the CTRL rats, VE
amounts ranged between 3.0 and 5.0 nmol/g protein,
and these values were considered normal. Instead, a
marked decrease in VE concentrations was found in
the articular cartilage of CIA-rats treated with
vehicle (0.75 ^ 0.19 nmol/g protein). GAG treatment
significantly inhibited the depletion in VE levels
(Table VII).

Catalase Activity

Table VIII shows cartilage catalase activity evaluated
at the day 31st in the joint cartilage of the considered
groups. In the CTRL group CA activities ranged
normally between 55.0 and 95.0 U/g protein. On the
contrary, a substantial reduction in this enzyme was
observed in the cartilage of CIA-rats given with
vehicle (13.52 ^ 4.85 U/g protein). Also in this case
the treatment with HYA, C4S or both polymers
significantly limited the decrease in CA activity
(Table VIII).

Serum MIP-2 Evaluation

MIP-2 was assayed at day 31st in serum of rats
underwent to CIA (Table IX). Very low levels of
MIP-2 were seen in the serum of CTRL rats
(0.05 ^ 0.01 ng/ml). In contrast, a high amount of
the cytokine was found in the CIA-vehicle group
(2.64 ^ 0.91). The treatment with HYA and C4S
showed a significant reduction in MIP-2 release
(Table IX).

Cartilage ELA Levels

Table X reports cartilage ELA activity assayed at the
day 31st in the studied groups. Very low ELA
concentrations were measured in the joint cartilage
of CTRL rats (25.64 ^ 4.35 ng/g protein). Instead,
elevated levels of this enzyme were seen in the
cartilage of CIA-rats treated with vehicle
(475.37 ^ 89.72 ng/g protein). Also in this case the
administration of the two GAGs showed a marked
reduction in neutrophil activation and infiltration
(Table X).
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Histological Analysis

In Table XI and Fig. 1 the histological evaluations of
the effect of HYA and C4S in joint of rats underwent
to CIA at the end of experiment are reported. A high
score was measured in the joint of CIA-rats given
only with vehicle. In fact, a marked bone destruction
(2.35 ^ 0.39), cartilage destruction (2.75 ^ 0.43), and
white cell infiltration (3.00 ^ 0.10) were identified in
the joints of these animals at day 31st (Table XI and
Fig. 1A). The chronic treatment of rats with HYA,
C4S or both GAGs limited bone destruction, reduced
cartilage destruction, and decreased the white cell
infiltration (Table XI and Fig. 1 B, C, D). This result
was also confirmed by ELA reduction (Table X).

DISCUSSION

Acid GAGs are present in blood, usually in
proteoglycan form. The main GAG of normal
human plasma in chondroitin-4-sulphate (C4S),
that is mostly in low sulphate form.[34] Keratan
sulphate, heparan sulphate and HYA are the other
GAG structures usually detected in human
plasma.[34] In animals, the total amounts of GAGs
in plasma[35] is similar to those measured in
humans.[36] Nevertheless, significant increased
values of plasma GAG concentration were observed
in a wide types of disease[37 – 39] including RA in
humans[40,41] and experimental arthritis in rat and
mouse.[42,43] These changes of circulating GAGs in

RA are supposed to represent products of the
connective tissue metabolism, and some circulating
GAG structures are probably degradation products
originating from articular cartilage.[44] However, the
high levels of HYA and other GAGs found in RA[41]

could not be explained only with the erosion
endured by the articular cartilage. In fact, the
biological role, the real sites of origin, and the
metabolic fate of these aminosugar-containing poly-
saccharides are not clearly understood. Another
approach to explain the increased presence of GAG
in the plasma comes from the evidence that some
GAGs possess antioxidant activity capable of
inhibiting lipid peroxidation.[45 – 47] The use of these
molecules as therapeutic agents showed some
positive outcomes both in human and in experimen-
tal animal models.[48,49 – 53] The present study was
designed to evaluate the effect of chronic treatment
of HYA and C4S in a rat model of CIA. The choice of
these two compound among the others GAGs, was
done starting from the evidence that they showed an
antioxidant activity and are able to inhibit lipid
peroxidation.[48,49 – 53]

The data obtained in the groups treated with HYA,
C4S or both GAGs were positive in all considered
parameters. Nevertheless, the treatment with only
HYA showed a minor protection, at limit of
significance (Tables I–VIII,X), or not significant
(Table IX and one parameter in Table XI), compared
with C4S. In contrast the administration of both
compounds showed the maximum effect on limiting
the CIA damage in all parameters. The beneficial

TABLE V Effect of HYA and C4S on plasma amount of 2,3-DHBA and 2,5-DHBA analysed in basal conditions and at the day 31st in rats
underwent to CIA

