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Chondroitin sulfate from fish waste exhibits strong
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Abstract

Chondroitin sulfate (CS) is a type of glycosaminoglycan described as an antioxidant molecule that has been found in animal
species such as fish. Tilapia (Oreochromis niloticus) represents an eco-friendly source of this compound, since its economical
processing generates usable waste, reducing the negative environmental impact. This waste was used for CS extraction,
purification, characterization by enzymatic degradation, and evaluation of its antioxidant effect. CS obtained from tilapia
presented sulfation mainly at carbon 4 of galactosamine, and it was not cytotoxic at concentrations up to 200 pug/mL.
Furthermore, 100 pg/mL of CS from tilapia reduced the levels of reactive oxygen species to 47% of the total intracellular reactive
oxygen species level. The ability of CS to chelate metal ions in vitro also suggested an ability to react with other pathways that
generate oxidative radicals, such as the Haber-Weiss reaction, acting intracellularly in more than one way. Although the role of
CS from tilapia remains unclear, the pharmacological effects described herein indicate that CS is a potential molecule for further

study of the relationship between the structures and functions of chondroitin sulfates as antioxidants.
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Introduction

Chondroitin sulfate (CS) is an important polysaccha-
ride belonging to the family of glycosaminoglycan (GAGs).
It is formed by alternating units of D-glucuronic acid (GIcA)
B (1>3) linked to a N-acetyl-D-galactosamine (GalNAc)
residue found covalently bound to proteins in the form of a
proteoglycan (1). CS chains are assembled in the endo-
plasmic reticulum and Golgi complex and can contain
more than 100 disaccharide units, undergoing several modi-
fications during synthesis (2,3). Sulfation is one of the main
maodifications of the CS chain, and is usually added onto C-4
and/or C-6 of GalNAc and/or C-2 of GIcA, resulting in
different forms of CS.

CS is present in the extracellular matrix of connective
tissues, such as cartilage, skin, tendons, and the brain. It
can be purified and extracted, showing structural varia-
tions according to the type of tissue and animal species
used for the extraction (4,5). These structural variations
lead to different pharmacological effects, such as the
antioxidant effects that can be observed with some types
of CS, which are characterized by a reduction in the levels
of reactive species within organisms (5,6).
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One of the most important groups of reactive species
are reactive oxygen species (ROS), especially hydroxyl
radicals (OH.) and superoxide anion radicals (O.."), which
are formed during cellular respiration and chemical
reactions such as the Haber-Weiss and Fenton reactions
(7). In these reactions, metal ions such as ferric ions
(Fe®™) will react with O,.” originating from ferrous ions
(Fe2™), leading to a reaction with hydrogen peroxide in the
cell medium, creating OH. and more Fe3™, which restarts
the cycle (7). The excess of these radicals in living
organisms can be definitive for clinical conditions such as
osteoarthritis; therefore, the search for molecules that can
act as antioxidants is of great relevance (6,8).

In many countries, various available residual tissues
from tilapia (Oreochromis niloticus) are produced, such as
the viscera including the intestines, kidneys, stomach,
spleen, and bladder, which are not normally commercial-
ized and can act in processes such as the eutrophication
of water reservoirs, causing damage to natural ecosys-
tems (9,10). Thus, the objective of this study was to
characterize the CS extracted from tilapia viscera and
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evaluate its antioxidant potential. Good results obtained
herein show that tilapia could be an alternative source for
CS extraction, reducing environmental problems related to
tilapia cultivation.

Material and Methods

GAGs were isolated and purified from adult tilapia
viscera after proteolysis, Lewatit ion exchange resin
treatment, and acetone fractionation (0.5:1.0 v/v; 0.6:1.0
viv; 0.7:1.0 v/v; 0.8:1.0 v/v; 1.0:1.0 v/v) as previously
described (11). Then, the CS from tilapia was purified after
fractionation by ion-exchange chromatography with Di-
ethylaminoethyl-Sephacel (DEAE-Sephacel) eluting with
0.8 M NaCl.

