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ARTICLE INFO ABSTRACT

Keywords: This work is related to the structural characterization of the sulfated polysaccharide from Lessonia sp and the
Fucoidan study of its antioxidant and antiparasitic properties. Sequential extraction afforded D-mannitol as the only low
Sulfated fucan MW sugar alcohol. Extraction with 2% CaCl, afforded in 3.0% yield, a sulfated fucan (SF). Its major fraction
222:;‘;‘;21; (48.5% yield), isolated by ion-exchange chromatography corresponds to a linear polymer of a-L-fucopyranosil

residues linked 1-3, sulfated at the O-4 and partially at O-2 positions. By alkaline extraction, sodium alginate
(10.3% yield) was obtained. The antioxidant capacity of SF by ESR showed high elimination index (IC5,, mg/mL)
of hydroxyl (0.27), alkoxy (10.05), and peroxyl (82.88) radicals in relation to commercial mannitol. SF showed
activity against the epimastigote form of Trypanosoma cruzi parasite (250 pg/mL) and low cytotoxicity in murine
cells (367 ug/mL). The elimination capacity of radicals in aqueous medium of SF would allow its potential bio-

Biological activities

medical application.

1. Introduction

This study is based on field detections of Lessonia individuals with
a peculiar morphology in the southern part of the sub-Antarctic ecore-
gion of Magallanes. The morphotype had a typical Lessonia morphology
and anatomy, with the emergence of several thick stipes from a mas-
sive holdfast of partially fused hapteria, bifurcated stipes that differen-
tiate into flat laminae at their apical part. Blade and stipe have a cen-
tral, filamentous medulla, extensive cortex of relatively small cells with
mucilage cavities, and outer layer of meristoderm. The range distribu-
tion of the corrugated morphotype seems restricted to the southernmost
coasts of the sub-Antarctic ecoregion of Magallanes.

The major polysaccharide produced by brown algae is alginic acid,
a copolymer of p-D-mannuronic acid and a-L-guluronic acid (Haug,
Larsen, & Smidsrgd, 1974; Painter, 1983). Previously, it was found that
alkaline extraction of Lessonia sp afforded sodium alginate with a man-
nuronic (M) to guluronic acid (G) ratio (M/G) of 1.29. Partial hydroly-
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sis of the alginate showed that it was mainly composed of a homopoly-
mannuronate fraction (52%), whereas alginate (M/G 1.51) obtained
from Macrocystis pyrifera collected in the Magellan Region contained
30.4% homopolymannuronate fraction (Cardenas-Jirén, Leal,
Matsuhiro, & Osorio-Roman, 2011; Matsuhiro, Martinez-Gémez, &
Mansilla, 2015). On the other hand, alginates from Lessonia vadosa,
showed lower M/G ratios (0.33-0.90). However, only the alginate from
seaweed samples collected in spring showed to be enriched in polygu-
luronic acid (55.7%) (Chandia, Matsuhiro, Mejias, & Moenne, 2004). In
the case of Lessonia flavicans (M/G 1.03), partial hydrolysis of the al-
ginate indicated the major presence of polymannuronate block fraction
(41.3%) (Leal, Matsuhiro, Rossi, & Caruso, 2008). Besides alginic acid,
brown seaweeds produce sulfated fucans, mainly composed of L-fucopy-
ranosyl residues linked al—3 and al1—4 bonds; in addition to substitu-
tion by hemi-ester sulfate groups, fucans may contain D-xylose, D-galac-
tose, D-mannose, D-glucose and D-glucuronic acid (2004, Bilan et al.,
2002; Chevolot, Mulloy, Ratiskol, Foucault, & Colliec-Jouault, 2001;
Painter, 1983; Patankar, Oehninger, Barnett, Williams, & Clark,
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1993, 2017). According to Li, Lu, Wei, and Zhao, (2008), the term
fucoidan refers to polysaccharides that contain L-fucose and sulfate
groups. Sulfated fucans and fucoidans exhibit amongst other antico-
agulant, anti-inflammatory, antitumor and antiviral properties (Ale,
Mikkelsen, & Meyer, 2011; Berteau & Mulloy, 2003; Croci et al., 2011;
Cunha & Grenha, 2016; Jiang et al., 2010; Nagumo & Nishino, 1996;
Pomin & Mour@o, 2008; Wijesinghe & Jeon, 2012). Lorbeer et al. (2017)
have recently conducted the sequential extraction of four brown sea-
weeds from southern Australia, among them M. pyrifera. They reported
that M. pyrifera contained alginic acid (12%) and a heteropolysaccha-
ride (5.1%) mainly composed of fucose within 18.6% of sulfate groups.
It is interesting to note that M. pyrifera collected in the Magellan Re-
gion, Chile, also produced sulfated polysaccharides (1.5%) whereas the
major fraction (60%) was a fucoidan containing 32.9% of sulfate groups
and 3.6% of uronic acids; 2D NMR spectroscopy studies suggested the
presence of al—3 linked fucopyranosyl residues completely sulfated at
the O-2 position and partially substituted at the O-4 position by sul-
fate groups or 3-O-sulfated fucopyranosyl residues (Reyes, 2011). Like-
wise, sequential extraction of L. vadosa from Southern Chile showed
to contain alginic acid (17.0%) and a sulfated fucan (2.9%) (Chandia,
Matsuhiro, Ortiz, & Mansilla, 2005). On the other hand, extraction of L.
vadosa with 2% aqueous CaCl, afforded a fucoidan with 37.7% of sulfate
groups; solvolytic desulfation and free radical depolymerization of the
native polysaccharide allowed to establish that it was mainly composed
of 1-3 linked a-L-fucopyranosyl residues sulfated at the O-4 position
and partially sulfated at the O-2 position. This fucoidan showed good
anticoagulant activity and elicitor activity in tobacco plants (Chandia
& Matsuhiro, 2008). In addition, the antioxidant capacity was assayed
of native fucoidan from L. vadosa, as well as their partially depolymer-
ized and over-sulfated derivatives; it was found by ABTS°*, ORAC and
scavenging activity towards hydroxyl radicals, that the sulfate group in
the O-2 position should decrease the anomeric hydrogen bond energy
and increase the hydrogen atom abstraction reaction rate (Barahona,
Chandia, Encinas, Matsuhiro, & Zafiga, 2011, 2014; Torres et al., 2014).

