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Acid glycosaminoglycans (GAGs) antioxidant activity was assessed in a fibroblast culture system by evaluating reduction
of oxidative system-induced damage.

Three different methods to induce oxidative stress in human skin fibroblast cultures were used. In the first protocol cells
were treated with CuSO, plus ascorbate. In the second experiment fibroblasts were exposed to FeSO, plus ascorbate. In
the third system H,O, was utilised.

The exposition of fibroblasts to each one of the three oxidant systems caused inhibition of cell growth and cell death,
increase of lipid peroxidation evaluated by the analysis of malondialdehyde (MDA), decrease of reduced glutathione (GSH)
and superoxide dismutase (SOD) levels, and rise of lactate dehydrogenase activity (LDH).

The treatment with commercial GAGs at different doses showed beneficial effects in all oxidative models. Hyaluronic
acid (HA) and chondroitin-4-sulphate (C4S) exhibited the highest protection. However, the cells exposed to CuSO, plus
ascorbate and FeSO, plus ascorbate were better protected by GAGs compared to those exposed to H,O.,.

These outcomes confirm the antioxidant properties of GAGs and further support the hypothesis that these molecules
may function as metal chelators.
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galactosamine-containing chondroitin sulphate family includ-
ing chondroitin sulphates (C4S and C6S) and dermatan sulphate
(DS). A further GAG is keratan sulphate (KS) containing galac-
tose (instead of uronic acid) and N-acetylglucosamine. Except
for unsulphated HA, the GAG structural complexity is further
compounded by sequence heterogeneity, caused primarily by
the variation of degree and position of sulphate groups and by
covalent binding to different core proteins to give proteogly-
cans (PGs) [1,2]. The structural diversity of GAGs and PGs
poses significant challenges in the field of glycobiology. The
polysaccharides affect proteoglycan core proteins interaction

Introduction

Glycosaminoglycans (GAGs) are a family of acid polysaccha-
rides that display a variety of fundamental biological roles
[1,2]. The typical GAGs structure consists of alternating units
of uronic acid and hexosamine. Except for hyaluronic acid
(HA), GAGs also contain sulphate groups. There are two ma-
jor classes of sulphated GAGs distinguishing by the nature of
hexosamine units: (a) the glucosamine-containing heparan sul-
phate family that includes heparan sulphates (HS); and (b) the
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and are responsible for many aspects of their biological activ-
ity. GAGs are located on the surface of all higher animal cells,
in the extracellular matrix of connective tissue and in base-
ment membranes. GAGs function both as structural molecules
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and as scaffold structures binding a wide variety of protein
ligands through GAG-protein and protein-protein interactions
[3].

Significant increases with respect to normal values of plasma
GAG concentration were observed in patients with systemic
lupus erythematosus [4], theumatoid arthritis [5], and liver dis-
ease [6]. The obvious explanation is that GAGs originate from
the metabolism of inflamed tissues. Nevertheless, the exact
meaning of their rise is at the moment unclear.

It is widely known that the generation of free radicals
and other reactive oxygen species (ROS) play a key role in
a large number of pathologies, including rheumatoid arthri-
tis [7], diabetes [8], ischaemia and reperfusion [9], ulcera-
tive colitis [10], liver disease [11], atherosclerosis [12] etc.
These reactive molecules are formed during normal aerobic
metabolism in cells, and following phagocyte activation during
infection/inflammation; a consequence of uncontrolled produc-
tion of free radicals is damage to biomolecules leading to al-
tered function and disease [13]. Endogenous defence mecha-
nisms have been identified which use antioxidants or free rad-
ical scavengers to neutralise reactive species-generated lipid
peroxidation; however, the extensive generation of free radi-
cals appears to overwhelm the natural defence mechanisms,
dramatically reducing the levels of endogenous antioxidants
[14].

In the last years, many findings evidenced antioxidant prop-
erties of GAGs (particularly for HA and CS) both in vitro and
in vivo experimental models [15-18]. A plausible hypothesis
about this antioxidant mechanism of GAGs is that they may
bind the transition metal ions as Cu*™ or Fe*™ that are in turn
responsible for the initiation of Fenton’s reaction [15,16].

Starting from these assumptions, the aim of this study was
to evaluate the ability of commercial GAGs in limiting cell
damage in three different models of oxidative stress in human
skin fibroblast cultures.

