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a  b  s  t  r  a  c  t

Pterospartum  tridentatum  (L.)  Willk.  decoctions  of  dried  inflorescences  are  used  in  Portugal  due  to  their
claimed  beneficial  properties  for various  health  disorders.  To disclose  the potential  contribution  of  its
polysaccharides  to  health  benefits,  in  this  work,  hot  water  extracts  from  P.  tridentatum  inflorescences  were
prepared  and  fractionated  by  ethanol  precipitation  and  anion  exchange  chromatography.  The  fraction
rich in acetylated  galactomannans  evidenced  an increase  in  nitric  oxide  (NO)  production  by  macrophages.
This  activity  decreased  60–75%  after  saponification,  confirming  that  acetylation  is  an  important  structural
eywords:
. tridentatum
cetylated galactomannan
ectic polysaccharides

feature  for  this  biological  property.  In addition,  the treatment  of  pectic  polysaccharides  with  endo-
polygalacturonase  showed  that type-I and type-II  arabinogalactans,  as well  as  low  molecular  weight
galacturonans  and  xyloglucans,  may  also  contribute  to  macrophage  NO  production.  Thus,  the  polysac-
charides  present  in  P.  tridentatum  dried  inflorescences  may  contribute  to  the  health  beneficial  properties

he  de
ass spectrometry
itric oxide

frequently  attributed  to  t

. Introduction

Pterospartum tridentatum (L.) Willk. (Fabales order) is a broom
ike Iberian shrub of the Fabaceae family very common Portuguese
orth-eastern region of Trás-os-Montes, known as “carqueja” or
carqueija”. This small shrub alternates branches and coriaceous
inged stems (Franco, 1971; Teixeira & Pereira, 2004) and its inflo-

escences are either used in traditional medicine or to flavour rice
nd roasted meat (Oliveira & Neiva, 2001; Ribeiro, Monteiro, &
ilva, 2000). The P. tridentatum inflorescences are picked during
arly spring and subsequently dried for the preparation of hot
ater extracts that, according to the popular tradition, provide pro-

ection against various health disorders, such as type 2 diabetes,
nfluenza, and hypertension (Carvalho, 2010, nullChapter ; Neves,

atos, Moutinho, Queiroz, & Gomes, 2009; Vitor et al., 2004). The
omposition of the essential oils (Grosso et al., 2007), as well as
he role of the flavonoids from P. tridentatum water extracts as pro-

ectors against endothelial oxidative injury have been investigated
Vitor et al., 2004). However, as far as we know, the polysaccharide

∗ Corresponding author.
E-mail address: mac@ua.pt (M.A. Coimbra).
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coctions  of  this  plant.
© 2016  Elsevier  Ltd.  All  rights  reserved.

components of the hot water extracts from P. tridentatum dried
inflorescences remain unknown.

The contribution of botanical polysaccharides to macrophage
immunostimulatory activity has been highlighted in various stud-
ies (Ferreira, Passos, Madureira, Vilanova, & Coimbra, 2015;
Paulsen, 2001; Ramberg, Nelson, & Sinnott, 2010; Schepetkin &
Quinn, 2006; Tzianabos, 2000; Yang, Lu, Hsieh, & Lin, 2014). Indeed,
plant aqueous extracts containing pectic polysaccharides are
frequently reported to possess macrophage immunostimulatory
activity (Cheng et al., 2014; Inngjerdingen, Kiyohara et al., 2007;
Inngjerdingen, Patel et al., 2007; Inngjerdingen, Inngjerdingen,
Patel, Allen, & Chen Rolstad, 2008; Le Normand et al., 2014; Paulsen
& Barsett, 2005; Zou et al., 2014). Pectic polysaccharides are a major
plant cell wall component, defined as a hetero-polysaccharide
predominantly containing galacturonic acid residues (Voragen,
Coenen, Verhoef, & Schols, 2009). Pectic polysaccharides often
contain neutral sugars as side chains, such as type-I and type-II
arabinogalactans (AG-I and AG-II, respectively) (Mohnen, 2008;
Oı́Neill, Albersheim, & Darvill, 1990), which have been reported to
contribute for immunostimulatory activity (Ferreira et al., 2015).

Besides pectic polysaccharides, non-starch storage polysaccha-
rides such as galactomannans and xyloglucans, which can be
found in the seeds cell walls of some plants from the Fabaceae
family, have been also reported as immunostimulators (Joseph,

dx.doi.org/10.1016/j.carbpol.2016.09.079
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2016.09.079&domain=pdf
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ravind, George, Varghese, & Sreelekha, 2013; Rosário et al., 2008;
osário, Kangussu-Marcolino, do Amaral, Noleto, & Petkowicz,
011; Simões, Nunes, Domingues, & Coimbra, 2010; Simões, Nunes,
omingues, Coimbra, & Domingues, 2012).

Therefore, this study identifies the type of polysaccharides
resent in hot water extracts of P. tridentatum dried inflores-
ences, providing an insight regarding their structural features
nd also evaluating their immunostimulatory activity, expressed
s macrophage NO production. The relation between polysaccha-
ides structure and the observed immunostimulatory activity will
lso be under discussion.