On the other hand, the biological activities of polysaccharides have
been described, such as: anticoagulant, antithrombotic, antitumor, an-
tiviral and anti-inflammatory properties, among others (Yu, Shen, Song,
& Xie, 2018). However, the antiparasitic activity of sulfated polysac-
charides has been little explored; despite this, it has been reported
that sulfated polysaccharides of the red alga Solieria filiformus showed
moderate activity against the parasite Leishmania amazonensis
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(Ringgeler & Kappes, 2016), and Spavieri et al. (2010) reported the an-
tiprotozoal activity of a chloroform-methanol extract of some green sea-
weeds against Trypanosoma cruzi parasites. In addition, it has been de-
scribed that the algae Chondria sp, Sargassum vulgare, and Ulva sp from
Cuba, Sargassum thunbergii from Japan; and Laurencia microcladia, Ja-
nia capillaceae, Dictyota caribaea and Sargassum fluttans from the Gulf of
Mexico have been used for their anti-helminthic and antiprotozoal prop-
erties in traditional medicine (Torres et al., 2014).

Despite the known potential use of sulfated polysaccharides against
these parasites, the activity of sulfated fucans of brown algae against
T. cruzi has not been described; this parasite is responsible for Ameri-
can trypanosomiasis or Chagas disease, endemic to South America and
is regarded as a neglected tropical disease by WHO. In addition, this dis-
ease is associated with deficit socioeconomical aspects. The drugs avail-
able for the treatment of the disease nifurtimox (NFX) and benznidazole
(BNZ) have low efficacy and adverse effects. Therefore, there is a need
to study bioactive compounds with greater efficiency (Pérez-Molina &
Molina, 2018).

The aim of this work is related to the structural characterization of
the sulfated polysaccharide from the brown seaweed Lessonia sp and the
study of its antioxidant and antiparasitic properties.

2. Experimental
2.1. Materials and methods

Lessonia sp (Ochrophyta, Phaeophyceae) was collected in Tekenika
Bay (55°19'60"S, 68°25'0"W), southern Chile (Cirdenas-Jirén et al.,
2011; Leal, De Borggraeve, Encinas, Matsuhiro, & Miiller, 2013).
Voucher specimens are housed at the herbarium of the Laboratorio de
Macroalgas Antarticas y Subantérticas of the University of Magallanes,
Punta Arenas, Chile; and an image of the alga is shown in Fig. 1a. The
epimastigote Dm28c strain of T. cruzi and RAW 264.7 cells were ob-
tained from an in house collection (Programa de Farmacologia Mole-
cular y Clinica, Facultad de Medicina, Universidad de Chile). Reagent
grade chemicals were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA) and solvents were purchased from Merck (Darmstadt,
Germany). FT-IR spectra in KBr pellets (10% w/w) were recorded in
the 4000-400 cm ~! region using a Bruker IFS 66v instrument (Billerica,
MA, USA), second derivative spectra were acquired using the OPUS/IR
v.1.44 software incorporated into the hardware of the instrument (Leal
et al., 2008). NMR spectra of polysaccharides were recorded at 70°C in
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Fig. 1. a) Individual of Lessonia sp collected in the Beagle Channel, Biosphere Reserve Cape Horn (Chile). b) Elution profile on DEAE Sephadex A-50 chromatography (IEC) of the B’

extract at different NaCl concentrations. B’-F1 to B’-F3 fractions, eluted at 2.0M NaCl.
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D,0 on a Bruker Avance II 600 spectrometer (Billerica, MA, USA) op-
erating at 600.13MHz ('"H NMR) and 150.90MHz ('3C NMR) after
isotopic exchange with D50, using the sodium salt of 3-(trimethylsy-
lyl)-1-propionic 2,2,3,3-d, acid as internal reference (Leal et al., 2013).
All two-dimensional experiments were acquired using a pulsed field
gradient NMR sequences. The two-dimensional heteronuclear single
quantum coherence correlation (13C/'H HSQC) spectra were acquired
with 128x2040 data points and processed in a 1024 x 2048 matrix to
give a final resolution close to 2.3Hzpoint~! in 'H NMR and close
to 2.4Hzpoint~! in 13C NMR. Optical rotations were measured with a
Perkin-Elmer 241 polarimeter (Waltham, MA, USA). Total sugars and
uronic acids contents were determined according to Chaplin (1986),
and Filisetti-Cozzi and Carpita (1991), respectively. Sulfate content was
analyzed by the turbidimetric method of Dodgson and Price (1962).
Gas-liquid chromatography (GLC) was carried out on a Shimadzu
GC-14B chromatograph (Shimadzu Co., Kyoto, Japan) equipped with a
flame ionization detector using a HP-ULTRA 2 (Agilent Technologies,
Santa Clara, CA, USA) column (0.20mm x 50mx0.11 pm). ESR spec-
tra were recorded in the X band (9.7 GHz) using an ECS 106 spectrom-
eter (Bruker, Coventry, UK) with a rectangular cavity and 50kHz field
modulation, equipped with a high-sensitivity resonator at room temper-
ature. Spectrometer conditions were: microwave frequency 9.81 GHz,
microwave power 20mW, modulation amplitude 0.91G, receiver gain
59 db, time constant 81.92ms and conversion time 40.96ms
(Robledo-O’Ryan et al., 2017). The fluorescence was measured with
a Synergy™ HT multidetection microplate reader from Bio-Tek Instru-
ments, Inc. (Winooski, VT, USA), using white polystyrene 96-well plates,
purchased from Nunc (Roskilde, Denmark). Fluorescence was read from
the top, with an excitation wavelength of 485/20nm and an emission
filter of 528/20nm. The plate reader was controlled by Gen 5 software.
The photolysis of the samples was carried out at room temperature
with a deuterium lamp DH-2000-BAL from Ocean Optic, Inc. (Largo, FL,
USA).