Materials and methods
Materials

Dulbecco’s Minimal Essential Medium (DMEM), fetal bovine
serum (FBS), L-glutamine, penicillin/streptomicyn, trypsin-
EDTA solution and phosphate buffered saline (PBS) were
obtained from GibcoBRL (Grand Island, NY, USA). All
cell culture plastics were obtained from Falcon (Oxnard,
CA, USA). Bathocuproine disulphonate (BCS), Deferoxam-
ine mesylate (DFOM), Ascorbic acid, CuSO4, FeSO,, Su-
crose, ethylenediaminetetracetic acid (EDTA), Potassium phos-
phate, Butylated hydroxytoluene (BHT), Trypan blue, Cata-
lase, Reduced nicotinamide adenine dinucleotide (NADH),
Sodium pyruvate, Hyaluronic acid, Chondroitin-4-sulphate,
Chondroitin-6-sulphate (C6S), Heparan sulphate, Dermatan
sulphate, Keratan sulphate and all other general laboratory
chemicals were obtained from Sigma-Aldrich S.rl. (Milan,
Italy).
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Cell culture

Normal human skin fibroblasts type CRL 2056 were ob-
tained from American Type Culture Collection (Promochem,
Teddington U.K.). Fibroblasts were cultured in 75 cm? plas-
tic flasks containing 15 ml of DMEM supplemented with 10%
FBS, L-glutamine (2.0 mM) and penicillin/streptomycin (100
U/ml, 100 pg/ml), and incubated in an incubator (mod. Galaxy
B, RS Biotech, U.K.) at 37°C in humidified air with 5% CO,.
Cells were used between the eleventh and the 20th passage.
Their population doubling time and their plate efficiency were
about 48 h and 80% respectively.

Oxidative stress

Fibroblasts were cultured into six-well culture plates at a den-
sity of 1.3 x 10° cells/well. 12 h after plating (time 0), when
cells were firmly attached to the substratum (about 1 x 10°
cells/well), the culture medium was replaced by 2 ml of the same
fresh medium containing HA, or C4S, or C6S, or HS, or DS,
or KS in concentrations of 0.5, 1.0 and 2.0 mg/ml. Fibroblasts
were also incubated with BCS, DFOM or catalase in the same
way as with GAGs. After 4 h of incubation, oxidative stress
was induced in the cells by three different ways: (1) In the first
experiment 10 pl of 100 uM CuSO4 were added in a series
of wells (final concentration 0.5 uM) pretreated with GAGs as
described above. Then, 15 min after, 10 u1 of 200 mM ascorbic
acid were added, to final concentration of 1.0 mM, in order to
induce free radical production [19]. 10 ul of 400 uM BCS were
added (final concentration 2.0 «M) as chelating agent for Cu™ ™
[20]. (2) In the second experiment 10 il of 400 uM FeSO4 were
added in an other series of wells (final concentration 2.0 ©M)
pretreated with GAGs. Then, 15 min after, 10 ul of 200 mM
ascorbic acid were added for free radical production [21]. 10 ul
of 1.0 mM DFOM were used (final concentration 5.0 M) as
chelating agent for Fe™. (3) In the third experiment 10 ul of
400 mM H,0O, were added to a further series of wells (final
concentration 200 uM) in order to induce directly the oxida-
tive cell damage [22]. 10 ul containing 2,000 U/ml of catalase
were used as a scavenger agent for HyO,. After 1.5 h, in all
experiments, the medium was discarded and replaced by 2 ml
of the same fresh medium. 24 h later cells were subjected to
morphological and biochemical evaluation.

Cell viability assay

24 h after oxidative stress, cells viability was determined un-
der photozoom invertite microscope (Cambridge Instruments,
U.K.) connected with a digital camera (mod. X-300, Minolta,
Osaka, Japan). The exact number of surviving cells was then
evaluated by Trypan blue dye exclusion test [23]. Briefly, af-
ter 5 min incubation live cells excluded the dye, whereas dead
cells were stained; the number of cells excluding the dye was ex-
pressed as a percentage counted from several randomly chosen
areas of each well.
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Malondialdehyde determination