. Experimental

.1. Plant material, preparation of the hot water extracts (HWE)
nd high molecular weight material (HMWM)

The inflorescences of P. tridentatum were collected in early
pring in the scrubland near Braganç a, north-eastern Portugal. Sub-
equently, the collected inflorescences were dried in a dark place at
oom temperature, simulating general conditions of traditional folk
se. A voucher specimen of the plant material was  identified (BRESA
045) and deposited at the Herbarium of Escola Superior Agrária de
raganç a Portugal. The hot water extracts (HWE) were prepared by
he decoction with boiling water of the P. tridentatum dried inflores-
ences (0.03 g/mL), during a total of 2 h. Subsequently, the resulting
iquid was filtered through a glass fibre filter (Whatman GF/C), con-
entrated, dialysed (cut-off 12–14 kDa) and freeze-dried, to obtain
he high molecular weight material (HMWM).

.2. Ethanol precipitation

The HMWM  was dissolved in distilled water (10.0 mg/mL), the
olution was stirred for 1 h at room temperature and centrifuged
t 24,400g for 20 min  at 4 ◦C. The cold water insoluble residue
btained (WIppt) was suspended in distilled water, frozen, and
reeze-dried. Absolute ethanol was added (50% ethanol, assuming
dditive volumes) and left for 1 h at 4 ◦C. This solution was then
entrifuged and the precipitate obtained (Et50) was removed by
entrifugation. Absolute ethanol was added to the supernatant (75%
thanol, assuming additive volumes), and the resulting solution
as left for 1 h at 4 ◦C and centrifuged. The precipitate obtained

Et75) was removed from the supernatant solution (EtSN). In order
o completely remove the ethanol, each precipitate was  dissolved
n distilled water, rotary-evaporated and freeze-dried.

.3. DEAE-Sepharose FF anion exchange chromatography

Anion exchange chromatography on DEAE-Sepharose FF (Phar-
acia), was performed on a 100 × 1.6 cm column (XK 100/16,

harmacia), at a flow rate of 0.5 mL/min. The Et50 and Et75 sam-
les were dissolved in 50 mM potassium phosphate buffer pH 6.5
1.0 mg/mL) and sequentially eluted in the same phosphate buffer,
nd buffer with 0.125, 0.250, 0.500, and 1.00 M NaCl. Fractions
3.0 mL)  were collected and assayed for sugars according to a mod-
fication of phenol-concentrated sulfuric acid method (Coimbra,
elgadillo, Waldron, & Selvendran, 1996). The fractions of interest
ere pooled, dialysed and freeze-dried.

.4. Sugar and linkage analysis

Neutral sugars were determined by gas chromatography after

cid hydrolysis release and conversion to the corresponding alditol
cetates, as described by Nunes and Coimbra (2001). The hydroly-
is of all fractions was performed in duplicate. Results used have
ess than 5% variability in the major component sugars. Uronic
olymers 157 (2017) 176–184 177

acids were determined colorimetrically using m-phenylphenol
(Blumenkrantz & Asboe-Hansen, 1973). Glycosidic linkage analysis
was performed by methylation of the polysaccharides in order to
obtain partially methylated alditol acetates that were subsequently
analysed by gas chromatography-mass spectrometry (GC–MS), as
described by Nunes and Coimbra (2001). Methylated polysaccha-
rides were also carboxyl reduced with LiAlD4, as described by
Coimbra et al. (1996), for identification of the uronic acids and
determination of their linkages.

2.5. Determination of the methyl esterification degree

The samples were dissolved in a glass vial with distilled water
(2.2 mL), and saponified with 2 M NaOH (800 �L), with a reaction
time of 1 h at 25 ◦C, as described by Waldron and Selvendran (1990).
The saponification reaction was finished with 2 M HCl (800 �L). As
internal standard, 1-propanol (200 �L, 2.5 g/L) was also added to
the vial after saponification. The sample suspension was filtered
through a 20.0 �m nylon membrane filter. The filtrate was directly
injected (500 �L) in a GC-FID equipment with a 30 m length DB-
Wax  column, with an internal diameter of 0.53 mm and a film
thickness of 1.0 �m.  The oven temperature program was used as
described by Nunes, Rocha, Saraiva, & Coimbra, (2006): a rise in
temperature at a rate of 5 ◦C/min from 50 ◦C to 65 ◦C, another rise
at 20 ◦C/min until 185 ◦C, and then at 35 ◦C/min until 220 ◦C, and
held 1 min  at 220 ◦C. The injector and detector were set at 250 ◦C.
The flow rate of the carrier gas (H2) was set at 6 mL/min. A cali-
bration curve was constructed for methanol final concentrations
from 40 to 400 mg/L. Estimated concentrations were made by peak
area comparisons with the area of the known concentration of 1-
propanol. The results obtained have less than 5% variability and
were expressed as mean of samples prepared in duplicate, and each
run in duplicate.