2.2. Sequential extraction

The dry seaweed blades (100g) were stirred with petroleum ether
(b.p. 50-60°C) (2.0mL/g), and the supernatant was concentrated in
vacuo; the extraction process was repeated until no more residue was
obtained in the concentrate. The seaweed blades were dried at room
temperature for 72h and treated with 1.6L of 96% ethanol and 0.4L of
37% aqueous formaldehyde, after 72h the solid was decanted and air
dried. Then, the dried alga was sequentially extracted (20mL/g) with
80% aqueous ethanol at 25 and 70°C (yielding extracts A and A’, re-
spectively), followed by 2% aqueous CaCl, at 25 and 70°C (yielding
extracts B and B’, respectively), then with diluted HCl at pH 2.0 at
70°C (extract C), and finally with 3% aqueous Na,CO5 at 50°C (ex-
tract D) (Percival, Venegas Jara, & Weigel, 1983). Each supernatant
with exception of the 80% aqueous ethanolic extracts was centrifuged
and dialyzed against distilled water for 48h using a Spectra/Por mem-
brane with MWCO of 3500Da (Spectrum Laboratories Inc., Rancho
Dominguez, CA, USA). The extracts were concentrated in vacuo, poured
over 0.5L of 96% ethanol and centrifuged. The resulting solids were
dissolved in the minimum volume of distilled water, and freeze-dried.
The 80% aqueous ethanolic extracts (A and A’) were separately treated
at 80°C with charcoal and filtered. The filtered solution was concen-
trated in vacuo, and the resulting syrup was crystallized from 98%
ethanol. The 2% CaCl, extracts were purified according to Chandia
and Matsuhiro (2008); the purified extracts B and B’, were fraction-
ated on a DEAE Sephadex A-50 column (33.5x3.0cm) by elution with

water followed by increasing concentrations of sodium chlo-
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ride solutions. Elution was monitored with the phenol-sulfuric acid
reagent (Chaplin, 1986). Fractions eluted at 1.0, 1.5 and 2.0M NaCl
were separately dialyzed (MWCO 3500Da membrane) against distilled
water, concentrated in vacuo and freeze-dried. A sample of the frac-
tion that eluted at 2.0M NaCl and B’ were hydrolyzed and analyzed as
alditol acetates by GLC (Chandia & Matsuhiro, 2008). The HCI solid ex-
tract (C) was purified and fractionated as the 2% CaCl, extracts. The 3%
Na,CO; solid extract (D) was dialyzed against distilled water and puri-
fied as previously reported (Venegas, Matsuhiro, & Edding, 1993). An
aliquot of the purified material was hydrolyzed with formic acid and an-
alyzed by HPLC (Chandjia et al., 2004).

2.3. Antioxidant capacity assays

2.3.1. Oxygen radical antioxidant capacity-fluorescein (ORAC-FL)

The reaction was carried out in 75mM sodium phosphate buffer
(pH 7.4), in a 200pL final volume. Fluorescein (FL, 40nM, final con-
centration) and purified B’ extract (SF, 0.01 — 0.4mg/mL) solutions
in phosphate buffer (pH 7.4) were placed in each well of a 96-well
plate. The mixture was pre-incubated at 37°C for 15min, and
2,2'-azo-bis(2-amidinopropane) dihydrochloride (AAPH) solution
(18mM, final concentration) was added (Alarcén, Campos, Edwards,
Lissi, & Lopez-Alarcén, 2008). The microplate was immediately placed
in the reader and automatically shaken prior to each reading. The fluo-
rescence was recorded every 1 min for 80 min A blank with FL and AAPH
using buffer instead of the SF solution was used in each assay. Five cal-
ibration solutions of commercial mannitol (1.0-5.0mg/mL) as the an-
tioxidant were also used in each assay. The inhibition capacity was ex-
pressed as ORAC-FL values and it was quantified by integration of the
area under the fluorescence decay curve (AUC). All reaction mixtures
were prepared in triplicate and at least three independent assays were
performed for each sample. The ORAC-FL indexes were calculated as de-
scribed by Pérez-Cruz et al. (2017).

2.3.2. Hydroxyl radical scavenging assay using electron spin resonance
spectroscopy (ESR)

The reactivity of the SF against the hydroxyl radical was investigated
using the photolytic method. The scavenging activity was estimated by
comparing the intensity of the spin adduct signals formed by the reac-
tion between the trap 5-diethoxyphosphoryl-5-methyl-1-pyrroline-N-ox-
ide (DEPMPO) and the hydroxyl radical, in the absence (control) and
presence of the SF and was expressed as half of the maximum inhibitory
concentration (ICsy). To prepare the samples, 150 uL of phosphate buffer
(pH 7.4) and 50 pL of SF were mixed, followed by the addition of 50 uL
of DEPMPO spin trap (30mM final concentration) and finally 50 pL of
30% hydrogen peroxide. The mixture was put in an ESR cell and the
sample was photolyzed with a deuterium lamp (at 392nm) at room tem-
perature for ten minutes.