Measurement of malondialdehyde in the cell lysate samples
was performed to estimate the extension of lipid peroxida-
tion in the fibroblast cultures. 4-5 x 10° cell samples ob-
tained 24 h after oxidative stress induction were collected in
500 ul of PBS containing 200 M butylated hydroxytoluene
and were frozen at —80°C until the assay. The day of analy-
sis, after thawing, cell samples were centrifuged at 500 x g
for 5 min at 4°C. The pellet was resuspended and sonicated in
250 pl of sterile H,O (Transsonic Model 420, Elma instrumen-
tation, Germany). Lipid peroxidation evaluation was carried
out according to the manufacturer’s protocol of a colorimet-
ric commercial kit (Lipid peroxidation assay kit, cat.n°437634,
Calbiochem-Novabiochem Corporation, USA). Briefly, 0.65 ml
of 10.3 mM N-methyl-2-phenyl-indole in acetonitrile were
added to 0.2 ml of sonicated pellet. After vortexing for 3—4 s
and addition 0.15 ml of 37% HCI, samples tubes were carefully
mixed, closed with a tight stopper and incubated at 45°C for
60 min. The samples were then cooled on ice and the absorbance
was measured spectrophotometrically at 586 nm. A calibration
curve of an accurately prepared standard malondialdehyde so-
lution (from O to 64 nmol/ml) was also run for quantification.
The concentration of malondialdehyde in cell samples was ex-
pressed as nmol/mg protein.

Reduced glutathione assessment

Fibroblasts (4—5 x 10°), obtained 24 h after oxidative stress in-
duction, were collected in 500 w1 of PBS and frozen at —80°C
until the assay. The biochemical analysis was performed by
using a specific colorimetric assay (Bioxytech GSH-400 assay
kit, cat n° 21011, OxisResearch, Portland, OR, USA). Briefly,
after thawing, cell samples were centrifuged at 2,500 x g for
5 min at 4°C. The pellet was resuspended and sonicated in
500 ul of 5% metaphosphoric acid, at 4°C. Then, each sample
was mixed and centrifuged at 3,000 x g for 10 min at 4°C. An
aliquot of supernatant (0,2 ml) was added in polyethylene tube
containing 0.7 ml of potassium phosphate buffer containing
diethylenetriamine pentaacetic acid and lubrol. After vortex-
ing, 50 ul of 4-chloro-1-methyl-7-trifluoromethyl-quinolinum
methylsulfate in HC1 were added. The samples were vortexed
again and 50 ul of 30% NaOH were added. After vortexing the
samples were incubated in the dark for 10 min at 25°C. Then
the absorbance was read at 400 nm. The values of unknown
samples were drawn from a standard curve plotted by assaying
different known concentrations of glutathione. The amount of
fibroblast glutathione was expressed as nmol/mg protein.

Superoxide dismutase evaluation

Fibroblasts (4-5 x 10°), obtained 24 h after oxidative stress
induction, were collected in 500 ul of PBS and centrifuged
at 1,000 x g for 5 min at 4°C. Then, the pellet was resus-
pended and sonicated in 250 ul ice-cold 0.25 M sucrose con-
taining 1 mM diethylenetriamine pentaacetic acid. After cen-
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trifugation at 20,000 x g for 20 min at 4°C, the supernatant
of each sample was collected and the total SOD activity was
assayed spectrophotometrically at 505 nm by using a commer-
cial kit (Ransod assay kit, cat. N° Sd 125, Randox Laboratories,
Crumlin, U.K.). Briefly, 50 i1 of diluted samples (1:10, v:v with
0.01 M potassium phosphate buffer, pH 7.0) were mixed with
1.7 ml of solution containing 0.05 mM xantine and 0.025 mM
iodonitrotetrazolium chloride. After mixing for 5 s, 250 pul of
xantine oxidase (80 U/l) were added. Then, initial absorbance
was read and the final absorbance was read after additional
3 min. A standard curve of commercial SOD solution (from 0
to 320 U/ml) was run for quantitation. All standards and diluted
sample rates were converted into percentage of 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 protein.

