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Purification and structural elucidation of
chondroitin sulfate/dermatan sulfate from Atlantic

bluefin tuna (Thunnus thynnus) skins and their
anticoagulant and ACE inhibitory activities
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Chondroitin sulfate/dermatan sulfate (CS/DS) was extracted from Atlantic bluefin tuna (Thunnus thynnus)
skin (SGAT) and was purified and characterized. SGAT was characterized by acetate cellulose

electrophoresis, FTIR spectroscopy, *C NMR spectroscopy and SAX-HPLC. According to the results
obtained for specific chondroitinases (ABC and AC) and the SAX-HPLC separation of generated
unsaturated repeating disaccharides, the polymer was found to contain a disaccharide monosulfated in
positions 6 and 4 of GalNAc and disulfated disaccharides in different percentages. These results were
confirmed by *C NMR experiments. The average molecular mass was 24.07 kDa, as determined by
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PAGE analysis. SGAT was evaluated for its in vitro anticoagulant activity via activated partial

thromboplastin time, thrombin time and prothrombin time tests. The polymer showed strong inhibitory
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1. Introduction

Glycosaminoglycans (GAGs) constitute a group of complex
polydisperse carbohydrates that play important roles in
numerous biological processes.”” GAGs are linear poly-
saccharide chains composed of repeating disaccharide units,
each consisting of a hexosamine (N-acetylgalactosamine or N-
acetylglucosamine) and a uronic acid (p-glucuronic acid or -
iduronic acid) or galactose, which can be differently sulfated
depending on the GAG family.? There are many types of GAGs,
and they are generally divided into four groups: (1) hyaluronic
acid or hyaluronan; (2) keratan sulfate; (3) chondroitin sulfate
(CS)/dermatan sulfate (DS); and (4) heparan sulfate (HS)/
heparin (H).

These anionic polymers are widespread in nature, occurring
in a great variety of organisms, such as vertebrates and terres-
trial or marine invertebrates. The extraction of GAGs from
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activity against angiotensin |-converting enzyme (ICso = 0.25 mg mL™Y). Overall, the results suggest that
this newly extracted CS/DS can be useful for pharmacological applications.

marine invertebrates has been well established; however, their
relative amounts, molecular masses and sulfation vary. These
marine animal sources include Norway lobster shell,® grey
triggerfish and smooth hound skins,” bony fishes,® sturgeon
cartilage,”® ray skin® and shark cartilage.*

Sulfated GAGs are extremely diverse in their molecular
weights and degrees and positions of sulfation, among other
properties. In particular, CS/DS isolated from the skin of marine
vertebrates such as corb, grey triggerfish, smooth hound and ray
have variable structures and disaccharide compositions.*™**
Indeed, CS/DS isolated from the skin of the corb and smooth
hound is predominately composed of monosulfated disaccha-
rides bearing sulfate groups at position C-4 of N-acetygalactos-
amine and disulfated disaccharides bearing esterified sulfate
groups at position C-2 of uronic acid and position C-4 of N-
acetygalactosamine.">"> However, DS from Raja clavata ray skin
has low sulfate content and is composed of non-sulfated and
monosulfated disaccharides bearing sulfate groups at positions
C-4 or C-6 of N-acetyl galactosamine (GalNAc).** Moreover, GAGs
possess various molecular masses and polydispersities
depending on the source. In this context, CS isolated from
‘terrestrial’ origins, such as bovine, porcine and avian cartilage,
generally has molecular weight values ranging from 13 to 26
kDa.™® In contrast, CS/DS from fish skin has molecular mass
values between 15.46 and 41.72 kDa.""*? In the same context, DS
isolated from the skin of the rays Ragja clavata and Raja radula
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has molecular masses of 31.2 kDa and 33 kDa, respectively.***”
According to their specific structures, GAGs are involved in
various biological processes, such as antihypertensive,'® anti-
coagulant and antithrombotic,"** anti-inflammatory,> cell
proliferation, cell differentiation, cancer metastasis, nerve
regeneration, and differentiation of stem cells through inter-
molecular interactions with different functional proteins.

Anticoagulant activity is among the most widely studied
properties of GAGs. Anticoagulants are extensively used in the
pharmaceutical field for treating major deadly diseases such as
stroke and myocardial infarction. In the treatment of these
conditions, medicines with antithrombotic, anticoagulant and
anti-platelet activities are mainly used. This is because they
inhibit enzymes of the coagulation pathway in the blood
circulation system or inhibit the activation and aggregation of
platelets. Actually, anticoagulants are derived from mammalian
animal sources, in particular H. Hence, there is always a threat
of various mammalian animal diseases which can affect human
health, such as mad cow disease.”” In order to develop and
extract anticoagulants from safer sources, seafood processing
by-products are considered to be a good choice.

Furthermore, hypertension is a major chronic disease which
affects 30% of the adult population worldwide.”® It is well
known that angiotensin I-converting enzyme (ACE) plays an
important role in the fluid and salt balance in mammals as well
as the renin-angiotensin and the kallikrein-kinin systems for
the regulation of blood pressure.** However, ACE catalyzes the
conversion of angiotensin I (an inactive decapeptide) into
angiotensin II by cleaving a dipeptide from its C-terminus.
Synthetic ACE inhibitors have side effects that include skin
rashes, allergic reactions, cough, headache and renal impair-
ment.” Therefore, the replacement of synthetic ACE inhibitors
by natural ones can have benefits in terms of health implica-
tions and functionality in food systems.