2.6. Endo-polygalacturonase treatment and Bio-Gel P30
chromatography

The Et75A fraction was  dissolved in 0.1 M NaOH for de-
esterification (10.0 mg/mL) and left for 24 h at ambient tempera-
ture. After neutralization with acetic acid, the de-esterified sample
was treated with endo-�-d-(1 → 4)-polygalacturonase (0.3 U) for
72 h at 40 ◦C using 50 mM acetate buffer (5.0 mg/mL), pH 5.5, with
continuous stirring. The reaction was  terminated by heating at
100 ◦C. Gel filtration chromatography on Bio-Gel P30 (Pharmacia),
was performed on a 100 × 1.6 cm column (XK 100/16, Pharmacia),
at a flow rate of 0.5 mL/min. Blue dextran, and glucose solutions
were separately eluted in order to determine the columns exclusion
and inclusion volumes, respectively. The samples were eluted with
50 mM acetate buffer, pH 5.0. Fractions (3.0 mL)  were collected and
assayed for sugars by the phenol-sulphuric acid method (Coimbra
et al., 1996). The fractions of interest were pooled, dialysed and
freeze-dried.

2.7. Endo-ˇ-mannanase treatment and Bio-Gel P2
chromatography

The Et75A fraction was  dissolved in a 100 mM Na-acetate buffer
(3.0 mg/mL), pH 5.5, containing 0.02% sodium azide and treated
with endo-�-(1 → 4)-d-mannanase (1.0 U), for 48 h at 37 ◦C, with
continuous stirring. The digested material was freeze-dried, redis-
solved in distilled water, and loaded on a XK 1.6/100 column
containing Bio-Gel P2. The column, previously calibrated with DP4

(stachyose), DP2 (cellobiose) and monosaccharide (glucose), was
eluted with distilled water using a flow of 0.2 mL/min. Fractions
(1.0 mL)  were collected and assayed for sugars by the phenol-
sulphuric acid method (Coimbra et al., 1996). Fractions containing
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ligosaccharides were evaporated to dryness. No lyophilisation was
erformed since it has been shown that it may  promote O-acetyl
igration on galactomannans (Nunes, Domingues, & Coimbra,

005).

.8. Mass spectrometry analysis

The electrospray ionization-mass spectrometry (ESI–MS) and
lectrospray tandem mass spectrometry (ESI–MS/MS) experiments
n endo-�-mannanase treated Et75A fraction were carried out in
he positive mode on a Q-TOF 2 mass spectrometer (Micromass,

anchester, UK). The fractions obtained after elution through the
io-Gel P2 column were dissolved in water and further diluted

n methanol/water/formic acid (50:49.9:0.1, v/v/v) and introduced
nto the electrospray source at a flow rate of 10 �L/min. The cone
oltage was set at 30 V and capillary voltage at 3 kV. Source temper-
ture was at 80 ◦C and desolvation temperature at 150 ◦C. ESI–MS
pectra were acquired scanning the mass range from m/z 100 to
500. MS/MS  spectra were acquired by collision-induced dissocia-
ion (CID) using argon as the collision gas. The collision energy used
as set between 25 and 40 eV. All spectra were accumulated for

 min. The data were processed using a MassLynx software (version
.0).

.9. Macrophage cell viability and nitric oxide (NO) production

In a first approach and in order to select concentrations without
ytotoxicity, the effect of Et75A fraction on the macrophage cellular
iability was performed using 3-(4,5-dimethylthiazol-2-yl)-2,5-
iphenyl tetrazolium bromide (MTT) reduction colorimetric assay,
s described by Mosmann (1983). The possible endotoxin con-
amination of Et75A fraction was assessed by its pre-incubation
ith polymyxin B (1000 U/mL) for 1 h, as described by Yang, Zhao,
ang, & Mei  (2007), and subsequent evaluation of macrophage

mmunostimulatory activity, expressed as NO production. The
acrophage immunostimulatory activity of fraction Et75A, and

ndo-polygalacturonase treated Et75A-I and Et75A-II fractions,
xpressed as NO production, was evaluated through the assess-
ent of the nitrite accumulation in the Raw 264.7 macrophage

ell line culture supernatants using a colorimetric reaction with
he Griess reagent (Green et al., 1982). The Toll-like 4 receptor
gonist and strong immunostimulatory compound, lipopolysac-
haride (LPS), was used as positive control (1 �g/mL). Raw 264.7
acrophages (ATCC TIB-71) were cultured in an endotoxin-free
ulbecco’s Modified Eagle Medium supplemented with 10% inac-

ivated foetal bovine serum, 100 U/mL penicillin, and 100 �g/mL
treptomycin, at 37 ◦C in a humidified atmosphere of 95% air
nd 5% CO2. Briefly, 170 �L of culture supernatants were diluted
ith equal volumes of the Griess reagent, which is composed by

0.1% (w/v) N-(1-naphthyl)-ethylenediamine dihydrochloride and
% (w/v) sulphanilamide containing 5% (w/v) H3PO4], and main-
ained during 30 min  in the dark. The absorbance at 550 nm was

easured using an SLT ELISA automatic microplate reader. Culture
edium was used as blank and nitrite concentration was deter-
ined from a regression analysis using serial dilutions of sodium

itrite as standard. All the experiments were performed in tripli-
ate, and the results expressed as mean ± SEM of three independent

xperiments. Statistical analyses were performed using one-way
NOVA with a Dunnett’s multiple comparison test. The statistical

ests were applied using GraphPad Prism, version 6.00 (GraphPad
oftware, San Diego, CA, USA).
olymers 157 (2017) 176–184

3. Results and discussion

3.1. Isolation and fractionation of the polysaccharides from the
high molecular weight material (HMWM)

The polysaccharides present in the HMWM  obtained from the
hot water extracts (HWE) of Pterospartum tridentatum (L.) Willk.
dried inflorescences were fractionated according to their solubility
in ethanol aqueous solutions.