Lactate dehydrogenase assay

24 h after oxidative stress induction, the culture medium was
collected, centrifuged at 10,000 x g for 10 min at 4°C in order
to remove debris and then frozen at —80°C until assay. In order
to estimate total LDH, cells (4-5 x 10%) were also collected in
500 ul of PBS, and after centrifugation at 500 x g for 5 min at
4°C, were sonicated in Triton X-100. An aliquot of the super-
natant was used for the assay. LDH evaluation was performed
by using a published method [24] with some modifications.
Briefly, after thawing, 50 ul of sample were mixed with 100 ul
of 2.0 mM NADH and 850 ul of 20 mM phosphate buffer pH
7.4. After mixing for 5 s, duplicate aliquots (200 ul) of each
sample were placed into 96-well plates at room temperature and
reaction was initiated by addition of 20 ul of 3.3 mM sodium
pyruvate. The rate of disappearance of NADH was measured
at 340 nm by using a plate reader (DAS srl, Rome, Italy). The
values of unknown samples were drawn from a standard curve
plotted by assaying different known concentration of LDH. The
percentage of release was determined by dividing the LDH ac-
tivity in the medium by total LDH activity.

Protein determination

The amount of protein was determined using the Bio-Rad pro-
tein assay system (Bio-Rad Lab., Richmond, CA, USA) and
bovine serum albumin as a standard according to the published
method [25].

Statistical analysis

Data are expressed as means £ S.D. of at least seven exper-
iments for each test. All assays were repeated three times to
ensure reproducibility. Statistical analysis was performed by
one-way analysis of variance (ANOVA). The statistical signif-
icance of differences was set at p < 0.05.
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Figure 1. Effect of GAGs on fibroblast viability (% of control) in the three considered models of oxidative stress. Values are the
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Figure 2. Microscopic analysis of surviving fibroblasts in wells exposed to the three oxidative models and effects of GAG treatment.
Pictures reported are related to the treatment with the highest dose of GAGs.
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Table 1. Effect of GAGs on fibroblast lipid peroxidation (malondialdehyde) in the three considered models of oxidative stress

Treatment 0.5 mg/ml 1.0 mg/ml 2.0 mg/ml
Control 0.12 +0.08
CuSO, + ascorbate + vehicle 2.51 £+ 0.46°
CuSO, + ascorbate + BCS 0.64 + 0.15*
CuSO, + ascorbate + HA 1.41 £ 0.23* 1.36 £+ 0.25* 1.13 £ 0.27*
CuSO, + ascorbate + C4S 1.62 £+ 0.26* 1.41 £ 0.24* 1.32 £ 0.31*
CuSO, + ascorbate + C6S 2.53 +0.53 2.35+0.48 1.83 £ 0.31*
CuSO, + ascorbate + HS 2.24 + 042 2.15+ 047 1.80 £+ 0.36*
CuSO, + ascorbate + DS 2.52 + 0.58 2.43 £+ 0.62 1.85 £+ 0.30*
CuSO, + ascorbate + KS 2.44 + 0.53 2.354+0.49 2.48 + 0.52
Control 0.13 +0.06
FeSO, + ascorbate + vehicle 2.62 + 0.53°
FeSO, + ascorbate + DFOM 0.74 £+ 0.23*
FeSO, + ascorbate + HA 1.61 4+ 0.26* 1.52 + 0.27* 1.35 + 0.34*
FeSO, + ascorbate + C4S 1.68 £ 0.21* 1.62 + 0.25* 1.51 £ 0.28*
FeSO, + ascorbate + C6S 2.43 £0.43 2.31 £ 0.48 1.90 4+ 0.28**
FeSO, + ascorbate + HS 2.58 + 0.54 2.33 4+ 0.56 1.94 + 0.22*
FeSO, + ascorbate + DS 2.66 + 0.46 2.57 +0.53 1.93 £ 0.19*
FeSO, + ascorbate + KS 2.78 £ 0.48 2.64 + 0.51 2.51 +£0.39
Control 0.11 £ 0.06
H,O, + vehicle 2.73+0.61°
H,O, + Catalase 0.64 + 0.24*
H.O, + HA 2.51 +0.46 1.95 4+ 0.22* 1.86 £ 0.32*
H,O, + C4S 2.70 £+ 0.51 1.98 + 0.20** 1.96 £ 0.21*
H,O, + C6S 2.64 + 0.63 2.75+ 0.54 2.58 + 0.56
H,O, + HS 2.53 +£0.47 2.46 + 0.41 2.00 £ 0.11*
H,O, + DS 2.73 +£0.38 2.56 +£0.42 2.68 + 0.52
H,O, + KS 2.51+0.36 2.43 +0.39 2.44 +0.28
Values are the mean + S.D. of 7 different experiments and are expressed as nmol/mg protein. °p < 0.001 vs. control; *p < 0.001 and **p < 0.01 vs.
vehicle.
Results Lipid peroxidation analysis