2.3.3. Determination of alkoxyl radicals generated by photolysis of AAPH
using ESR spectroscopy

Antioxidant capacity against alkoxyl radicals generated by photol-
ysis of AAPH in aqueous medium was monitored by spin trapping
methodology (Matos et al., 2015). The solution of SF in phosphate
buffer pH 7.4 at different concentrations was mixed with 5,5-di-
methyl-1-pyrroline-N-oxide (DMPO) at concentration of 200mM and
AAPH in buffer medium at concentration of 20mM. The mixture was
photolyzed under the conditions previously described. Then, the ESR
spectrum was recorded in the conditions described above. The antiox-
idant capacity was considered proportional to the decrease of signal
height compared to the control in absence of antioxidant.
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2.4. Cytotoxicity assay

The effect of SF on RAW 264.7 cells was evaluated with a 3[4,5-di-
methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide dye (MTT) assay
as a viability test (Mosmann, 1983). The compound under study, dis-
solved in water, was added to the culture media at concentrations be-
tween 10-500pg/mL. Next 10pL of 5mg/mL MTT plus 0.22mg/mL
phenazine metosulfate (electron carrier) were added at each well con-
taining RAW 264.7 cell culture in 100 uL. RPMI 1640. After incubation at
37°C for 4h, the generated water-insoluble formazan dye was dissolved
by the addition of 100 uL of 10% w/v sodium dodecyl sulphate (SDS) in
0.01M HCI. The plates were further incubated at 37 °C overnight, and
optical density of the wells was determined using a microplate reader
(Asys Expert Plus©, Asys Hitach, Austria) at 570nm. Under these condi-
tions, the optical density is directly proportional to the viable cell num-
ber in each well. All experiments were performed at least three times
and data reported as means and their standard deviations from triplicate
cultures. Results are reported as the half maximal inhibitory concentra-
tion (ICs(), regarding the control (cells in culture medium).

2.5. Epimastigote stage viability study

Trypanocidal activity was evaluated against the T. cruzi epimastig-
ote stage (clone Dm28c). It was measured through the MTT assay us-
ing 0.22mg/mL phenazine methosulfate (as an electron carrier). T. cruzi
epimastigotes were grown at 28°C in Diamond’s monophasic medium
with 4puM hemin. Fetal calf serum was added to a final concentration
of 5%. SF was dissolved in water (10-500ug/mL), and added to 3x10°
parasites/mL in RPMI 1640 culture medium at 28°C for 4h. Likewise,
Nifurtimox was added as a positive control. Then, tetrazolium salt was
added at a final concentration of 0.5mg/mL, incubated at 28°C for
4h, solubilized with 10% SDS/0.1 mM HCI and incubated overnight. Af-
ter incubation, the number of viable parasites was determined by ab-
sorbance measures at 570nm in a multiwell plate reader (Asys Expert
Plus). Untreated parasites were used as controls (100% of viability). Re-
sults are reported as half maximal inhibitory concentration (ICs).

3. Results and discussion

3.1. Isolation and chemical characterization of ethanolic and aqueous
extracts

From the ethanolic extracts and subsequent crystallization (A and
A’, 1.4% and 1.8% yield on dry alga basis, respectively), crystals were
isolated with a melting point of 164-166°C and an optical rotation of

Table 1
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[od] % = —0.30° (c. 1.0, water). The optical rotation of the purified
ethanolic extract agrees with the published value (lit. [a] 2—g= —0.30°)
(Hough & Richardson, 1967) and confirmed that D-mannitol is the only
low-molecular weight carbohydrate synthesized by Lessonia sp. These
results were similar to those reported by Percival et al. (1983) for Lesso-
nia nigrescens and by Matsuhiro and Zambrano (1990) for L. trabeculata,
and six times higher than that found in L. vadosa (Chandjia et al., 2005).

The cold and 70°C purified 2% aqueous CaCl, extracts (B and B’,
0.3% and 2.9% of dry alga, respectively) were fractionated by ion-ex-
change chromatography (IEC), they were firstly eluted with distilled wa-
ter followed by increasing concentrations of sodium chloride solutions.
Fig. 1b depicts the elution profile of the B’ extract. The extracts (B and
B’) showed the same elution profile. An irregular polydisperse fraction
was recovered at 1.5M (35.1%). In addition, one major fraction, B’>-F1
(48.5%), was obtained by IEC, at concentrations of 2.0 M NaCl, and two
minor fractions B’-F2 (6.7%) and B’-F3 (9.7%) were collected at 2.0M,
with an 85% overall mass recovery of the loaded sample on the gel (Fig.
1b). The yield and composition of native extracts (B, B’ and C) and frac-
tions obtained from the B’ extract are listed in Table 1.

In the fractionation of the CaCl, extract by IEC, no fractions were ob-
tained by elution with distilled water which implies the absence of neu-
tral laminaran type polysaccharides. According to Percival et al. (1983)
and Chandia et al. (2005), in most species of the genus Lessonia, lami-
naran type polysaccharides were not found. Acid hydrolysis of the na-
tive extracts, B and B’, and fractions obtained by IEC of B’ followed
by GLC analysis of the corresponding alditol acetates showed that fu-
cose is the major monosaccharide with traces of xylose and galactose.
Acidic extract (C) showed similar values to those found for 2% aqueous
CaCl, extracts with a higher presence of uronic acid but lower amount
of sulfate content. Table 1 showed that the native CaCl, extract B’ along
with the major fraction B’-F1 is mainly composed of fucose; further-
more, the high negative values for their optical rotations are indica-
tive of the presence of L-fucose, in agreement to those previously stud-
ied by Bilan et al. (2002), 2004, Bilan, Grachev, Shashkov, Nifantiev,
& Usov, 2006; Bilan et al.,, 2017 and Chandia and Matsuhiro (2008)
for fucoidans from brown seaweeds species. The high content of sul-
fate ester groups in the major fraction is in agreement with the elu-
tion profile shown in Fig. 1. The low content of uronic acids in 2%
CaCl, extracts indicates the high amount of sulfated polysaccharides
in the native extracts. Moreover, according to the GLC analysis and
amount of sulfate ester groups determined, the molar ratio of fucose
and sulfate for the native extract B’ (1.0:1.17) and for the major frac-
tion B’-F1 (1.0:1.21) indicates that the polysaccharide isolated from
Lessonia sp blades is a fucoidan. Altogether, these results indicate that