The obtained CS was characterized by enzymatic
degradation with chondroitinase AC (12), and the cyto-
toxic effects of the compound extracted from tilapia was
verified by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-
trazolium (MTT) test. RAW 264.7 cells (murine macro-
phages) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum, streptomycin, and penicillin. The plates were
grown in a 5% CO, oven at 37°C during the adherence
period, followed by removal of the medium and washing
with phosphate-buffered saline (PBS). Then, the cells
were treated with the samples at concentrations of 20, 40,
100, 200, 400, 1000, and 2000 pug/mL for 24 h. The medium
was discarded, and 100 pL of medium containing MTT
(5 mg/mL) was added to each well. The plates were then
incubated for 4 h, the supernatant was removed, 100 pL
of ethanol was added, and spectroscopic readings were
performed at 570 nm (Epoch microplate spectropho-
tometer, Biotek Instruments Inc., USA).

For antioxidant tests, concentrations of the samples
that did not show cytotoxicity (20, 40, 100, and 200 pg/mL)
were used. Intracellular ROS inhibition tests were per-
formed with the 2,7-dichlorofluorescein diacetate (DCFH-
DA) test (13). RAW 264.7 cells were washed and stressed
with lipopolysaccharide (LPS), and the samples were
applied in their corresponding wells. Hydroxyl radical
scavenging was assessed using the salicylic acid-ethanol
method in vitro (14), superoxide anion radical scavenging
was determined by the nitroblue tetrazolium reduction
method in vitro (15), and ferrous ion chelation was evalu-
ated by the detection of ferrocene in vitro (16). For com-
parison of the effects, these tests were performed at
the same concentrations with CS obtained from bovine
tracheal tissue (CSpovine), Which was obtained from Sigma
Aldrich (USA).

For statistical analysis, GraphPad Prism software,
version 6.0 (GraphPad Software Inc., USA) was used to
determine significant differences between treatments by
the two-way univariate analysis of variance (two-way
ANOVA) because there were more than two independent
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variables. For all analyses, P values <0.05 were con-
sidered statistically significant.

Results

Analyses of enzymatic degradation products with
chondroitinase AC revealed a prevalence of 59.6%
disaccharides containing a sulfate moiety on carbon 4 of
galactosamine (ADi4S), 36.6% disaccharides sulfated
on carbon 6 of galactosamine (ADi6S), and 3.4% non-
sulfated disaccharide units (ADiOS), as seen in Figure 1.
A higher prevalence of ADi4S characterizes this tilapia
GAG as CS type A; thus, the purified compound was
named tilapia chondroitin sulfate A (CS-Agiiapia)-

CS-Ayiapia did not show cytotoxicity to the treated cells
using the MTT assay until the concentration reached
200 pg/mL, maintaining cell survival close to 95% (Figure
2). For this reason, CS-Agapia could be tested in anti-
oxidant assays, and it was determined that the experi-
ments should focus on concentrations with low cytotoxic
effects in RAW cells.

The total intracellular ROS inhibition test showed that
both CS-Ajiiapia @nd CSpovine Were able to significantly
reduce the amount of ROS in the system at all con-
centrations (P <0.01). CS-Ayapia demonstrated a greater
effect at a concentration of 40 png/mL, reaching 52% of the
total inhibition (Figure 3A). Considering that hydroxyl
radicals and superoxide anions are the intracellular ROS
implicated in cell damage, we next investigated the effects
of CS-Ayjiapia ON these ROS.

For the hydroxyl radical and superoxide anion radical
scavenging tests, CS-Ajjapia @and CSpovine Showed low
effects compared to those of ascorbic acid. However,
at a concentration of 100 pg/mL, CS-Ayjapia Showed a
greater capacity for hydroxyl radical scavenging (21%)
than CSpovine (10%) (P <0.05) (Figure 3B), and a 30%

4001 ADids

300 ADi6S

200

ADios

Absorbance at 232 (mV)

100

Retention time (min)

Figure 1. Enzymatic degradation of chondroitin sulfate from
tilapia viscera. ADiOS: non-sulfated disaccharide; ADi4S: disac-
charide with sulfation at carbon 4 of galactosamine; ADIi6S:
disaccharide with sulfation at carbon 6 of galactosamine.
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superoxide anion scavenging by CS-AyjapiaVs 14% scav-
enging by CSy.vine Were observed at this same concen-
tration (P <0.05) (Figure 3C).