Effects of GAGs on cell viability

The exposition of fibroblasts to CuSOy, FeSO4 and H,0, pro-
duced a large mortality and growth inhibition as showed in
Figures 1 and 2. The percent of cell viability ranged about 10%
in all used models (Figure 1). The treatment with GAGs exerted
a protective effect in the two models in which free radicals pro-
duction was induced by using the transition metals. HA and C4S
protected cells in a dose-dependent way (Figures 1 and 2 with
the highest dose); C6S, HS and DS exerted a slight effect with
the highest dose only (Figure 1 with the highest dose); no signif-
icant protection was observed by treatment with KS (Figure 1).
In the model exposed to H,O,, only a slight protective effect
was found to be exerted by HA, C4S (with the dose of 1.0 and
2.0 mg/ml) and by HS (with the dose of 2.0 mg/ml) treatment
(Figure 1). The use of chelating agents (BCS and DFOM) or a
natural scavenger agent (catalase) inhibited the production of
free radicals and prevented cell destruction (Figures 1 and 2).
In fact, both BCS and DFOM that bound Cu** and Fe*™ ions,
respectively and catalase that neutralises H,O, protected about
80% of cells (Figure 1).

Determination of malondialdehyde was performed to estimate
the degree of free radical production on cell culture (Table 1).
Low levels of malondialdehyde were found in the control wells
and these values were considered physiological. In contrast, a
significant increase in malondialdehyde production was seen
in all considered models. In the wells exposed to the transition
metals, HA and C4S exerted the better protection in a dose
dependent manner, while C6S, HS and DS protected fibroblasts
with the highest dose only (Table 1). The cells exposed to H,O,
were slightly protected by HA, C4S and HS. No effect was
found in all models by the treatment with KS. The maximum
effect was achieved with the use of the neutralising substrates
BCS, DFOM and catalase.

Antioxidant status

The concentration of glutathione and SOD were assayed in
order to evaluate the antioxidant balance after free radical pro-
duction (Tables 2 and 3, respectively). In the control wells,
glutathione and SOD ranged between 5.0-9.0 nmol/mg protein,
and 21.0-36.0 U/mg protein, respectively, and these values were
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Table 2. Effect of GAGs on fibroblast glutathione activity in the three considered models of oxidative stress

Treatment 0.5 mg/ml 1.0 mg/ml 2.0 mg/ml
Control 714 £ 217
CuSO, + ascorbate + vehicle 2.60 £+ 0.53°
CuSO, + ascorbate + BCS 6.45 +2.21*
CuSO, + ascorbate + HA 4,53 + 1.04* 4.63 +1.10* 472 +1.15*
CuSO, + ascorbate + C4S 4.42 + 0.92* 4.51 £+ 0.98* 4.60 + 1.08*
CuSO, + ascorbate + C6S 3.32 +0.84 3.26 4+ 0.91 3.52 4+ 0.68**
CuSO, + ascorbate + HS 3.21+£0.76 3.24 4+ 0.81 3.56 + 0.76**
CuSO, + ascorbate + DS 3.11 £ 0.71 3.21 £ 0.76 3.61 + 0.82*
CuSO, + ascorbate + KS 3.23 4+ 0.85 3.124+0.78 3.25 4+ 0.83
Control 6.92 +1.87
FeSO, + ascorbate + vehicle 2.51 +0.47°
FeSO, + ascorbate + DFOM 5.89 + 1.53*
FeSO, + ascorbate + HA 4.38 4+ 1.03* 4.47 +1.10* 4.56 4+ 1.08*
FeSO, + ascorbate + C4S 4.35 + 0.96* 4.40 + 1.05* 4.48 4+ 1.09*
FeSO, + ascorbate + C6S 3.11 £0.84 3.24 £+ 0.88 3.48 £ 0.75*
FeSO, + ascorbate + HS 3.21 £ 0.94 3.154+0.87 3.53 4+ 0.86**
FeSO, + ascorbate + DS 3.11 +0.89 3.18 + 0.89 3.42 + 0.70*
FeSO, + ascorbate + KS 3.04 £+ 0.91 2.94 +£0.78 3.12 + 0.87
Control 6.97 = 1.56
H,O, + vehicle 2.67 £ 0.61°
H,O, + Catalase 6.22 + 1.76*
H.O, + HA 3.82+1.37 3.96 &+ 1.38* 4.08 & 1.42**
H,O, + C4S 3.73 £ 1.31 4.16 £ 1.45* 4.20 + 1.40*
H,O, + C6S 3.21+1.24 3.37 +1.15 3.69 +1.32
H,O, + HS 3.27 £1.09 3.46 +1.21 3.85 + 1.26**
H,O, + DS 3.05+1.06 3.16 £ 1.11 3.32+1.24
H,O, + KS 3.04 +1.14 2.94 +0.97 3.13+1.02