Yield and composition of 2% aqueous CaCl, (B and B’) and diluted HCI (C) extracts from the sequential extraction of Lessonia sp, and the major fractions obtained by ion-exchange chro-

matography (IEC) of B’ extract.

Yield _SO,Na adp
Sample (%) Neutral monosaccharide (%) (%)© Uronic acids (%)9 (@)
Fuc Xyl Gal
B -- 41.5 tr. tr. 33.9+1.1 7.4+0.5 —129.2
B’ -- 41.8 tr. tr. 34.5+0.8 7.2+0.2 —129.8
B’-F1 48.5 43.5 tr. tr. 37.0+0.5 4.1+0.2 —136.7
C - 44.1 tr. tr. 30.4+0.6 14.7+0.4 -127.7

a Based on the total recovery mass by IEC fractionation of 2% aqueous CaCl, extract.
b Fuc = Fucose; Xyl = Xylose; Gal = Galactose; tr. = Traces (< 2%); n.d. = No detected.
¢ Sulfate content determined by the turbidimetric method of Dodgson and Price (1962).

d Uronic acids determined by the colorimetric method of Filisetti-Cozzi and Carpita (1991).

e Optical rotation (c. 0.8, water) at 23°C.
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Lessonia sp synthesizes a family of sulfated fucans with low content of
uronic acids.

The extracts (B and B’) and the major fraction obtained by IEC
(B’-F1), were characterized by spectroscopic methods. All native ex-
tracts and the major fraction showed the same signals with appar-
ent similarity of intensities in the FT-IR spectra. Fig. 2a and 2b show
the FT-IR spectrum and the second derivative spectrum for the ma-
jor fraction B’-F1, respectively. Three characteristic bands were ob-
served (Fig. 2a); a band between 1265-1261cm™~! (v S=O0, symmet-
ric), assigned to sulfate ester groups (-O-SOs); another one between
852-854cm~! (6 C-O-S, asymmetric), which was assigned to sulfate
group linked to axial secondary alcoholic group; and a band at
580cm ! (6 0-S-0, asym-
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Fig. 2. a) FT-IR spectrum and b) second derivative spectrum in the 2000-400 cm ™! region
of major fraction (B’-F1) obtained by IEC of 2% aqueous CaCl, extract. ¢) IR-TF spectrum

and d) second derivative spectrum in the same region of the extract obtained by alkaline
treatment with 3% Na,CO; (D).

Table 2
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metric). Furthermore, the band at 853cm~! is resolved in the sec-
ond derivative spectrum into two signals (Fig. 2b) with a shoulder at
826cm~! (§ C-O-S, asymmetric) assigned to secondary equatorial sul-
fate groups which indicate that the majority of sulfate groups occupy
positions C-4, and only the lesser part of sulfate is located at C-2 and/or
C-3 of a-L-fucopyranosyl residues (Bilan et al., 2004). The spectra also
showed minor bands assigned to uronic acids (1653-1651cm~1), and
no bands attributed to proteins were found. FT-IR results are in agree-
ment to those previously reported by Chandia and Matsuhiro (2008) for
a regular fucoidan from L. vadosa.

H and '3C NMR and two-dimensional NMR spectra were collected
in order to confirm the fine structure of extract B’ and its major frac-
tion (B’-F1). In these terms, 'H and '3C NMR spectra (not shown) pre-
sented the same spectral profile for both samples, showing two signals
in the a-anomeric region and two signals assigned to methyl protons as
shown in Table 2 for B’-F1. The structure of its major fraction B’-F1 was
accomplished with the aid of 2D NMR experiments and literature data
(2006, Bilan et al., 2004).

TH/'H COSY 2D NMR correlations (figure not shown) were in agree-
ment to those reported for the fucoidan from L. vadosa (Chandia &
Matsuhiro, 2008). Likewise B’-F1 (Table 2), the native extract B’
showed two different anomeric proton and H-2 correlations assigned
to a-L-fucopyranosyl residues, H-1/H-2 (5.45/4.59 ppm) and H-1°/H-2’
(5,37/3.96 ppm), indicating that the H-2 and H-2’ protons correspond
to sulfated residues at the O-2 position due to the sulfate ester group
in this position generates the displacement towards low field of H-2.
Integration of anomeric, H-4 and methyl protons (1.00:0.65:2.9) sug-
gested that the fucoidan was partially sulfated at the O-2 position. Fig.
3a shows the 13C/'H HSQC 2D NMR spectrum of extract B’. It can be
observed all 'H/'3C correlations which could be assigned to —3-o-L-fu-
copyranosyl-2,4-di-O-sulfate residues (solid arrows) and to —3-a-L-fu-
copyranosyl-4-O-sulfate residues (dashed arrows). In addition, glyco-
sidic linkages in the polysaccharide were analyzed by *C/'H HMBC 2D
NMR experiments (Fig. 3b), where al—3 interactions (solid circles) are
shown. Altogether these results indicate that Lessonia sp synthesizes a
sulfated polysaccharide with the significance of a highly regular a1—3
fucoidan, completely sulfated at the O-4 position and partially sulfated
at the O-2 position (Fig. 3c), similar to that obtained from L. vadosa
(Chandia & Matsuhiro, 2008).