The HMWM  was composed by 42.0% of carbohydrates, mainly
constituted by uronic acids (UA) and glucose (Glc) residues (46.0
and 32.7 mol%, respectively), with minor proportions of arabi-
nose (Ara, 4.7 mol%), mannose (Man, 7.2 mol%), and galactose (Gal,
7.5 mol%) residues (Table 1).

The dissolution of HMWM  in cold water resulted in an undis-
solved material (WIppt) that accounted for 16.0% of the HMWM
mass, composed only by 26.8% of carbohydrates, mainly Glc
(73.4 mol%). The ethanol precipitation of the cold water soluble
HMWM  resulted in 3 fractions: Et50, the material insoluble in 50%
ethanol aqueous solutions, accounting for 31.9% of the HMWM
mass, Et75, the material insoluble in 75% ethanol aqueous solutions,
accounting for 26.5%, and EtSN, the material soluble in 75% ethanol
aqueous solutions, accounting for 25.5% of the HMWM  mass. The
Et50 fraction was the richest in carbohydrates (91.5%), mainly UA
residues (80.5 mol%), with small proportions of sugar residues char-
acteristic of pectic polysaccharides (Voragen et al., 2009). The Et75
fraction contained 58.2% of carbohydrates, mainly composed of
UA (30.3 mol%), Glc (24.2 mol%), and Man  (23.6 mol%), together
with Gal residues (13.6 mol%). This monomeric composition sug-
gests that besides pectic polysaccharides, other polysaccharides are
present. The EtSN fraction contained only 24.8% of carbohydrates,
mainly composed of Glc residues (65.6 mol%), possibly associated
with phenolic compounds, which are very soluble in ethanol solu-
tions (Dai & Mumper, 2010).

Considering the mass yield and carbohydrate content of each
fraction, it was  possible to conclude that approximately 53% of the
polysaccharides present in the HMWM  precipitated in 50% ethanol
aqueous solutions and 28% precipitated in 75%. These fractions
were further fractionated by anion exchange chromatography on
DEAE-Sepharose FF, allowing to obtain 4 fractions for each one, sep-
arated according to their charge properties. For both Et50 and Et75
fraction, it was observed that the neutral (A) and the less acidic
(B) subfractions were the most abundant and also the richest in
carbohydrates (Table 1).

Similar to Et50 fraction, the polysaccharides present in Et50A
and Et50B exhibited a monomeric composition that comprised high
proportions of UA residues. The saponification of these fractions
allowed to observe the release of methanol, which is a characteristic
of methylesterified pectic polysaccharides (Mohnen, 2008; Oı́Neill
et al., 1990), allowing to determine a degree of methylesterification
of 75.9% for Et50A and 54.6% for Et50B.

Fraction Et75A, as observed for Et50A, was  also rich in UA
residues, 54.1% of which were methyl esterified. However, con-
trarily to Et50A, it was also rich in Man, Glc, and Gal residues.
The majority of Man  residues of Et75 fraction were recovered in
Et75A, showing that they are components of a neutral polysaccha-
ride, possibly a galactomannan arising from the inflorescence seeds.
The DEAE-Sepharose FF fractionation of both Et50 and Et75 also
allowed to obtain more acidic fractions, with sugar compositions
characteristic of pectic polysaccharides, similar to those recovered
in the neutral fractions (Table 1).

In order to elucidate the type of polysaccharides present in

the major fractions obtained from the decoctions of P. tridentatum
dried inflorescences, the glycosidic linkage composition was deter-
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Table  1
Mass yield, total sugars, monosaccharide composition, and methanol content of the fractions isolated from the decoctions of P. tridentatum dried inflorescences.

Yield(mass%) Total Sugar(mass%) Monosaccharide Composition (mol%) Methanol(mmol/mol UA)

Rha Fuc Ara Xyl Man  Gal Glc UA

HMWM  42.0 0.9 0.0 4.7 1.3 7.2 7.5 32.5 46.0 nd
WIppt  16.0a 26.8 2.4 0.0 2.3 0.8 1.3 4.9 73.4 15.0 nd
Et50  31.9a 91.5 0.5 0.3 3.2 1.1 1.7 6.2 6.5 80.5 nd

Et50A  51.8b 87.1 0.3 0.2 3.7 2.3 5.0 8.5 6.2 73.8 759.0
Et50B  32.4b 89.7 0.7 0.0 3.5 0.4 0.1 4.4 0.8 90.1 545.8
Et50C  9.4b 35.9 2.0 0.1 7.5 0.9 0.4 10.9 5.8 72.5 372.3
Et50D  6.4b 16.9 2.5 0.0 9.4 1.9 1.4 19.0 23.4 42.4 nd