The present work was carried out to characterize and to
assess the in vitro anticoagulant and antihypertensive activities
of sulfated glycosaminoglycan extracted from the skin of
Atlantic bluefin tuna (Thunnus thynnus) (SGAT).

2. Materials and methods

2.1. Reagents

The chemicals and solvents used in the present study were
purchased at analytical grade or the highest level of purity
available. Alcalase® 2.4 L serine-protease from Bacillus lichen-
iformis was obtained from Novozymes® (Bagsvaerd, Denmark).
GAGs standard, CS from bovine trachea, DS from porcine
intestinal mucosa, and HS (heparan sulfate) from bovine kidney
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Chon-
droitinase ABC from Proteus vulgaris (EC 4.2.2.4), specific
activity of 0.5 to 2 units per mg, was obtained from Sigma-
Aldrich. Chondroitinase AC from Flavobacterium heparinum
(EC 4.2.2.5), specific activity of 0.5 to 2 units per mg, was ob-
tained from Sigma-Aldrich. Unsaturated chondro/dermato
disaccharides [ADiOS (AUA-[1— 3]-GalNAc), ADi4S (AUA-[1—
3]-GalNAc-4s), ADi6S (AUA-1— 3]-GalNAc-6S), ADi2S(AUA-2S-
[1—3]-GalNAc), ADi2,4diS (ADi-dis B, AUA-2S-{1— 3]-GalNAc-
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4S), ADi2,6diS (ADi-diS D, AUA-2S-[1— 3] GalNAc-6S), Adi4,6-
diS (ADi-diS E, AUA-[1— 3]-GalNAc-4,6diS), and ADi2,4,6triS
(ADitriS, AUA-2S-[1—3]-GalNAc-4S,6S)] were obtained from
Seikagaku Corporation (Tokyo City, Japan) and Sigma-Aldrich.
Diethylaminoethyl (DEAE)-cellulose was purchased from Phar-
macia (Uppsala, Sweden). Angiotensin I-converting enzyme
from rabbit lung and the ACE synthetic substrate hippuryl-r-
histidyl-i-leucine (HHL) were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Heparin sodium Choay was obtained
from Sanofi-Aventis (France).

2.2. Preparation of fish skin

Fish by-products were obtained from a local fish market in Sfax,
Tunisia. The samples were packed in polyethylene bags, placed
in ice with a sample/ice ratio of approximately 1 : 3 (w/w), and
transported to the research laboratory within 30 min. Upon
arrival, the samples were washed twice with water and sepa-
rated. Only the outer skin of the fish was collected; the skin was
then stored in sealed plastic bags at —20 °C until further use for
the extraction and analysis of GAGs.

2.3. Enzymatic extraction of sulfated glycosaminoglycans

GAGs were extracted according to a slightly modified version of
the method described by Ben Mansour et al.® In brief, the fish
skins were cut into small pieces and homogenized using
a Moulinex R62 homogenizer (Organotechnie, Courneuve,
France). A 5 g amount of sample was dissolved in 250 mL
sodium acetate (0.1 M), EDTA (5 mM), and cysteine (5 mM) at
pH 6. Alacalase® was added, and the mixture was maintained
for 24 h at 50 °C. The mixture was then allowed to cool to room
temperature and then filtered. The residue was washed with
distilled water and filtered again. The filtrates were mixed, and
the polysaccharides were precipitated with cetylpyridinium
chloride 10% (w/v). The mixture was maintained for 24 h at
room temperature and centrifuged for 30 min at 5000 RPM and
4 °C using a refrigerated centrifuge (Hettich Zentrifugen,
ROTINA 380R, Germany). The pellet was washed with cetylpyr-
idinium chloride 0.05% (w/v) and then dissolved in 200 mL
NaCl solution in ethanol (100 : 15, v/v). 700 mL of ethanol was
added. The polysaccharide-containing solution was maintained
for 24 h at 4 °C and then centrifuged for 30 min at 5000 RPM
and 4 °C. The pellet was washed twice with 80% ethanol and
then once with absolute ethanol. After that, the pellet was
redissolved in deionised water and lyophilized in a freeze dryer
(Martin Christ, Alpha 1-2 LDplus, Germany).

2.4. Purification of fish skin GAGs

The lyophilized sulfated GAGs were suspended in distilled water
and then fractionated by anion-exchange chromatography on
a DEAE-cellulose column (2 cm X 6 cm) equilibrated with
50 mM NaCl. The GAGs were eluted with a linear gradient of
NaCl from 50 mM to 2 M from 0 to 150 min at a flow of 1
mL min~". Two volumes of ethanol were added to the collected
fractions corresponding to single species of GAGs evaluated by
uronic acid assay,”® and the GAGs were precipitated at 4 °C.

This journal is © The Royal Society of Chemistry 2018
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After centrifugation at 10 000 g for 10 min, the pellet was dried
at 50 °C and solubilized in distilled water.

2.5. Chemical composition analysis

Total carbohydrates were determined by the phenol-sulphuric
acid method.”” Total uronic acid content was quantified color-
imetrically according to the method described by Cesaretti et
al.* The sulfate content in the GAGs was assessed by liquid-ion
chromatography (HPLC) on a Metrohm chromatograph equip-
ped with CI SUPER-SEP columns using phthalic acid and
acetonitrile as eluents. The test precision of the instrument was
about £2%. All measurements were performed in triplicate.