Values are the mean + S.D. of 7 different experiments and are expressed as nmol/mg protein. °p < 0.001 vs. control; *p < 0.001 and **p < 0.05 vs.

vehicle.

considered physiological. In contrast, a significant reduction in
both antioxidants was observed in all used models. Also in this
case HA and C4S restored the two endogenous antioxidants in
wells where free radicals production was induced by transition
metals. C6S, HS and DS slightly restored glutathione and SOD
with the highest dose. In the model in which fibroblasts were ex-
posed to H,O,, HA and C4S spared antioxidants with the dose
of 1.0 and 2.0 mg/ml, while HS was effective with the highest
dose only. The treatment with KS did not produce any benefi-
cial effect. Also in this case, the maximum effect was achieved
with the use of the neutralising substrates BCS, DFOM and
catalase.

Cytotoxicity evaluation

LDH activity was determined as index of cytotoxicity in fi-
broblasts cultures (Table 4). The release of LDH in unexposed
wells was about 10% and this percentage was considered phys-
iological. In contrast, a marked increase in this enzyme was
observed in the three considered models. The treatment with
HA and C4S reduced cytotoxicity in wells where free radicals
production was induced by transition metals. C6S, HS and DS
slightly decreased LDH activity with the highest dose. In the

model where fibroblasts were exposed to H,O,, HA and C4S
showed significant effects with the dose of 1.0 and 2.0 mg/ml,
while HS was effective with the dose of 2.0 mg/ml only. BCS,
DFOM and catalase blunted the detrimental effect of CuSQy,
FeSO,4 and H,0,, respectively.

Discussion

There is now considerable evidence of the participation of re-
active oxygen species and other free radicals in human disease
states [26,27]. Oxidative stress in cells and tissues is thought to
be a direct result of increased generation of superoxide radicals.
When excess superoxide reacts with SOD, large amounts of in-
tracellular hydrogen peroxide are produced. Neither superox-
ide nor H, O, is highly toxic; however, in the presence of metal
ion these species are converted to hydroxyl radicals through
a Fenton’s reaction or Haber-Weiss reaction [28]. The pres-
ence of ascorbate also contributes to enhance the production
of the detrimental OH® [29]. Moreover, lipid hydroperoxides
which are formed as primary products of lipid peroxidation
react rapidly with transition metals like iron and copper ions
to generate alkoxyl or peroxyl radicals [30]. GAGs are linear
acid polysaccharides composed of alternating hexuronic acid
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Treatment 0.5 mg/ml 1.0 mg/ml 2.0 mg/ml
Control 30.04 £+ 6.71
CuSO, + ascorbate + vehicle 11.06 &+ 3.13°
CuSO, + ascorbate + BCS 23.10 4+ 4.25*
CuSO, + ascorbate + HA 18.14 4+ 3.72* 18.95 4+ 4.15* 20.00 + 4.43*
CuSO, + ascorbate + C4S 17.19 £+ 3.31* 18.01 £ 3.87* 19.33 £+ 4.27*
CuSO, + ascorbate + C6S 10.16 £+ 2.83 11.72 £ 2.65 15.11 4+ 3.58*
CuSO, + ascorbate + HS 11.62 +2.74 12.36 + 2.89 14.84 4 3.29*
CuSO, + ascorbate + DS 12.63 +£2.48 12.01 £2.75 14.95 £ 3.17**
CuSO, + ascorbate + KS 12.17 £ 2.88 11.42 £ 2.75 10.86 + 2.47
Control 29.13 - 6.48
FeSO, + ascorbate + vehicle 7.85 4+ 2.82°
FeSO, + ascorbate + DFOM 21.42 £ 4.87*
FeSO, + ascorbate + HA 13.37 4+ 3.09** 14.54 4 3.38** 15.43 4+ 3.81**
FeSO, + ascorbate + C4S 13.34 4+ 2.89* 14.71 4+ 3.24* 15.37 + 3.97*
FeSO, + ascorbate + C6S 7.56 £+ 2.21 7.92 £ 2.37 11.24 4+ 1.88**
FeSO, + ascorbate + HS 7.73 +£1.94 7.21 +1.87 10.96 4+ 1.71***
FeSO, + ascorbate + DS 7.43 + 2.11 8.36 + 1.91 10.82 + 1.63***
FeSO, + ascorbate + KS 7.48 £ 1.59 6.83 +1.74 7.64 +£1.83
Control 26.89 + 5.87
H,O,+ vehicle 6.53 + 2.11°
H,O, + Catalase 22.38 £+ 4.75*
H.O, + HA 7.224+1.78 8.87 4+ 1.29% 9.34 4 1.81%
H,O, + C4S 7.11 £ 1.56 8.62 + 1.32*** 9.53 + 1.96***
H,O, + C6S 6.37 + 1.54 6.71 + 1.61 713+ 1.29
H,O, + HS 581 +1.14 7.34 +1.51 9.38 + 1.51*
H,O, + DS 6.43 + 1.26 6.97 +1.18 7.34 + 1.56
H,O, + KS 5.73 +£1.43 6.94 +1.49 7.27 +1.38