Et75  26.5a 58.2 1.0 0.5 4.4 2.4 23.6 13.6 24.2 30.3 nd
Et75A  73.3c 85.3 0.0 0.0 3.0 2.6 26.1 11.8 15.1 41.3 541.1

Et75A-I 67.2d 86.7 0.2 0.2 4.3 4.3 46.9 16.4 25.6 2.2 nd
Et75A-II 18.1d 97.4 0.0 0.0 0.1 0.2 1.1 0.9 1.2 96.5 nd

Et75B  14.5c 62.1 1.9 0.2 11.1 0.6 1.4 14.6 2.3 67.7 418.1
Et75C  5.4c 31.5 3.5 0.1 13.0 1.0 2.8 15.6 11.9 52.1 358.4
Et75D  6.8c 27.7 2.3 0.0 10.0 1.3 4.5 15.3 30.0 36.6 nd

EtSN  25.5a 24.8 0.9 0.5 8.8 1.3 4.0 4.3 65.6 14.6 nd

nd – not determined.
a expressed relatively to the mass of HMWM.
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b expressed relatively to the mass of Et50.
c expressed relatively to the mass of Et75.
d expressed relatively to the mass of Et75A.

ined by methylation and analysed as partially methylated alditol
cetates by GC–MS.

.2. Glycosidic linkage analysis

The high proportion of UA residues detected in the Et50 and
t75 fractions, suggesting that pectic polysaccharides were the
ajor type of polysaccharides present in the HWE  from P. tridenta-

um dried inflorescences, was confirmed by the carboxyl reduction
ith LiAlD4 of methylated polysaccharides. The detection of

,3,4-trimethyl-1,5,6-triacetyl-d6-galactitol allowed to confirm the
resence of (1 → 4)-GalA residues. The enzymatic digestion with
ndo-polygalacturonase of the Et50A and Et75A fractions followed
y size-exclusion chromatography on Bio-Gel P30 (Fig. 1a), and the

dentification of digested material that comprised approximately
5% of UA residues (Table 1), evidenced the presence of (�1 → 4)-
alpA residues.

In order to provide a clearer insight regarding the type of gly-
osidic linkages of the neutral sugars detected in the decoctions
f P. tridentatum dried inflorescences, the results of the sugar link-
ge analysis are presented without the contribution of UA residues
Table 2). For all fractions analysed, the presence of (1 → 3)- and
1 → 3,6)-Galp residues, as well as terminal- and (1 → 6)-Galp
esidues, diagnostic of type II-arabinogalactans (AG-II) (Nunes,
eis, Silva, Domingues, & Coimbra, 2008), evidenced the presence
f these polysaccharides in the decoctions of P. tridentatum dried
nflorescences.

The majority of the fractions analysed presented (1 → 4)-
alp residues, diagnostic for the presence of AG-I structures

Carpita & Gibeau, 1993), which are often found attached to
he rhamnogalacturonan-I (RG-I) moiety of pectic polysaccharides
Inngjerdingen, Kiyohara et al., 2007; Inngjerdingen, Patel et al.,
007; Inngjerdingen et al., 2008; Peng et al., 2001). The detection
f (1 → 2,4)-Rhap2,4)-Rhap residues in these fractions supports the
resence of AG-I in the decoctions from P. tridentatum dried inflo-
escences.

The Et50A and Et75A fractions, not retained in the ion exchange
olumn, exhibited high proportions of (1 → 4)- and (1 → 4,6)-Glcp

esidues, with ratios of (1 → 4)- to (1 → 4,6)-Glcp of 1:1 in frac-
ion Et50A and 1:6 in fraction Et75A. This high relative amount
f branched glucose and the presence of T-Fucp,  T-Galp, T-Xylp,
1 → 2)-Galp, and (1 → 2)-Xylp  residues allows to infer the pres-
ence of xyloglucans (Fry, 1988; Hayashi & Kaida, 2011; Hoffman
et al., 2005).

High proportions of Man  residues, mainly detected in Et75A
fraction as (1 → 4)-Manp and (1 → 4,6)-Manp residues, together
with T-Galp residues, in a proportion similar to that of the (1 → 4,6)-
Manp, show the presence of galactomannans in the decoctions
of P. tridentatum dried inflorescences. These results are in accor-
dance with the water soluble character of galactomannans (Gidley
& Reid, 2006), which are a component of Fabaceae seeds (Srivastava
& Kapoor, 2005), the botanical family of P. tridentatum.

3.3. Structural characterization of P. tridentatum
galactomannans

In order to reveal the structural features of P. tridentatum
galactomannans, Et75A fraction, which comprised the highest
proportion of galactomannans, was  submitted to an endo-(�1 → 4)-
d-mannanase treatment. The oligosaccharides obtained from
enzymatic hydrolysis were fractionated by size exclusion chro-
matography (Fig. 1b). The peak eluting near the gel exclusion
volume correspond to undigested polysaccharides, namely pectic
polysaccharides and xyloglucans, shown to be present in Et75A
fraction by linkage analysis (Table 2). It is possible that this mate-
rial also comprises mannan moieties with structural features that
hinder the enzyme action, such as branching points and acetylation
(Daas, Schols, & de Jongh, 2000; Simões et al., 2010, 2012; Simões,
Nunes, Domingues, & Coimbra, 2011).