The 3% Na,COj extract D (26.1% of dry alga), after purification
(10.3% of dry alga) showed in FT-IR spectroscopy and second deriv-
ative analysis (Fig. 2c and d, respectively) the characteristic bands at
948, 892, and 817cm™! (resolved at 822 and 812cm™! in the sec-
ond derivative spectrum) which can be assigned to sodium alginate
(Leal et al., 2013; Matsuhiro et al., 2015). Total hydrolysis with 90%
HCOOH followed by HPLC analysis showed a mannuronic acid (M) to
guluronic acid (G) ratio (M/G) of 1.38+0.03; this value is very similar
to that determined for the alginic acid obtained by direct extraction of
blades with aqueous Na,CO3 (M/G = 1.31+0.07) (Cérdenas-Jirén et al.,
2011). It can be pointed out that the yield obtained for purified D ex-

H and '3C NMR data for major fraction (B’-F1) obtained by IEC of the 2% aqueous CaCl, extract at 70 °C.

Residue Name H and '3C chemical shifts (ppm)

1 —3)-a-L-Fucp-2,4-diSO5-(1— H-1 H-2 H-3 H-4 H-5 H-6
5.42 4.56 4.36 4.90 4.52 1.32
C-1 Cc-2 C-3 C-4 C-5 C-6
99.54 74.15 74.74 81.96 67.71 18.88

2 —3)-a-L-Fucp-4-SO5-(1— H-1’ H-2’ H-3’ H-4’ H-5’ H-6’
5.38 3.98 4.54 4.85 4.43 1.27
C-1’ c-2 Cc-3’ Cc-4 C-5 Cc-6’
98.17 68.10 81.18 80.20 68.88 18.29




D. Leal et al.

a) , ‘ f\ﬁ
A -

#
H6-C6/ 30
] H6"/C6 [0
H5/C5 Hs'/CS' L0

’
H2/C2 \ / LH2leY -0
= N5, -

2.

--->8

h 28

LK

| e 0%”
: é == g0
H4/C4 —>é f‘\m -
7 s — 90
g H3'/C3 -

LN
t ~HI:/C) 110
HI1/C1 prm

T T T T T T T
m;hso 500 450 400 350 300 250 200 1.50

NS\ VY
; -0
iR 0@ o -, €6 e
= - 2 :
—_— " . [ [ 3
= ® ., -
(=) ee@m @ e e
HI/C3 |

50

:
©) o

H3/C1
P;nléﬂ 5.1‘-‘5 5 IUD 4.!!'5 4.I50 425 4.II]U 3 .75
c) 1 2
SO5 SOy
4 4
—3)-a-L-Fucp-(1— —3)-a-L-Fucp-(1—
2
SOy

Fig. 3. Two dimensional '3C/'H NMR spectra (150/600MHz) in D,O at 70°C of the
native extract of 2% aqueous CaCl, (B’). @) HSQC NMR spectrum; Hx/Cx correspond
to —3)-a-L-Fucp-2,4-diSO5-(1— residues (solid arrows), and Hx’/Cx’ correspond to
—3)-a-L-Fucp-4-SO5-(1— residues (dashed arrows). b) HMBC NMR spectrum; solid circles
indicate the al1—3 glycosidic linkages. ¢) Representative diagram of the proposed struc-
ture for the predominant fucoidan synthesized by the brown seaweed Lessonia sp.

tract is lower than that obtained by direct extraction; this could be ex-
plained in terms of the several treatments of the alga in the sequential
extraction. However, the total isolated amount of sodium alginate for
Lessonia sp is about 30% higher than that obtained from other species
from the Lessonia genus at the same season and 20% lower compared
to M. pyrifera (Chandia, Matsuhiro, & Vasquez, 2001, 2004; Panikkar &
Brasch, 1996; Percival et al., 1983).
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3.2. Antioxidant capacity assays

3.2.1. Oxygen radical antioxidant capacity-fluorescein (ORAC-FL)

The peroxyl radical (ROO*) scavenging capacity towards the puri-
fied extract B’ (SF), measured by the ORAC-FL method and taking com-
mercial mannitol as reference (Kogan et al., 2005), was 10.05+1.38.
This value is higher than that found for the native fucoidan from L.
vadosa and the sulfated galactan from the green variant of tetrasporic
Gigartina  skottsbergii (Rhodophyta) (Barahona, Encinas, Mansilla,
Matsuhiro, & Zaiiiga, 2012, 2014). However, these ORAC-FL index val-
ues were registered using as reference ascorbic acid, which exhibits dif-
ferent fluorescence decay kinetics. Furthermore, it was found that the
ORAC values for sulfated polysaccharides, including commercial «-, 1-
and A-carrageenans, did not correlate with the sulfate content. Likewise,
Ajisaka, Oyanagi, Miyazaki, and Suzuki, 2016, b) reported a similar ten-
dency for fucoidans extracted from several brown algae. Moreover, it
was observed that the sulfated polysaccharides that presented the high-
est ORAC-FL values were the sulfated galactan from Schizymenia binderi
and the fucoidan from L. vadosa, both with sulfation at the O-2 posi-
tion of the glycopyranosyl residue (Barahona et al., 2014). If it is consid-
ered that the hydrogen abstraction occurs from the anomeric hydrogen
of the internal monosaccharide units, the sulfate group in the O-2 posi-
tion should decrease the hydrogen bond energy, and then increases the
hydrogen atom abstraction reaction rate (Chen, Tsai, Huang, & Chen,
2009). In addition, it is known that the polysaccharide leads to an ap-
preciated effect on the kinetic profile of the probe consumption, with-
out an induction time, indicating that the polysaccharide display low
activity to protect the fluorescein from the peroxyl radical. However,
this may be related to the reactivity of SF and the formation of alkoxyl
radical, more reactive than peroxyl radical, making difficult the ratio-
nalization and interpretation of the ORAC-FL values (Dorta et al., 2015).
Therefore, it was decided in this work to directly study the elimina-
tion of peroxyl radicals of SF by means of electron spin resonance spec-
troscopy using the technique of spin trapping.