2.6. Determination of colour

The GAGs were placed between two steel dishes with a hole
5.7 cm in diameter. The colour of the film was determined with
a tristimulus colorimeter (CHROMA METER CR-400/410.
KONICA MINOLTA, Japan) using the CIE Lab scale (C/2°),
where L*, a* and b* are the parameters that measure lightness,
redness and yellowness, respectively. A standard white plate was
used as a reference. The results were the average of three
measurements taken at ambient temperature at different points
on the samples.

2.7. Cellulose acetate electrophoresis

The cellulose acetate electrophoresis was performed as follows:
3.5 ng of the GAG standard solution containing DS, CS and HS
and 3.5 pg of the purified sulfated GAGs from fish skins were
placed at the origin (10 mm from the cathode side) of a cellulose
acetate strip (Sartorius). Electrophoresis was carried out in Zn-
acetate 0.1 M pH 6 buffer run at 60 V at room temperature for
2 h. After electrophoresis, the cellulose acetate strip was stained
with alcian blue.”®

2.8. UV spectroscopy analysis

The CS/DS solution was prepared by suspending the sample in
distilled water to a concentration of 1.0 mg mL ' for UV
measurement in the wavelength range of 190 to 700 nm.
Distilled water was used as a control in all processes.

2.9. CS/DS molecular mass determination

The molecular mass of CS/DS obtained from Atlantic bluefin
tuna skins (SGAT) was determined by PAGE according to Edens
et al.”?® 15 pg of the purified CS/DS determined by uronic acid
assay were layered on the gel. The related calibration curve was
constructed using oligosaccharide standards of known molec-
ular mass prepared from CS Buzzega et al*® After a run of
40 min at 100 V, the gel was stained with toluidine blue (0.1% in
1% acetic acid) for 30 min, followed by destaining in 1% acetic
acid. Molecular mass evaluation was performed by densito-
metric acquisition of the bands and comparison of their
migration times on the calibration curve constructed by plot-
ting the retention times of the standards against the logarithms
of their molecular mass values.

This journal is © The Royal Society of Chemistry 2018
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2.10. Infra-red spectroscopic analysis

The absorption spectra of the samples were obtained using
FTIR spectroscopy (Analect Instruments fx-6160). The FTIR
spectra of the prepared materials were recorded between 450
and 4000 cm ! in a NICOET spectrometer. The transmission
spectra of the samples were recorded using KBr pellets con-
taining 0.1% of sample.

2.11. NMR analysis

The "*C NMR spectrum of purified CS/DS was recorded at 298.1
K on a Bruker ASX300 instrument equipped with a 5 mm
diameter tunable probe using Bruker software. The sample was
prepared by dissolving 30 mg in 1 mL of D,O at a high level of
deuteration (99.997%) to avoid the presence of relatively high
water. The final solution was transferred to an NMR tube. The
spectra were recorded at temperatures of 25 °C to 28 °C at
100.62 MHz unless otherwise specified. ">C chemical shifts (d,
ppm) are quoted with respect to external sodium 4,4-dimethyl-
4-silapentane-1-sulfonate (0.0 ppm).

2.12. Enzymatic treatments and disaccharide composition
evaluation

After treatment of the purified CS/DS samples with chon-
droitinase ABC or AC, the generated unsaturated disaccharides
were separated and quantified by anion-exchange (SAX) by
means of HPLC equipment from Jasco equipped with a 150 mm
x 4.6 mm Spherisorb 5-SAX stainless-steel column (5 pm, tri-
methylammoniopropyl groups Si-CH,-CH,-CH,-N'(CHj3); in
Cl™ form, Phase Separations Limited, Deeside Industrial Park,
Deeside Clwyd, U.K.) and detection at 232 nm. Isocratic sepa-
ration was performed using 50 mM NaCl at pH 4.00 for 5 min
followed by a linear gradient from 5 to 60 min of 50 mM NacCl to
1.2 M NaCl at pH 4.00 at a flow rate of 1.2 mL min~'. Authentic
unsaturated standard disaccharides were used for qualitative
and quantitative purposes.

2.13. Anticoagulant activity of sulfated glycosaminoglycans

The activated partial thromboplastin time (aPTT), thrombin
time (TT) and prothrombin time (PT) assays were performed
using a semi-automatic line STA (Diagnostica Stago). The
samples were dissolved in distilled water. All analyses were
performed in triplicate, and mean values were considered.

2.13.1. aPTT assay. For the aPTT assay, 45 pL of normal
citrated platelet poor plasma (PPP) were mixed with 5 uL of
purified CS/DS at various concentrations and incubated for
3 min at 37 °C. Then, 50 uL of APTT reagent (CK-PREST) were
added, and the mixture was incubated for 3 min at 37 °C. The
clotting time was immediately measured after the addition of
100 puL of 25 mM CaCl,. The clotting time is expressed in
seconds and as a ratio, where the average value of a normal
subject was less than 1.2. The negative and positive controls
were established by replacing 5 pL of SGAT with distilled water
and heparin, respectively.

2.13.2. PT assay. For the PT assay, 5 pL of purified CS/DS at
various concentrations were incubated with 45 pL of PPP for

RSC Adv., 2018, 8, 37965-37975 | 37967
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3 min at 37 °C. The clotting time was determined after the
addition of 100 pL of Néoplastine® CI (DIAGNOSTICA-STAGO).