Values are the mean + S.D. of 7 different experiments and are expressed as U/mg protein. °p < 0.001 vs. control; *p < 0.001, **p < 0.005 and

***p < 0.05 vs. vehicle.

and hexosamine units. These compounds interact with a num-
ber of proteins, and act as cellular organizers [31]. The GAG
molecules that are present in blood could function as carri-
ers/modulators for agents that regulate the functions of adjacent
cells. Since some GAGs possess antioxidant activity capable of
inhibiting lipid peroxidation [15-18] and the use of these com-
pound as therapeutic agents showed some positive outcomes
[32-34], in the present study we investigated the antioxidant
effect of GAGs in a simple culture system of human fibroblasts
where oxidative stress is induced.

The data obtained in fibroblasts treated with different GAGs
showed positive effects in all parameters evaluated in order to
measure oxidative damage. Only KS treatment did not exert any
significant effect, while HA and C4S treatments were effective
also at low doses. In both models following exposure to CuSO4
and FeSQOy, only cells receiving the highest dose of C6S, HS
or DS exhibited a slightly significant effect. Moreover, in the
model where cells were exposed to H,O,, the effect exerted
by HA and C4S was less marked than the effect exerted in the
two other models. In this case, C6S and DS failed to produce
any protective effect, while only the highest dose HS reduced
cellular damage at low significance level.

Lipid peroxidation was evaluated by means of the widely
used malondialdehyde analysis [35]. The increase of malondi-
aldehyde levels found in the three models of cell exposition to
oxidant agents is consistent with a general occurrence of a free-
radical-mediated cell damage. The treatment with GAGs lim-
ited membrane lipid peroxidation and consequently cell death
as reported by cell viability data.

The massive production of reactive species that occurs in
fibroblast cultures decreases glutathione and SOD concentra-
tions as a consequence of their consumption during oxidative
damage [36]. This reduction contributes to cellular destruction
by favouring free radical attack. The treatment of cells with
GAGs limited glutathione and SOD consumption suggesting
reduction of free radical generation.

High LDH activity levels in the medium may be interpreted
as a progression of cell injury because of its intracellular local-
isation. The decrease of LDH release after GAG treatment may
be a consequence of free radical reduction.

The way by which GAGs reduce cellular damage against
free radical overproduction is similar to that exerted by typical
chelating agents. A chelating mechanism is then suggested.
Among the most effective GAGs, HA, the only non-sulphated
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Table 4. Effect of GAGs on fibroblast LDH activity in the three considered models of oxidative stress

Campo et al.