3.2.2. Alkoxyl radical scavenging

Kohri et al. (2009) introduced the ORAC-electron spin resonance
(ESR) assay using the spin-trapping method for the determination of the
AAPH-derived free radical. According to the authors, the ORAC-ESR as-
say is based on the competitive reaction between the spin-trapping of
the AAPH-derived free radical, mainly RO*, and its elimination by an-
tioxidant. ESR spin trapping provides a sensitive, direct and accurate
method to monitor reactive species. In Fig. 4, it is shown that the pho-
tolysis of the azo compound AAPH generated the alkoxyl radical and
the entrapment with the DMPO (spin trapp) was confirmed by the for-
mation of four signals with the hyperfine coupling constants of the ni-
trogen (ay = 14.27G) and the hydrogen (ay = 14.67 G) in the beta po-
sition of the cyclic nitrone (Nakajima, Matsuda, Masuda, Sameshima,
& Ikenoue, 2012). Moreover, the formation of the spin-adduct between
the peroxyl radical and the hydroxyl radical with the spin trap was
not appreciated. The addition of increasing concentrations of the poly-
saccharide decreases the intensity of the signals in the ESR spectrum
(Fig. 4a); from the relative intensity curve (Fig. 4b), the ICs, value
was determined with a value of 0.36+0.03mg/mL, which is better
than that found by Kim et al. (2014) for the fucoidan of Ecklonia
cava (ICs, = 0.48 mg/mL). Additionally, commercial mannitol was used
to determine the ORAC-EPR index value to compare this value with
that determined through the ORAC-FL  methodology.
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ence of the antioxidant, while I is proportional to the reaction rate in the
absence of antioxidant, in this way the relationship can be expressed:

Ig—I  kaom [RO[40H]  kaom [ACH
I Tkgr [ROTDMFPO] ~ kgr [DMF

I, kaon  [AOH],

—-1l= X “@

I kgr  [DMPO],

where [AOH], and [DMPO], denotes initial concentration of the com-
ponent. A linear plot of (I)/I)-1 against [AOH],/[DMPO], provides the
slope kpop/kpypo Which is equal to the ORAC value for AOH relative to
DMPO.

Since the kinetic constant of the reaction between the trap and the
alkoxyl radical, ke, is common among all the compounds, an ORAC-ESR
index is obtained by comparing the slopes (knoy / kgr) of the commer-
cial mannitol with SF polysaccharide (Fig. 5); slope values of 10.42
and 82.88 were obtained for commercial mannitol and SF, respectively.
The ORAC-ESR index of SF was 7.95, lower than that obtained through
ORAC-FL. This difference may be due to the fact that they correspond to
different methodologies, while in the ORAC-ESR test the antioxidant ca-
pacity is measured by monitoring the concentration of the spin adduct
generated with different increasing concentrations of antioxidant. The
protection to the oxidation of a fluorescent probe in ORAC-FL is moni-
tored over time by the effect of the addition of increasing concentrations
of antioxidants; in other words, in the developed ORAC-ESR method-
ology, the antioxidant capacity was evaluated through the reactivity of
the compound in competition with the spin trap, and in the ORAC-FL
methodology, the stoichiometry of the reaction between the peroxyl
radical (ROO*) and the donor of hydrogen atoms. This last point has
been discussed, since it has been evidenced in ORAC-FL the formation of
radicals RO* and ROO*, whose reactivities are different which makes it
very difficult to rationalize and interpret the values of ORAC-FL (Dorta
et al., 2017).

From these results, it is postulated that the antioxidant capacity of
the purified extract B’ (SF) from Lessonia sp, determined by hydrogen
atom transfer methods, is more related to the stoichiometry of the reac-
tion than to the reactivity of the polysaccharide towards the generated
free radicals. The ORAC-ESR technique appears to be more effective
than the ORAC-FL technique, since it allows the analysis of the structure
of the generated radical and the decrease in the concentration of spin
adduct. (Buettner, 1993; Kohri et al., 2009; Matos et al., 2015).
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3.2.3. Hydroxyl radical scavenging

The capacity of elimination of the hydroxyl radical through ESR was
studied, by means of the technique of spin trapping given that the hy-
droxyl radical has a half-life of 10~° s (Davies, 2016; Villamena, 2017).
The DEPMPO spin trap was used instead of the classic DMPO spin
trap, since the former has a higher rate constant (7.1x10~° M~1s™1)
for entrapping the hydroxyl radical. The entrapment of the hydroxyl
radical was confirmed by the hyperfine coupling constants (ay 14.1G,
ay = 13.2G and ap = 47.6G). The ICs, value was 0.27mg/mL (Fig. 6),
this result indicates that the SF is more active for the removal of the
hydroxyl radical than the alkoxyl radical. Previously, the elimination
of hydroxyl radical by sulfated polysaccharides was determined using
other methodologies for the formation of the reactive species (Barahona
et al., 2011, 2012, 2014; Sudharsan et al., 2015; Xu et al., 2017). The
electron spin resonance in conjunction with the spin trapping technique
ensures the formation of the hydroxyl radical, unlike other widely used
tests. In addition, some assays use Fe?* to catalyze the hydroxyl radical
formation reaction. This may leads to a diminished antioxidant capacity
due to chelation of the metal with the hydroxyl groups of the polysac-
charide (Ajisaka, Oyanagi et al., 2016, b, Rendleman, 1978).