2.13.3. TT assay. For the TT assay, volumes of 5 pL of
purified CS/DSat different concentrations were incubated with
45 pL of PPP for 3 min at 37 °C. The clotting time was recorded
after the addition of 100 pL of thrombin (80 NIH).

2.14. Hemolytic activity

The hemolytic activities of the purified CS/DS were determined
by a slightly modified version of the method described by Dathe
et al.*

2.15. Angiotensin-I-converting enzyme inhibitory activity

The ACE inhibitory activity was measured in triplicate as
previously described by Nakamura et al.>* A sample solution (80
uL) containing different concentrations (0.2 to 0.8 mg mL ') of
purified CS/DS from the skin of Atlantic bluefin tuna (SGAT) was
mixed with 200 pL of 5 mM HHL and then preincubated for
3 min at 37 °C. SGAT and HHL were prepared in 100 mM borate
buffer (pH 8.3) containing 300 mM NaCl. The reactions were
then initiated by adding 20 pL of 0.1 U mL~" ACE from rabbit
lung prepared in the same buffer. After incubation for 30 min at
37 °C, the enzyme reactions were stopped by the addition of 250
pL of 0.05 M HCI. The liberated hippuric acid (HA) was extracted
with ethyl acetate (1.7 mL) and then evaporated at 90 °C for
10 min by rotary evaporation under reduced pressure (rotary
evaporator, Heidolph, Germany). The residue was dissolved in
1 mL of distilled water, and the absorbance of the extract at
228 nm was determined using a UV-visible spectrophotometer
(UV mini 1240 UV/VIS spectrophotometer, Shimadzu, China).
The average value from three determinations at each concen-
tration was used to calculate the ACE inhibition rate as follows:

B—-4

where A refers to the absorbance of HA generated in the pres-
ence of ACE inhibitor, B is the absorbance of HA generated
without ACE inhibitor (100 mM borate buffer at pH 8.3 was used
instead of purified CS/DS), and C is the absorbance of HA
generated without ACE (corresponding to HHL autolysis in the
course of the enzymatic assay).

The ICs, value, defined as the concentration of purified CS/
DS(mg mL™") required to inhibit 50% of ACE activity, was
calculated for each sample using non-linear regression from
a plot of the ACE inhibition rate versus the sample
concentration.

ACE inhibition (%) =

2.16. Statistical analysis

All results were expressed as the mean standard deviation (SD).
Data were analyzed using the SPSS statistics program (SPSS 10.0
for Windows, SPSS Inc., Chicago, IL). Statistical differences
between sample treatments were determined by one-way anal-
ysis of variance (ANOVA), and p < 0.05 was considered statisti-
cally significant.
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3. Results and discussion

3.1. Extraction, purification and chemical composition of
sulfated glycosaminoglycans

GAGs were extracted for the first time from the skin of Atlantic
bluefin tuna (SGAT). After proteolytic treatment, SGAT was
purified on an anion-exchange resin. Based on the wet weight,
a sulfated GAGs extraction yield of about 7.78% was obtained.
This yield was similar to those previously reported for skins of
grey triggerfish and smooth hound.® The approximate compo-
sition of the purified SGAT is shown in Table 1. The total sugars
of SGAT determined by the phenol/sulfuric acid method was
about 80.12%. The sugar content was similar to those reported
for sulfated polysaccharides from squid (85.06%)* and red
seaweed (85.6%).** Furthermore, quantitative analyses by the
carbazole method showed that SGAT contained 69% uronic
acid. This is similar to the uronic acid amount previously
described for CS/DS from grey triggerfish skins (70%)."

The values recorded for the sulfate content in SGAT were
25.43 + 1.6%. These values are similar to the sulfate amounts
previously described by Ben Mansour et al.* for sulfated GAGs
extracted from ray skins (25%). However, they are higher than
those previously described for polysaccharides extracted from
grey triggerfish (8.13%) and smooth hound (8.77%).> It may
therefore be concluded that the amount of sulfate in GAGs
depends on their origin, nature of raw material, and type of
extraction. Duarte et al®® indicated that the bioactivities of
polysaccharides depend on the degree and position of sulfation.

Generally, color influences the overall acceptability of prod-
ucts. In this respect, the analysis revealed that the colour of
SGAT was light (80.74). The results also showed that SGAT
displayed a relatively high degree of redness (a* = 15.71) but
showed low yellowness (b* = 1.7).

3.2. Purity identification and acetate cellulose
electrophoresis

The ultraviolet-visible spectrum of SGAT in the range of 190 to
700 nm is presented in Fig. 1A. The SGAT sample showed
a stronger absorption peak at 200 to 205 nm, which is charac-
teristic of polysaccharides. However, SGAT had no absorbance
at 260 or 280 nm, indicating the absence of nucleic acids and

Table 1 Chemical composition of sulfated glycosaminoglycans puri-
fied from Atlantic bluefin tuna skin (SGAT). Values are given as mean +
SD from triplicate determinations. The physico-chemical composition
was calculated based on dry matter

SGAT

Total sugar (%) 80.12 £ 1.29
Uronic acid (%) 69 £ 0.14
Sulfate (%) 25.43 + 1.6
Colour