Treatment 0.5 mg/ml 1.0 mg/ml 2.0 mg/ml
Control 9.81 +2.45
CuSO, + ascorbate + vehicle 91.12 £ 13.36°
CuSO, + ascorbate + BCS 35.13 4+ 6.28*
CuSO, + ascorbate + HA 68.73 £ 9.34** 54.62 4+ 8.24* 50.01 + 7.87*
CuSO, + ascorbate + C4S 70.11 £ 8.31* 68.19 + 9.63** 57.66 £ 7.21*
CuSO, + ascorbate + C6S 89.23 +£9.24 84.21 +9.36 76.13 £+ 8.46*
CuSO, + ascorbate + HS 85.44 +9.18 83.89 +9.87 75.68 £ 7.93**
CuSO, + ascorbate + DS 92.32 + 10.31 85.15 £ 9.42 77.09 + 8.17**
CuSO, + ascorbate + KS 87.45 +9.39 86.19 4+ 9.45 91.52 +10.16
Control 10.87 +2.93
FeSO, + ascorbate + vehicle 90.65 + 12.87°
FeSO, + ascorbate + DFOM 33.72 £ 5.42*
FeSO, + ascorbate + HA 66.33 £+ 9.76** 58.94 4+ 8.17* 55.12 +7.45*
FeSO, + ascorbate + C4S 67.72 4+ 9.89** 61.65 £+ 7.39* 57.64 + 7.46*
FeSO, + ascorbate + C6S 88.76 + 10.21 89.51 £9.74 78.27 £ 717+
FeSO, + ascorbate + HS 91.08 4+ 10.51 90.15 +10.47 77.21 £ 7.81%*
FeSO, + ascorbate + DS 92.36 + 11.24 89.52 + 10.35 78.13 £ 6.94***
FeSO, + ascorbate + KS 90.21 +10.47 93.10 £+ 10.39 89.45 +11.13
Control 10.17 + 2.68
H,O, + vehicle 89.32 + 13.15°
H,O, + Catalase 27.86 + 5.19*
H.O, + HA 87.39 +10.43 76.64 £ 7.12% 77.31 £+ 6.95"*
H,O, + C4S 86.15 £+ 10.23 76.17 £ 7.01* 75.24 + 7.82%*
H,O, + C6S 86.83 +9.15 90.95 + 8.39 89.15 4+ 7.93
H,O, + HS 90.88 +9.47 88.37 £ 9.31 76.45 + 6.94**
H,O, + DS 92.56 + 10.81 90.63 £ 9.34 87.94 + 8.65
H,O, + KS 85.52 +£9.72 83.56 + 9.34 82.44 + 10.21

Values are the mean + S.D. of 7 different experiments and are expressed as % of the total LDH activity. °p < 0.001 vs. control; *p < 0.001,

**p < 0.005 and **p < 0.05 vs. vehicle.

compound, and C4S bearing an ester sulphate group on the
4 position of the aminosugar. However, although so differ-
ent, the two GAGs have a similar secondary structure, with
carboxylic groups in the same spatial position; these charged
groups may interact with the transition metals ions like Cut™
or Fe*™ [37,38] that are in turn responsible of the initiation
of Fenton’s reaction in the same way in both GAGs. The in-
teraction limits, likely by a chelation mechanism, the avail-
ability of dangerous cations. In C4S chelating activity may be
reinforced by the presence of sulphated group on the 4 posi-
tion in the opposite side of the carboxylic group. In the other
GAGs, the different orientation of sulphated groups (C6S con-
tains a ester sulphate group at position 6 of the aminosugar,
and HS contains a N-sulphated group at position 2 of the
aminosugar), or of carboxylic groups (DS, that contains a sul-
phated group in position 4 of the aminosugar as C4S, also
contains L-iduronic acid, that is the epimer at carbon 5 of D-
glucuronic acid) clearly limits the interaction with cations. The
slight effect obtained with C6S and DS, in the model exposed
to CuSO4 and FeSO4, may be due to the presence of short
segments of C4S chains contained in their structure. GAGs
are indeed copolymers, that contain large segments of repeats

of the typical disaccharide (hexuronic acid and hexosamine)
unit that alternate with shorter segments of repeats of disaccha-
ride units typical of other GAG chains. In fact, C6S and DS
contain small amounts of C4S chain segments. Moreover, the
treatment of fibroblasts with KS did not exert any significant
effect since KS lacks carboxylic groups. The limited effect ob-
tained after GAG treatment in the fibroblast cultures exposed
to H,O,, may be due to the different mechanism that primes
free radical production, not based on metal cations. This ev-
idence gives further support to the hypothesis that GAGs act
by chelating metal ions. The slight effect exerted by HA, C4S
and HS could be due to a low scavenger activity of these GAG
molecules.

In conclusion the data obtained by these experiments suggest
that GAGs may function as metal chelators like the antioxidant
BCS and DFOM, but further investigations are needed to con-
firm this hypothesis.
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