Fractions corresponding to oligosaccharides resulting from the
action of the endo-(�1 → 4)-d-mannanase were collected and
analysed by ESI–MS, showing sodium adduct ions ([M + Na]+) cor-
respondent to the mannooligosaccharides (Cerqueira et al., 2011;
Simões et al., 2010, 2012). Fig. 2a shows, as an example, the ESI–MS
spectrum obtained from fraction 21, evidencing the presence of
[M + Na]+ ions of oligosaccharides that correspond to acetylated
(Ac1-3Hex3-4) and non-acetylated (Hex2-5) series. Since mannose
and galactose residues have the same mass, it is not possible to dis-
tinguish them by MS,  thus, these hexose residues are represented
generically by “Hex” although, based on sugar analysis (Table 1),
they should be mainly mannose residues.
The structure of all oligosaccharides identified was confirmed
by the analysis of their ESI–MS/MS, allowing the identification
of the number of hexose units, the presence of acetylated hex-
oses and the presence of pentose residues. Fig. 2b shows, as an
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Fig. 1. Size exclusion chromatography of the enzymatic digestion products of Et75A fraction isolated from decoctions of P. tridentatum dried inflorescences using (a)
endo-polygalacturonase (a similar pattern was obtained for Et50A, data not shown) and (b) endo-(�1 → 4)-d-mannanase.

Table 2
Deduced linkages from neutral sugar methylation analysis of fractions isolated from decoctions of P. tridentatum dried inflorescences.

Linkage Fraction

Et50A Et50B Et75A Et75A-I Et75B

T-Rhap  – 2.1 – – 1.4
1,2-Rhap  – 2.9 – – 1.3
1,3-Rhap  – – – – 0.5
1,2,4-Rhap  0.5 2.8 0.2 – 1.7
1,3,4-Rhap –  – – – 0.9

Total Rha 0.5a (1.1)b 7.8 (7.1) 0.0 (0.0) 0.0 (0.2) 5.8 (5.9)

T-Fucp  1.5 1.7 0.2 1.0 1.1
Total Fuc 1.5 (0.8) 1.7 (0.0) 0.2 (0.0) 1.0 (1.2) 1.1 (0.6)

T-Araf  5.3 11.6 1.5 1.3 9.4
T-Arap  – 2.9 – 0.8 1.9
1,2-Araf  – 0.9 0.3 0.3 0.7
1,3-Araf  0.7 1.2 0.5 0.5 1.6
1,5-Araf  8.5 11.7 1.6 1.5 15.9
1,2,5-Araf  – 4.0 – – 2.0
1,3,5-Araf  0.7 1.5 0.2 0.2 1.6

Total Ara 15.2 (14.1) 33.8 (35.4) 4.1 (5.1) 5.9 (4.4) 33.1 (34.6)

T-Xylp  5.0 1.6 2.4 1.9 0.8
1,2-Xylp 2.4 0.5 1.0 0.5 –
1,4-Xylp  0.7 1.2 1.1 1.5 0.8
1,2,4-Xylp  2.1 2.5 0.5 0.5 3.7

Total Xyl 10.2(8.8) 5.8(4.0) 5.0(4.6) 4.4 (4.4) 5.3(1.9)

T-Manp  0.8 – 1.5 1.4 0.4
1,4-Manp  12.0 0.5 27.7 32.2 2.4
1,2,4-Manp –  – 1.9 1.8 0.3
1,3,4-Manp  – – 3.5 0.3
1,4,6-Manp  4.3 – 9.5 10.6 0.5

Total Man  17.1(19.1) 0.5(1.0) 44.1(44.5) 46.0 (48.0) 3.9(4.4)

T-Galp  8.7 5.2 9.5 8.8 5.8
1,2-Galp  1.1 – 0.2 0.2 –
1,3-Galp  1.0 1.3 0.7 0.6 3.0
1,4-Galp  9.0 10.8 5.0 – –
1,6-Galp  12.9 19.7 2.9 2.6 20.9
1,3,6-Galp  1.5 4.7 1.4 1.2 12.0

Total Gal 34.2(32.4) 41.7(44.4) 19.7(20.1) 13.4 (16.7) 41.7(45.5)

T-Glcp  1.5 2.3 1.3 1.2 2.5
1,3-Glcp  – – 0.4 – 0.5
1,4-Glcp  8.6 6.2 18.1 22.9 4.0
1,6-Glcp  – – 0.3 0.4 0.2
1,2,4-Glcp  – – 1.8 1.8 0.9
1,3,4-Glcp  – – 0.6 – –
1,4,6-Glcp  9.8 – 3.4 3.8 0.6
Total  Glc 19.9(23.7) 8.5(8.1) 25.9(25.7) 30.1 (26.2) 8.7(7.2)

e
A
t
a
b

a molar% obtained through linkage analysis.
b molar% obtained through sugar analysis.

xample, the ESI–MS/MS spectrum of acetylated oligosaccharide

c2Hex3 (m/z 611), which presented product ions resultant from

he loss of one acetylated hexose (m/z 407 and 389, identified
s [AcHex2 + Na]+ and [AcHex2res + Na]+, respectively), and com-
ined loss of two acetylated hexose residues with formation of
(Hex + Na)+ ion at m/z 203 that confirm the proposed structure.