L* 80.74 £ 0.3
a* 15.71 £ 0.12
b* 1.7 £ 0.06
Yield (%) 7.78 + 0.7

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (A) UV spectrum of the sulfated glycosaminoglycans purified from Atlantic bluefin tuna skin (SGAT) in the wavelength range from 190 to

700 nm obtained using a UV-vis spectrophotometer. (B) Acetate cellulose electrophoresis of sulfated glycosaminoglycans from Atlantic bluefin
tuna skin. Standard GAGs (dermatan sulfate (DS), chondroitin sulfate (CS) and heparan sulfate (HS)) (Track 1), purified GAGs from Atlantic bluefin
tuna skin (Track 2). (C) PAGE analysis of CS/DS purified from Atlantic bluefin tuna skin (SGAT). The calibration curve was constructed using
standards prepared from chondroitin sulfate with known molecular masses of 4.63 kDa, 16.75 kDa and 28.34 kDa.

proteins. The UV spectrum of sulfated GAGs extracted from
Norway lobster showed an extremely weak absorbance at
280 nm, indicating that the sample contains very small
amounts of proteins.*

The analysis of SGAT by cellulose acetate electrophoresis
revealed two single bands visualized with alcian blue and
migration; these bands were chondroitin sulfate (CS) and der-
matan sulfate (DS) (Fig. 1B). In the same context, Ben Mansour
et al.* reported the isolation of hyaluronic acid and dermatan
sulfate from ray skin. Furthermore, Krichen et al.*® reported that
sulfated GAGs from the skins of smooth hound and grey trig-
gerfish revealed the presence of hyaluronic acid (HA), chon-
droitin sulfate (CS) and dermatan sulfate (DS).

This journal is © The Royal Society of Chemistry 2018

3.3. Fish CS/DS molecular mass determination

It is well known that GAGs from different sources have variable
structures and properties. In particular, they can have repeating
disaccharides with various numbers and positions of sulfate
groups as well as various amounts. Moreover, GAGs possess
various molecular masses and polydispersities depending on
the source. The PAGE analysis of SGAT was calculated based on
a calibration curve of CS fractions of known molecular masses
(Fig. 1C). The results showed that SGAT had a molecular mass of
around 24.07 kDa. This molecular mass was similar to that re-
ported for CS/DS from grey triggerfish (23.8 kDa).* In the same
context, Chatziioannidis et al.'” and Ben Mansour et al.™® iso-
lated DS with molecular weights of 31.2 kDa and 33 kDa from
skins of the rays Raja clavata and Raja radula, respectively.

RSC Adv., 2018, 8, 37965-37975 | 37969
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Moreover, Maccari et al.® confirmed that the molecular mass
values of CS from bony fishes ranged from 13.46 to 48.68 kDa.

3.4. Infra-red spectroscopic analysis

FTIR spectroscopy was performed in the 4000 to 450 cm*

region to further characterize and corroborate the data obtained
for SGAT. As shown in Fig. 2A, the spectrum showed strong OH
stretches at 3394 cm™' and 3150 cm™'. The small band
observed at around 2354 cm™ " was attributed to C-H stretch-
ing.*” Furthermore, the presence of uronic acid was evidenced
by a strong absorbance band at 1650 cm ™' (C=0 stretching).*”
The most intense band was observed at 1390 cm™*, corre-
sponding to ester sulfate groups (S=O0). The presence of sulfate
(C-0-S) was also confirmed by the absorption at 792 cm™*.3®

3.5. NMR analysis

The *C NMR spectrum of SGAT is shown in Fig. 2B. The
inspection of the 50 to 70 and 100 to 110 ppm regions revealed
a relatively high amount of CS/DS sulfated in position 4 or 6 of
the GalNAc.”* In the '*C NMR spectra, two anomeric carbon
signals at 104.1 and 102.08 ppm were attributed to GlcA and
GalNAc, respectively. Indeed, the signals at 104.1 and 102.08
were assigned to C1 of GlcA and to C1 of GalNAc-6SO,,
respectively, and the signals at 104.03 and 101.11 were assigned
to C1 of GlcA and to C1 of GalNAc-4SO,, respectively. These

3394
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results were similar to those described for sturgeon CS.” Addi-
tionally, Mou et al.*® reported that the signal at 103.8 can be
attributed to C1 of GlcA in the spectrum of fucosylated CS from
sea cucumber. The signals between 50 and 85 ppm were
attributed to the chemical shifts of carbon in the glycosylic rings
of different monosaccharide residues. Furthermore, the signal
at 72.06 was related to C6 of GalNAc-6SO,, and an additional
signal at 62.5 indicated C6 of GalNAc-4SO,; this peak may shift
to a higher magnetic field because of the substitution of sugar.

Coppa et al.** reported that the signals at 70.5 and 64.1 in the
spectrum of CS from the Italian cheese Parmigiano-Reggiano
indicated that C6 of GalNAc residues was sulfated in positions
6 and 4, respectively. Therefore, the >C NMR spectrum of SGAT
confirmed that this polymer contains a high amount of CS/DS
sulfated in positions 4 and 6 of the GalNAc.

3.6. Enzymatic treatments and disaccharide evaluation of
CS/DS

To characterize the structures of GAGs from fish skins, the
purified CS/DS were subjected to treatment with two lyases,
chondroitinase ABC and AC, while the unsaturated disaccha-
rides were analyzed by SAX-HPLC (Fig. 2C).