Experimental group

2,3-DHBA (mM) 2.5-DHBA (mM)

Basal Day 31st Basal Day 31st

CTRL 0.30 ^ 0.03 0.37 ^ 0.03 0.97 ^ 0.15 1.17 ^ 0.18
CIA þVehicle 0.28 ^ 0.04 4.51 ^ 1.18* 0.89 ^ 0.21 13.15 ^ 4.39*
CIA þ HYA (30 mg/kg) 0.31 ^ 0.03 3.38 ^ 0.54** 1.04 ^ 0.30 8.19 ^ 3.13**
CIA þ C4S (30 mg/kg) 0.33 ^ 0.04 2.72 ^ 0.67*** 1.02 ^ 0.27 6.43 ^ 2.47***
CIA þ HYA þ C4S (30 þ 30 mg/kg) 0.29 ^ 0.04 2.26 ^ 0.62**** 0.95 ^ 0.17 5.34 ^ 1.42****

Values are the mean ^ S.D. of 7 animals for each group *p , 0.001 vs CTRL; **p , 0.05, ***p , 0.005 and ****p , 0.001 vs CIA þVehicle.

TABLE VI Effect of HYA and C4S on articular cartilage
Conjugated dienes content evaluated at the day 31st in joint of
rats underwent to CIA

Experimental group DABS/g protein

CTRL 0.53 ^ 0.07
CIA þVehicle 5.37 ^ 1.46*
CIA þ HYA(30 mg/kg) 3.85 ^ 1.09**
CIA þ C4S (30 mg/kg) 3.12 ^ 0.83***
CIA þ HYA þ C4S (30 þ 30 mg/kg) 2.54 ^ 0.64****

Values are the mean ^ S.D. of 7 animals for each group. *p , 0.001 vs
CTRL; **p , 0.05, ***p , 0.005 and ****p , 0.001 vs CIA þVehicle.

TABLE VII Effect of HYA and C4S on articular cartilage vitamin E
content assayed at the day 31st in joint of rats underwent to CIA

Experimental group nmol/g protein

CTRL 3.83 ^ 0.91
CIA þVehicle 0.75 ^ 0.19*
CIA þ HYA(30 mg/kg) 1.08 ^ 0.32**
CIA þ C4S (30 mg/kg) 1.35 ^ 0.43***
CIA þ HYA þ C4S (30 þ 30 mg/kg) 1.52 ^ 0.47****

Values are the mean ^ S.D. of 7 animals for each group. *p , 0.001 vs CTRL;
**p , 0.05, ***p , 0.01 and ****p , 0.005 vs CIA þVehicle.
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effect exerted by HYA and C4S was evident by
measuring the incidence of CIA. Similar results were
obtained for the mean arthritis severity score, the
hind paw diameter and the body weight decrement.

The detection of 2,3-DHBA and 2,3-DHBA is
usually considered a bona fide reporter for the flux of
hydroxyl radicals which reacted with salicylic acid
during oxidative stress.[25,54] The data obtained show
that a large amount of OH†. Radical was generated
in CIA-rats. The treatment with HYA and C4S
reduced both the 2,3-DHBA and 2,5-DHBA for-
mation, perhaps by directly trapping the OH† radical
and/or by inhibiting its production. Because salicylic
acid makes the stable derivatives by trapping OH†, it
may theoretically be considered as a scavenger of
OH†. Therefore, we compared the effect of salicylic
acid on the considered parameter against CIA-rats
and CIA-treated rats (data not shown). Salicylic acid
failed to exert any positive effect on the CIA-rats.
This suggests that salicylic acid does not have a
significant scavenging effect because it can trap only
a small portion (11%) of produced OH.[55]

Lipid peroxidation is considered a critical mecha-
nism of the injury occurring during RA.[12,56] The
evidence supporting these biochemical changes is
based on analysis of a wide number of intermediate
products.[57] An indicative method extensively used
of evaluating lipid peroxidation is tissue CD
analysis.[57] The increment of CD levels found in
the CIA þVehicle group at day 31 is consistent
with the occurrence of a free-radical-mediated
damage. The treatment with the two GAGs limited
membrane lipid peroxidation and tissue damage.

The large production of ROS that occurs upon the
arthritis development in the articular cartilage
decreased tissue Vitamin E (VE) and CA concen-
trations as a consequence of their consumption
during oxidative damage.[58,59] This reduction con-
tributes to increased cellular destruction by favour-
ing free radical attack. HYA and C4S limited the VE,
and CA consumption, probably, by competing in
ROS scavenging, or in the reduction of ROS
generation.

Many findings have indirectly implicated MIP-2 as
a contributor to the cellular damage in CIA.[60] The
high levels of this cytokine may be interpreted as a
progression of cartilage cell injury.[60] The antioxi-
dant activity of GAGs may have reduced plasma
MIP-2 values and consequently joint tissue injury.