These identifications are corroborated by the product ions bearing
acetylated hexoses, namely [Ac2Hex2 + Na]+ and [Ac2Hex2res + Na]+,
at m/z 449 and 431, respectively), and the ions attributed to acety-
lated hexose leading to the [AcHex + Na]+ and [AcHexres + Na]+, at
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Fig. 2. Mass spectrometry analysis of oligosaccharides resulting from endo-�-(1 → 4)-d-mannanase treatment of Et75A fraction. (a) ESI–MS spectrum and (b) ESI–MS/MS
spectrum of the [M + Na]+ adducts of Ac2Hex3 (m/z 611).

Fig. 3. Influence of Et75A fraction (a) on macrophage cellular viability (LPS-induced (LPS) and non-stimulated (Ctrl.) macrophages were used as positive and negative controls,
respectively; the same letter denotes non statistical significance between assays using distinct extract concentrations; p < 0.05) and (b) PMB  decontamination on macrophage
N mina

m
t
t
p
t
e

f
i
t
o
2
e
f
i
A
a
a

O  production. (- assays with no PMB  decontamination; + assays with PMB  deconta

/z 245 and 227, respectively. The product ion at m/z 347, due to
he combined loss of 162 Da plus the loss of 102 Da, corresponding
o an 0,2A2 cross-ring fragment, showed that the acetyl group was
laced at O-2 position of the hexose residue (Nunes et al., 2005). As
he loss of a hexose bearing two acetyl groups was not observed,
ach acetyl group are mainly linked to different hexose residues.

Overall, the analysis of MS  spectra of mannanase digested Et75
ractions allowed to identify the series of PentAcHexn resumed
n Table 3. The presence of acetyl groups and pentoses linked to
he mannan backbone has been reported for galactomannans from
ther origins, such as coffee beans (Nunes et al., 2005; Simões et al.,
010), locust bean gum (Simões et al., 2011), and Aloe vera (Simões
t al., 2012). Also, revisiting the chromatograms of saponified
ractions for quantification of pectic polysaccharides methylester-
fication, it was possible to identify the presence of acetic acid.
lthough not exclusive of galactomannans, the identification of

cetic acid reinforces the hypothesis that these polysaccharides are
cetylated.
tion; * compared to assay without pre-incubation with PMB; p < 0.05).

3.4. Macrophage cellular viability and NO production

In order to disclose the potential contribution of polysaccha-
rides of P. tridentatum decoctions to health benefits, Et75A fraction,
which is representative of the different types of polysaccharides, as
well as having the highest proportion of galactomannans, was  used
to study macrophage NO production. The effect of Et75A fraction
on macrophage cellular viability was evaluated by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay. For the range of concentrations comprised between 5 and
200 �g/mL, Et75A did not compromised the macrophage cellu-
lar viability, which was  similar, and always higher than 75%, as
observed for the control and LPS (Fig. 3a). This allowed to conclude
that over the entire concentration range tested, Et75A fraction pre-
sented a safety profile to macrophages.

The immunostimulatory activity of Et75A fraction was  evalu-

ated by measuring the accumulation of nitrite, which is the stable
end product of NO, in the RAW 264.7 macrophage cells supernatant.
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Fig. 4. Macrophage NO production. Influence of (a) Et75A, (b) Et75A-sap, (c) Et75A-I, and (d) Et75A-II fractions. Non-stimulated (Ctrl.) macrophages were used as negative
control.  (* compared to Ctrl.; different letters denote significant differences between assays using distinct extract concentrations; p < 0.05).

Table 3
Oligosaccharides identified in ESI–MS spectra of �-mannanase digestion products of Et75A fraction and further confirmed by ESI–MS/MS, with the identification of the
[M  + Na]+ ions m/z value, and its composition.

Number of acetyl groups

0 1 2 3
n  m/z

Hexn 2 365
3 527 569 611 653
4  689 731 773 815
5  851 893 935 977
6  1055

PentHexn 2 497 539
3  701
4  821 863
5  983

Table 4
Total sugar content determined, macrophage NO production, and comparative polysaccharide composition of Et75A, Et75A-sap, Et75A-I, and Et75A-II fractions isolated from
decoctions of P. tridentatum dried inflorescences.