Chondroitinase ABC is an endolytic lyase that can totally
degrade DS and CS.*” GAG lyase enzymes act through an elim-
inative mechanism to cleave a HexNAc-HexA bond, leaving

v
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Fig.2 Structural characterization of SGAT. (A) FT-IR spectrometry of purified CS/DS from Atlantic bluefin tuna skin (SGAT). (B) *C NMR spectrum
of the purified CS/DS from Atlantic bluefin tuna skin. (C) SAX-HPLC separation of the unsaturated disaccharides produced by CS/DS purified from
Atlantic bluefin tuna skin and treated with chondroitinase ABC or AC. ADiOS (AUA-GalNAc), ADi6S (AUA-GalNAc6S), ADi4S (AUA-GalNAc4S),
ADi2,6diS (AUA2S-GalNAc6S) ADi4,6diS (AUA GalNAc4, 6diS), ADi2,4diS (AUA2S-GalNAc4S), ADi2,4,6triS (AUA2S-GalNAc4,6 diS). The identities
of the disaccharide species were determined by co-elution with purified standards (Seikagaku Co./Sigma-Aldrich). All measurements were

performed in triplicate.
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a (4,5)-unsaturated (termed A unsaturated) HexA residue at the
new non-reducing terminus.

As shown in Table 2, chondroitinase ABC produced various
unsaturated disaccharides in different percentages from GAGs
purified from Atlantic bluefin tuna skin. The percentage of
nonsulfated disaccharide Di0S of SGAT was trace (0.671%),
while the percentages of monosulfated disaccharides ADi6S
and ADi4S were evaluated to be 2.138 and 74.376, respectively.
Additionally, Krichen et al.** reported that the percentages of
monosulfated disaccharides ADi6S and ADi4S recorded in grey
triggerfish skins were 18.2 and 59.0, respectively. Furthermore,
Maccari et al.® reported that CS extracted from tuna cartilage
contained 28.3% ADi4S and 63.2% ADi6S. In contrast, Hashi-
guchi et al.*® reported that CS extracted from ray fish cartilage
contained 61.9% ADi6S and 27.0% ADi4S. Interestingly, dis-
ulfated disaccharides were observed in SGAT at different rates.
SGAT contains a low percentage of disulfated disaccharide
ADi2,6diS (1.016%), while the disulfated disaccharide ADi2,4-
diS was found in elevated amounts (14.135%). However, this
amount was lower than that previously described by Krichen
et al.*> for CS/DS from smooth hound skin (20.1%). Addition-
ally, it is higher than the amount of disaccharide sulfated in
positions 2 and 4 in CS/DS from grey triggerfish skin (7.03%).
Furthermore, the results revealed that SGAT had little trisac-
charide content (0.75%). The presence of disulfated disaccha-
rides produced a high overall charge density of SGAT, which was
1.23. This value is similar to that reported for CS/DS from grey
triggerfish and smooth hound skins.*

View Article Online
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In order to obtain more accurate structure information for
SGAT, it was subjected to treatment with chondroitinase AC.
This enzyme cleaves GalNAc-GlcA bonds where GalNAc is 4- or
6-O-sulfated but is inactive against GalNAc-IdoA bonds. There-
fore, it is only able to cleave chondroitin sulfate. As shown in
Fig. 2C and Table 2, chondroitinase AC produced various
unsaturated disaccharides in different percentages from SGAT.
The analysis by SAX-HPLC chromatography showed that the two
chromatograms distinguished disulfated disaccharides in
positions 2 and 4 and disulfated disaccharides in positions 2
and 6. By treatment with chondroitinase AC, SGAT was found to
be very particular because of the presence inside the poly-
saccharide backbone of a high percentage of disaccharides with
two sulfate groups in positions 2 and 6 of N-acetyl-
galactosamine (3.55%). Furthermore, more of the disulfated
disaccharide in positions 2 and 4 (Di2, 4 dis) was produced by
chondroitinase ABC than AC (14.13% and 3.29%, respectively);
this confirms increased concentrations of DS, considering that
Di4S and Di2,4diS mainly belong to DS as opposed to the Di6S
and Di2,6diS species, which belong to CS.*

The percentages of CS and DS were determined by calcu-
lating the proportion of the total area of the chromatogram of
the AC-samples and the total area of the ABC-samples. In fact,
our results suggest that the percentages of CS and DS recovered
in SGAT were 39.5% and 60.5%, respectively.

3.7. Biological functions of purified CS/DS

On the basis of the numbers and positions of sulfate on the
disaccharides, the biological functions of GAGs are highly

Table 2 Amount, disaccharide composition and charge density of CS/DS purified from Atlantic bluefin tuna skin (SGAT)*

OR’
H
+ COOH CHOK
G 1
1 H,0H
HO 3 NH
OR /
COCH,
SGAT
Chondroitinase
Chondroitinase AC ABC
ADi0S (AUA-GalNAc) (%) 1.566 0.671
ADi6S (AUA-GalNAc 6S) (%) 2.075 2.138
ADi4S (AUA-GalNAc 4S) (%) 79.286 74.376
ADi2, 6S (AUA2S-GalNAc 6S) (%) 3.555 1.016
ADi4, 65 (AUA 4S-GalNAc 6S) (%) 7.049 6.912
ADi2, 4S (AUA2S-GalNAc 4S) (%) 3.292 14.135
ADi2, 4,6 Tris (AUA2S-GalNAc 4,6 diS) (%) 3.180 0.753
Charge density 1.19 1.23

“The scheme illustrates the CS/DS unsaturated disaccharides produced by the action of chondroitinase lyases. CS, chondroitin sulfate; DS,
dermatan sulfate, A UA, 4,5-unsaturated uronic acid; GalNAc, N-acetyl-galactosamine; S, sulfate group. The percentage of each identified
disaccharide was determined by purified standards (Seikagaku Co./Sigma-Aldrich) and reported as the weight percentage. Charge density was
calculated by considering the number of sulfated groups per disaccharide unit.