These results demonstrated the direct effects of CS-
Aviapia ON reactive species and raised questions about its
use in the Haber-Weiss pathway, which is responsible for
forming oxidative species from reactions with metallic
molecules, such as iron.

The highest amount of ferrous ion chelation by CS-
Avitapia @and CSpovine Was observed at 200 pg/mL, reaching
a maximum of 34 and 43% inhibition, respectively,
compared with EDTA, which was assigned as 100%
chelation (Figure 3D).
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Figure 2. Evaluation of the cytotoxicity in RAW 264.7 cell culture.
CS-Ajiiapia: tilapia chondroitin sulfate; Negative control: cells +
culture medium. Data are reported as mean+SE. °P<0.01
compared to negative control by ANOVA.
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Discussion

Reports on natural CS obtained from waste that is
capable of ROS inhibition are scarce in the literature,
although much evidence about the antioxidant potential of
CS species has been reported (5,6). For this reason, there
is great interest in expanding studies on the role of CS in
these physiological events. In this work, an extraction
procedure similar to those used previously to obtain
compounds with pharmacological potential in different
invertebrates and marine species was performed, show-
ing efficiency and reproducibility (11,17). The character-
ized CS-Ayiapia, coOntaining 59.6% disaccharides sulfated
at position 4 of galactosamine, has been described for the
first time.

This structure is reported to have high antioxidant
activity, and it is quite similar to the standard CSpovine,
which is currently among the most commercialized CS
compounds (5). This result suggests that these two
compounds have similar structures and effects, denoting
an alternative eco-friendly source of CS. In addition,
CS-Aiiapia did not exhibit cytotoxicity until it reached a
concentration of 200 pg/mL, which allowed its safe use
and helped to define an appropriate dose for antioxidant
studies using CS-Ayapia- This result is in agreement with
a study showing the non-cytotoxicity of CS from shark
cartilage (13).
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Figure 3. Antioxidant properties of chondroitin sulfate from tilapia viscera. CS-Agapia: tilapia chondroitin sulfate; CSpyine: bovine
chondroitin sulfate; Negative Control: cells and culture medium; LPS-Control: cells treated with lipopolysaccharide; AA: ascorbic acid.
A, Intracellular reactive oxygen species inhibition tests. B, Hydroxyl radical scavenging. C, Superoxide anion radical scavenging.
D, Ferrous ion chelation. Data are reported as mean * SE. Different letters indicate significant differences by ANOVA (P <0.05).
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The inhibitory effect of the total intracellular ROS
(DCFH-DA test) by CS-Ajiapia Was more efficient than
other polysaccharides found in the literature, and similar
effects were obtained with low concentrations of CS-
Aviiapia(13,18). These data are important to strengthen the
hypothesis of the safe and efficient use of CS-Agjapia @s an
antioxidant and could be correlated during the treatment
of oxidant stress diseases such as osteoarthritis and
Alzheimer’s disease (6,7,13).

Low antioxidant activity is common among different
sources of CS compared to chemical compounds, such as
EDTA and ascorbic acid (5). However, CS-Ayjapia €xhibited
a doubled effect compared to CSpovine at the same
concentrations in the hydroxyl and superoxide radical
tests, possibly reflecting the ability of CS-Ayjapia to donate
protons. Furthermore, Fe?* inhibition increased at higher
concentrations tested for both CS samples. This effect is
due to the ability of the CS molecule to bind metallic
molecules in cellular medium, and it is usually concentra-
tion-dependent, as previously observed for higher doses
of polysaccharides (5,19).

Taken together, these data suggest that the elimination
of reactive species and the inhibition of oxidative radical-
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producing pathways are possibly not the main antioxidant
mechanisms of these molecules, suggesting the participa-
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In conclusion, our results helped to understand the
structure of CS-Ayiiapia @and suggest it has potential effects
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