3.3. Cytotoxicity and trypanocidal activity

In the first place, cytotoxicity of SF from Lessonia sp was evaluated
against mammalian cells (macrophages RAW 264.7 murine cells). The
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Fig. 6. a) Decrease in the intensity of the hydroxyl radical signals in the ESR spectra by
the addition of SF, b) Ratio between the normalized intensity in ESR spectra by the addi-
tion of SF.

Carbohydrate Polymers xxx (2018) xxx-xxx

SF showed an ICs, value of 367 ug/mL + 12. This activity was greater
than that described for the native fucoidan of L. vadosa, the authors evi-
denced that fucoidan did not induce cytotoxic effects in dendritic cells in
a concentration range between 10-1000 pg/mL (Barahona et al., 2014).
Similarly, Yu et al. (2017) have recently shown that the modified sul-
fated polysaccharide of Cyclocarya paliurus, increase in the viability of
macrophages RAW 264.7. The greater cytotoxicity of SF would be re-
lated to the lower degree of sulfation of the polysaccharide. It has been
described that the introduction of sulfate groups could significantly in-
creases the bioactivity of polysaccharides, including antioxidant and im-
munoregulatory activities (Nguyen et al., 2012).

The trypanocidal activity was determined against the epimastigote
form (non-infective replicative form) of the T. cruzi parasite, this form
is found in the intestine of the transmitting insects and in the culture
media. Likewise, the half maximal inhibitory concentration of the drug
Nifurtimox, currently used for the treatment of Chagas disease, was de-
termined (Robledo-O’Ryan et al., 2017).

The ICs, value of SF in the epimastigote form of T. cruzi was 250 ug/
mL + 3.92. The activity was lower than that determined for the Nifur-
timox 28.84ug/mL + 1.34. Although SF was 8.9 times less active than
Nifurtimox, the former has low cytotoxicity in mammalian cells, with
an index of selectivity of 1.47 towards the parasite of T. cruzi. There-
fore, the sulfated polysaccharides could be used as scaffolds for chemi-
cal modifications that increase the trypanocidal activity; such modifica-
tions could be related to the degree of sulfation of the polysaccharide.

A related point to consider is that the trypanocidal activity of sul-
fated polysaccharides against the T. crugi parasite had not been de-
scribed according to literature examination. Nevertheless, the trypanoci-
dal activity of extracts of Cladophora rupestris and Ulva lactuca against T.
cruzi has been described (ICs, values of 80.8 and 34.9ug/mL) in which
the activity can be attributed to the mixture of compounds in the ex-
tracts or to the synergy thereof (Spavieri et al., 2010).

Regarding the possible mechanism of antiparasitic action, it has been
described that the activity of a commercial fucoidan against the in-
tracellular form of the parasite Leishmania donovani induced a protec-
tive response to host cytokine and a significant increased ROS and NO
levels in infected macrophages (Kar, Sharma, & Das, 2011). According
to the literature mentioned, it is postulated that a possible mechanism
would be related to the increase of ROS, generating oxidative stress in
the parasite. The parasite of T. cruzi is deficient in endogenous antiox-
idant mechanisms, making them more susceptible to oxidative stress
than mammalian cells (Aravena et al., 2011). Therefore, the use of sul-
fated polysaccharides would be an efficient strategy for the treatment of
the infection.

The antioxidant capacity of SF would indicate that this polysaccha-
ride could partially decrease the concentration of ROS or other reac-
tive species, such as free radicals in biological medium. This would lead
to a decrease in the trypanocidal activity of SF by the proposed mech-
anism. The inverse relationship between the trypanocidal activity and
the antioxidant capacity has been previously described for anti-chagasic
coumarins (Figueroa et al., 2013; Robledo-O’Ryan et al., 2017). Nev-
ertheless, the structure of SF could be used as scaffolding for chemical
modifications, considering the low toxicity in mammalian cells. These
modifications should consider the decrease in antioxidant capacity and
the increase in trypanocidal activity due to oxidative stress.

4. Conclusions

The species Lessonia sp presents similar characteristics to species of
the genus Lessonia and Macrocystis in relation to content and chemi-
cal characteristics of the extracted polysaccharides. Sodium alginate of
Lessonia sp blades is enriched on $-D-mannopyranuronic acid and is po-
tentially interesting as industrial extraction source.
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From the chemical, physical, spectroscopic and chromatographic
studies of the 2% aqueous CaCl, native extract and its homogenous frac-
tion, it is postulated that the Lessonia sp synthesizes a complex sulfated
fucans, being the most important fraction a regular linear fucoidan,
linked al1—3, completely sulfated at the O-4 position and partially sul-
fated at the O-2 position. Results obtained in this work indicate that
the structural features of the fucoidan are similar to the obtained from
L. vadosa collected at the same season and the same region.

The ESR in conjunction with the spin trapping technique is an effi-
cient method for studying SF reactivity of Lessonia sp against free rad-
icals centered on oxygen. The high capacity of elimination of radicals
centered in oxygen in aqueous medium of SF, would allow its potential
application in the pharmaceutical and food industry.

The trypanocidal activity determined for the first time against the T.
cruzi parasite, allows to postulate that SF could be used as scaffolds for
chemical modifications that increase the trypanocidal activity, consider-
ing that they are biodegradable systems with low cytotoxicity in mam-
malian cells.
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