Total Sugar(mass%) Macrophage NO production HG AG-I AG-II GM Ac GM de-Ac XG

Et75A 85.3 +++ +++ + + ++ – ++

Et75A-sap 85.3 ++ +++ + + – ++ ++
Et75A-I 86.7 + – – + – +++ +++
Et75A-II 97.4 + +++ – – – – –

– resen
A an; A

o
m
(
T
E
p

 denotes the absence of a polysaccharide in a fraction; +, ++, and +++ denotes the p
G-I  and AG-II: type-I and type-II arabinogalactans, respectively; GM:  galactomann

When the macrophages were stimulated with concentrations
f Et75A fraction ranging from 5 to 200 �g/mL, an increase in the
acrophage NO production, relatively to the control, was noticed

Fig. 4a), suggesting macrophage immunostimulatory activity.

o confirm that the observed biological activity was  caused by
t75A fraction and not by a possible endotoxin contamination, a
olymyxin B (PMB) decontamination procedure was used. This pro-
ce of increasing quantities of a polysaccharide in a fraction; HG: homogalaturonan;
c and de-Ac: acetylated and de-acetylated, respectively; XG: xyloglucan.

cedure was used because it is one of the most common, available
and efficient for neutral polysaccharides LPS decontamination and
because the 41 mol% of UA residues in Et75A fraction were mainly
methylesterified.
The pre-incubation with PMB  did not decrease the NO pro-
duction by macrophage stimulated with Et75A fraction (Fig. 3b).
Additionally, as a decrease in NO production was observed when
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V.M.R. Martins et al. / Carbohy

he macrophages were co-stimulated with LPS and Et75A, and with
PS, it was concluded that the observed immunostimulatory activ-
ty of the fraction present is not due to endotoxin contamination
nd is, indeed, an intrinsic bioactivity of the sample.

When the macrophages were stimulated with 50, 100, and
00 �g/mL of Et75A-sap fraction, which resulted from a saponi-
cation treatment of Et75A fraction, reductions of 60–75% in the
O production were observed relatively to Et75A fraction (Fig. 4b).
ince the saponification treatment promotes de-acetylation and
he acetylation has been reported as an important structural fea-
ure in the expression of galactomannans immunostimulatory
ctivity (Karaca, Sharma, & Nordgren, 1995; Simões et al., 2009,
012), it can be concluded that the acetylated galactomannans
f P. tridentatum present macrophage immunostimulatory activ-
ty. As Et75A-sap fraction still exhibited significant macrophage
O production, other polysaccharides besides the acetylated galac-

omannans may  contribute to the immunostimulatory activity of
t75A fraction.

When the Et75A-sap fraction was further treated with endo-
olygalacturonase and the resulting products were fractionated in
io-Gel P30, the high molecular weight fraction (Et75A-I) showed

 decrease in the NO production of approximately 95% for 50
nd 100 �g/mL, and 60% for 200 �g/mL, comparatively to Et75A
Fig. 4c). This decrease seems to result from the loss of AG-I
ide chains due to endo-polygalacturonase digestion and diffusion
hrough the dialysis membrane. Et75A-I fraction only presented
.2% of UA residues (Table 1) and (1 → 4)-Galp  residues, which are
iagnostic for pectic polysaccharides AG-I side chains, were not
etected (Table 2). As AG-I have been reported to contribute for
acrophage NO production (Ferreira et al., 2015; Inngjerdingen

t al., 2008), it is possible that P. tridentatum AG-I also contribute to
t75A immunostimulatory activity. Because de-acetylated galac-
omannans account for approximately 50% of the carbohydrates
resent in Et75A-I fraction, only when the macrophages were stim-
lated with 200 �g/mL a significant NO production was  observed.
ince Et75A-I fraction is also mainly composed by xyloglucans
Table 2), which are known to present immunostimulatory activ-
ty (Rosário et al., 2008, 2011), it is possible that P. tridentatum
yloglucans have also a contribution.

When the macrophages were stimulated with Et75A-II fraction,
 significant activity was observed only for 200 �g/mL (Fig. 4d). This
raction contains low molecular weight galacturonans (96.5% UA,
able 1), resulting from endo-polygalacturonase treatment of Et75A
raction and retained in 1 kDa dialysis membrane. As the homo-
alacturonan moiety of pectic polysaccharides has been reported
s macrophage immunostimulator (Belska et al., 2010; Wang et al.,
013, 2014), it is possible that, when present in concentrations such
s 200 �g/mL, the homogalacturonan moieties of pectic polysac-
harides from P. tridentatum dried inflorescences also contribute to
acrophage NO production. Table 4 summarizes the relationship

etween the polysaccharide composition of the different fractions
nd their macrophage NO production.

. Conclusions

The decoctions of P. tridentatum dried inflorescences contained
ectic polysaccharides, type-I and type-II arabinogalactans, acety-

ated galactomannans, and xyloglucans, as shown by sugar and
inkage analysis, mannanase and polygalacturonase treatments,
nd mass spectrometry analysis. Moreover, it was also possible to

vidence some structural features of the galactomannans, namely
he presence of acetyl groups at the O-2 of the mannose residues
nd the occurrence of pentose residues, possibly arabinose, simi-
arly to what was observed for galactomannans from other sources.
olymers 157 (2017) 176–184 183

The polysaccharides present in the decoctions of P. tridentatum
dried inflorescences evidenced in vitro macrophage stimulatory
activity, without compromising cellular viability. The major con-
tribution to the observed immunostimulatory activity was  due to
the acetylation of the galactomannans. However, AG-I, homogalac-
turonans, and xyloglucans also contributed for the expression of
macrophage immunostimulatory activity.

The present study highlights the role of polysaccharides on the
bioactive properties frequently attributed by the popular tradition
to the hot water extracts from P. tridentatum dried inflorescences.
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