ELA values showed that a marked decrease of
activated PMNs occurred in joint cartilage. This
reduction in PMNs infiltration and the other
biochemical parameters were evaluated by histo-
logical analysis, thus confirming the protective
effects of the two GAGs. We suggest that the
decrease in neutrophil accumulation induced by
GAGs may be due to inhibition of lipid peroxidation
and the consequent reduction in the chemotactic
peroxide production.[57]

In light of these outcomes, which could be the
mechanism by which HYA and C4S protect the
articular tissue against ROS overproduction? HYA
and C4S are linear polymers formed by alternating
hexuronic acid and hexosamine units. HYA is non-
sulphated compound, whereas C4S is sulphated in
the position 4 of the aminosugar. One plausible
explanation of the antioxidant activity for HYA and
C4S is the presence, in their structure, of carboxylic
group that may bound the transition metals like
Cuþþ or Feþþ [47,61] that are in turn responsible of the
initiation of Fenton’s reaction. In this way these
molecules may be function as metal chelators like the
antioxidant deferoxamine or the calcium chelator
ethylendiaminetetracetic acid (EDTA). Another anti-
oxidant mechanism may be the directly scavenge
effect of HYA and C4S on free radical molecules
especially the detrimental hydroxyl radical
(OH†) or other Fenton’s reaction intermediates like

TABLE VIII Effect of HYA and C4S on articular cartilage Catalase
content analysed at the day 31st in joint of rats underwent to CIA

Experimental group U/g protein

CTRL 74.37 ^ 19.22
CIA þVehicle 13.52 ^ 4.85*
CIA þ HYA (30 mg/kg) 19.86 ^ 5.42**
CIA þ C4S (30 mg/kg) 22.92 ^ 5.57***
CIA þ HYA þ C4S (30 þ 30 mg/kg) 24.13 ^ 6.31****

Values are the mean ^ S.D. of 7 animals for each group. *p , 0.001 vs CTRL;
**p , 0.05, ***p , 0.01 and ****p , 0.005 vs CIA þVehicle.

TABLE IX Effect of HYA and C4S on serum MIP-2 content
assayed at the day 31st in rats underwent to CIA

Experimental group ng/ml

CTRL 0.05 ^ 0.01
CIA þVehicle 2.64 ^ 0.91*
CIA þ HYA(30 mg/kg) 1.76 ^ 0.58
CIA þ C4S (30 mg/kg) 1.39 ^ 0.41**
CIA þ HYA þ C4S (30 þ 30 mg/kg) 1.20 ^ 0.43***

Values are the mean ^ S.D. of 7 animals for each group. *p , 0.001 vs CTRL;
**p , 0.01 and ***p , 0.005 vs CIA þVehicle.

TABLE X Effect of HYA and C4S on articular cartilage Elastase
content evaluated at the 31st in joint of rats underwent to CIA

Experimental group ng/g protein

CTRL 25.64 ^ 4.35
CIA þVehicle 475.37 ^ 89.72*
CIA þ HYA (30 mg/kg) 372.31 ^ 67.56**
CIA þ C4S (30 mg/kg) 358.92 ^ 51.34**
CIA þ HYA þ C4S (30 þ 30 mg/kg) 315.78 ^ 63.54***

Values are the mean ^ S.D. of 7 animals for each group. *p , 0:001 vs CTRL;
**p , 0:05 and ***p , 0:005 vs CIA þVehicle.
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the superoxide anion.[19,50] These hypotheses could
explain the increased levels of GAGs during RA.
In fact elevated circulating levels of GAGs may be
a biological response against free radical pro-
duction. The scope of our work was to increase

the physiological levels of HYA and C4S by
administering these endogenous compounds. In
fact we assessed antioxidant parameters and free
radical presence in the arthritic joint and the changes
exerted by the GAG treatment never reported in
previous works. Several findings have previously
reported an increase in blood and tissue distribution
of HYA and C4S after their administration in
rats.[62,63] In our experiment, we evaluated in vivo
HYA and C4S treatment by the intraperitoneal way,
never used before. We suggest that, after the
intraperitoneally administration, these polymers
may be absorbed by the lymphatic and blood vessels
and then achieve the sites of free radical production
at high concentrations. Besides, the amount of the
HYA and C4S may cause an increase in the total
negative charge with a consequent inhibition of the
lymphocyte interactions with the target cell surface.
In this way GAGs could be exert a positive
antiinflammatory effect.

These observations suggest a possible role of
endogenous GAGs to limit/control the progression
of this kind of disease and GAGs could be as
useful tool to investigate the role of antioxidants in
the RA.
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