This journal is © The Royal Society of Chemistry 2018
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diversified. Accordingly, in the present study, we investigated
the anticoagulant and antihypertensive activities of SGAT.
3.7.1. Anticoagulant activity. The effects of SGAT on coag-
ulation time were investigated by the aPTT, PT and TT coagu-
lation assays. These tests were used to distinguish the
coagulation phases. aPTT is related to the intrinsic coagulation
phase in plasma, PT is related to the extrinsic phase, and TT is
associated with the fibrin formation phase in plasma.*>*®
Numerous reports have revealed that the aPTT test provides
information about bleeding risk in preoperative evaluation,
monitoring of antithrombotic treatment with heparin and
screening of thrombosis risk factors. The anticoagulant activity
of SGAT determined with the aPTT test is shown in Fig. 3A. The
purified SGAT prolonged the anticoagulant activity in
a concentration-dependent manner. Further, the addition of
500 pg mL~" of SGAT in the reaction medium caused a signifi-
cant (p < 0.05) prolongation of the clotting time. The ratio,
which reflects the increase in the clotting time of plasma
compared to the clotting time of control plasma, is equal to 2.08
at 500 ug mL ", In this context, Sayari et al* reported that
sulfated GAGs from Norway lobster shell prolonged
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anticoagulant activity 3 times more than the control at
a concentration of 100 pug mL™'. Furthermore, Ben Mansour
et al.® reported concentration-dependent anticoagulant activity
as measured by aPTT which was 2 to 3-fold lower than that of
heparin for the skin of the ray Rgja radula. The anticoagulant
activity of SGAT, revealed by aPTT assay prolongation, was ex-
pected because sulfate groups are necessary to provide antico-
agulant effects of polysaccharides. These are not only
dependent on the sulfate content but also on the position of the
sulfate groups and the molecular weight.*** Previous studies
have indicated that the aPTT assay results of the low molecular
weight fraction of GAGs from sea cucumber (M,, = 24.755 kDa)
are similar to those of heparin, with significantly fewer side
effects.*® In the present work, the in vitro anticoagulant activity
of SGAT showed relationships with the concentration, the
position and amount of sulfate groups and the molecular mass
(MM = 24.07 kDa).

Furthermore, it is highly important to compare the effects of
SGAT and commercial heparin used as a positive control on
clotting times. Heparin caused a significant prolongation of
aPTT, and its clotting times were higher than those of SGAT.

40
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Fig. 3
measurement of the activated partial thromboplastin time (@PTT). (B)

(A) Anticoagulant activity of the purified CS/DS from Atlantic bluefin tuna skin (SGAT) at different concentrations evaluated by

Anticoagulant activity of SGAT at different concentrations evaluated by

measurement of the thrombin time (TT). (C) Anticoagulant activity of SGAT at different concentrations evaluated by measurement of the
prothrombin time (PT). All results are expressed as mean + SD (n = 3) and all measurements were performed in triplicate.
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Indeed, the use of 7 ug mL~" of heparin prolonged the coagu-
lation time, which reached a value greater than 120 s. This
clotting time value indicates that heparin can induce high risk
of bleeding. As reported in Table 3, the aPTT anticoagulant
activity of SGAT was evaluated using a parallel standard curve
based on the International Heparin Standard. The aPTT anti-
coagulant activity of SGAT required 44.5 TU mg™ ' at 500 pg
mL~". These obtained results were lower compared to the
anticoagulant effect of sulfated GAGs from A. pleuronectus.*

The anticoagulant effect of purified CS/DS was also evaluated
via TT assay. This test is a measure of the conversion of
fibrinogen to fibrin by high doses of thrombin, and an increase
in TT suggests either thrombin inhibition or impaired fibrin
polymerization.*® The TT results of SGAT at different concen-
trations are presented in Fig. 3B, which demonstrates that TT
was prolonged in a concentration-dependent manner. Inter-
estingly, SGAT significatively prolonged TT about 2.33 (40.1 s &+
0.14 s) times more than the control at a concentration of 50 pg
mL~". In this respect, Yang et al.*® studied the anticoagulant
activity of GAGs from sea cucumber (Apostichopus japonicas)
using the TT assay; they reported that the activities of GAGs
were slightly higher than that of heparin at similar concentra-
tions. Furthermore, the TT of SGAT was more prolonged than
that previously described for the polysaccharides from Gentiana
scabra Bunge roots (1.1 fold at the concentration of 1.5 mg
mL~").* Thus, the anticoagulant effects of SGAT can be
explained by inhibition of fibrin formation, which is associated
with intrinsic pathway inhibition.

Compared with the positive control, the TT of SGAT was
lower than that of heparin. Indeed, the use of 7 ug mL™" of
heparin prolonged the coagulation time by more than 60 s.
Following this, the TT assay of SGAT reported a clotting time of
20.86 IU mg ™' at 50 pg mL~* (Table 3).

The PT test is used to characterize extrinsic coagulation
factors. An abnormal or prolonged PT generally designates
a deficiency in one or more factors in the extrinsic or common
pathway of blood coagulation. This deficiency may be caused by
vitamin K deficiency, hereditary coagulation disorders, liver
disease or drug administration.

The anticoagulant activity of SGAT was also evaluated by its
ability to extend the prothrombin time (PT). As shown in
Fig. 3C, SGAT prolonged the anticoagulant activity in

Table 3 Anticoagulant activity of sulfated glycosaminoglycans puri-
fied from Atlantic bluefin tuna skin (SGAT)®

aPTT TT

pg mL ! IUmg ' pg mL ! IUmg '
SGAT 25 14.39 6.25 10.8

50 17.57 12.5 13

100 19.88 25 18.1

200 27.79 50 20.86

500 44.5 — —

“ The activity was expressed as international units per mg using
a parallel standard curve based on the International Heparin Standard.

This journal is © The Royal Society of Chemistry 2018
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a concentration-dependent manner. Furthermore, SGAT
showed significantly prolonged PT about 1.28 fold greater than
that of the control at a concentration of 500 pg mL™". Indeed,
SGAT showed a more prolonged PT than that previously
described for sulfated GAGs from grey triggerfish (1.1 fold at the
same concentration); however, the PT was shorter than that
previously described for sulfated GAGs from smooth hound
(1.55 fold at 500 pg mL™").2° These results indicate that SGAT
has important anticoagulant activity in the extrinsic pathway of
blood clots. In this assay, it is impossible to evaluate the PT of
heparin because the reagent used (neoplastin) contains
a heparin-neutralizing agent.

To conclude, these results suggest that the purified CS/DS
recovered from Atlantic bluefin tuna skin may be utilized as
an anticoagulant agent both in the inhibition of the intrinsic
and extrinsic or common blood coagulation pathways, probably
with fewer bleeding side effects than heparin. It has been re-
ported that there is a relationship between the anticoagulant
activity and structure of GAGs, such as the degree of sulfation,
sulfation position, molecular weight, type of sugar, glycosidic
branching and three-dimensional structure of the sulfated
polysaccharide.” In this context, Pereira et al.>® reported that
the disaccharide unit of GAGs monosulfated at the 4-position
(Di4S) and/or disulfated at the 2- and 4-positions (Di2,4diS) is
necessary for thrombin inhibition by activating heparin
cofactor II and antithrombin, respectively. This is in line with
the results of our SAX-HPLC analysis.

3.7.2. Hemolytic activity of SGAT. The clinical use of
heparin leads to undesirable effects such as hemorrhagic
complications due to its capacity to interfere with the hemo-
static balance. Thus, it is important to investigate the effects of
SGAT on haemostasia (data not shown). The hemolytic activity
of SGAT was tested on bovine erythrocytes. Several sample
concentrations were tested (25 to 500 pg mL™'). For all
concentrations, no hemolysis was observed. These results show
that SGAT will be non-toxic even if used at high concentrations.

3.7.3. Angiotensin-I-converting enzyme inhibitory activity.
The inhibition of angiotensin I-converting enzyme (ACE) using
dietary anti-hypertensive agents is a potentially important
strategy to manage hypertension. In this regard, recent research
has demonstrated that the ACE inhibition can be considered as
a useful therapeutic approach to treat high blood pressure.
Because synthetic ACE inhibitors may be a source of adverse
side effects, bioactive molecules with antihypertensive activity
are receiving much interest because of their beneficial effects in
cardiovascular diseases.

The purified SGAT was evaluated in terms of its ACE-
inhibitory activity. As shown in Fig. 4, SGAT exhibited
concentration-dependent ACE inhibitory activity. SGAT was also
noted to exhibit strong ACE-inhibitory activity, with the highest
levels (70.81%) being observed at a concentration of 0.8 mg
mL ™. The ICs, value, defined as the concentration of inhibitor
required to prevent 50% of ACE activity, was calculated to be
0.25 mg mL ™. This IC5, value is higher than the IC5, of sulfated
polysaccharides from grey triggerfish and smooth hound.™

However, Tan and Gan®* demonstrated that the ACE inhibi-
tory activity of polysaccharides may be due to the presence of
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Fig. 4 Angiotensin I-converting enzyme inhibitory activity of SGAT. The values are the means of three replications + SD.

uronic acid, which can be ionized. This process creates an
acidic environment, which is not suitable for ACE because its
optimum pH is 8.3. Under acidic conditions, ACE would be
denatured and therefore lose its activity.

4. Conclusion

CS/DS were extracted and purified for the first time from the
skin of Atlantic bluefin tuna, and their structural characteriza-
tion and properties are described in the present study.
Furthermore, on the basis of the collected data, CS/DS from
tuna skin showed high percentages of monosulfated and dis-
ulfated disaccharides produced by chondroitinase ABC and AC.
SGAT had effective in vitro anticoagulant activity; it prolonged
blood clotting time based on activated partial thromboplastin
time (aPTT), thrombin time (TT) and prothrombin time (PT)
tests and exhibited strong ACE-inhibitory activity. Finally, these
new CS/DS are potentially useful for pharmacological
applications.
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