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The anti-lung cancer activity of oligosaccharides derived from glucuronomannan was investigated. The inhibition of A549 cell proliferation by glucuronomannan (Gn) and its oligomers (dimer (G2), tetramer (G4) and
hexamer (G6)) were concentration dependent. In vivo activities on the A549-derived tumor xenografts showed
the tumor inhibition of G2, G4 and G6 were 17 %, 40 % and 46 %, respectively. Organ coeﬃcients in nude mice
showed an increase in the kidney with G4, the brain with G6, and the spleen with G6. An advanced tandem mass
tag labeled proteomics approach was performed. A signiﬁcant diﬀerential expression was found in 59 out of the
4371 proteins, which involved the immune system. Surface plasmon resonance (SPR) studies revealed G6 was
strongly bound to immunoglobulin G. This suggests that glucuronomannan hexamer inhibits the proliferation of
lung cancer through its binding to immunoglobulin.

1. Introduction
Glucuronomannan (Gn) is composed of alternating 1, 4-linked β-DGlcAp residues and 1, 2-linked α-D-Manp residues (Jin, Wang, Ren,
Song, & Zhang, 2012; Jin, Ren, Liu, Zhang, & Zhong, 2018; Wang et al.,
2012; Wu et al., 2015). Gn can be prepared by degradation of polysaccharides (fucoidan) from brown algae. There are many reviews on
the activities of fucoidan (Berteau & Mulloy, 2003; Cumashi et al.,
2007; Deniaud-Bouet, Hardouin, Potin, Kloareg, & Herve, 2017; Fitton,
2011; Fitton, Stringer, & Karpiniec, 2015; Garcia-Vaquero, Rajauria,
O’Doherty, & Sweeney, 2017; Hsu & Hwang, 2019; Kusaykin et al.,
2008; Lee et al., 2017; Li, Lu, Wei, & Zhao, 2008; Luthuli et al., 2019;
Pomin, 2010; Pomin & Mour˜ao, 2008; Sanjeewa, Lee, Kim, & Jeon,
2017; Usov & Bilan, 2009; Wijesinghe & Jeon, 2012; Wu et al., 2016;
Zaporozhets & Besednova, 2016). However, to our knowledge, there
have been no reports on the biological activities of Gn or its oligomers,
except for the antioxidant activities of sulfated glucuronomannan
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oligosaccharides (Jin et al., 2018).
Oligosaccharides have many advantages over polysaccharides, including a controlled structure facilitating quality control and the ability
to pass through biological barriers. Today, there are many types of
oligosaccharide therapeutic agents under investigation including heparin-oligosaccharides (Liu & Linhardt, 2014), chitosan (Muanprasat &
Chatsudthipong, 2017; Yuan et al., 2019), human milk oligosaccharides
(Ackerman et al., 2018; Ray et al., 2019), fructooligossaccharides
(Gremski et al., 2019), fucosylated chondroitin sulfate oligomers (Yan
et al., 2019), neoagaro-oligosaccharides (Lin et al., 2019), alginate
oligosaccharides (Lang, Zhao, Liu, & Yu, 2014), pectic oligosaccharides
(Wilkowska et al., 2019) and manno-oligosaccharide (Li, Yi, Liu, Yan, &
Jiang, 2018).
Oligosaccharides play critical roles in a wide range of biological
processes (Feng et al., 2015; Kim et al., 2017; Yadav et al., 2015; Zhang
et al., 2013; Zhang, Lee, & Linhardt, 2015; Zhang, Zheng et al., 2019;
Zhang, Yan et al., 2019; Zhao et al., 2017). Fucosylated chondroitin
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acid for 5 h and then neutralized, centrifuged and concentrated. Anion
exchange chromatography on a DEAE-Bio Gel agarose FF Gel (6 cm ×
40 cm) was performed with elution with 0.2 M NaCl, 0.5 M NaCl and
2 M NaCl. The resulting polysaccharide fractions were desalted using
Sephadex G10 chromatography (3.5 cm × 30 cm). Finally, the desalted
2 M NaCl fraction was lyophilized to obtain Gn.
The molecular weight of Gn was measured by gel permeation
chromatography (GPC)-high performance liquid chromatography
(HPLC) on TSK G3000 PWxl column (7 μm 7.8 × 300 mm) with elution
in 0.05 M Na2SO4 at a ﬂow rate of 0.5 mL/min at 40 °C using refractive
index detection. Diﬀerent molecular weight dextrans (2.5, 4.6, 7.1,
21.4, 41.1 and 133.8 k Da) from the National Institute for the Control of
Pharmaceutical and Biological Products (Beijing, China), were used as
molecular weight standards.

sulfate oligosaccharides, for example, display potent anticoagulant activities (Yan et al., 2019). Neoagaro-oligosaccharides are beneﬁcial in
controlling the level of blood glucose and ameliorating the damage of
the liver and pancreatic islets (Lin et al., 2019). Pectin-derived oligosaccharides are important as prebiotics for human and animals by stimulating bowel colonization with lactic acid bacteria and inhibiting the
development of infections caused by pathogens (Wilkowska et al.,
2019). Human milk oligosaccharides possess antimicrobial and antibioﬁlm activities (Ackerman et al., 2018).
Many researchers have shown that the immune system can clear or
suppress the majority of carcinomas and immunomodulation exhibits a
vital role in the protection against tumor development (AghaMohammadi & Lotze, 2000; Ehrrlich, 1999; Khalil, Smith, Brentjens, &
Wolchok, 2016; Locy et al., 2018; Matsushita & Kawaguchi, 2018).
Many oligosaccharides and derivatives showed immunomodulatory
eﬀects. It has been reported that feruloylated oligosaccharides display
immunomodulatory eﬀects against mouse colitis through the immune
balance of Th17 and Treg cells (Xia et al., 2019). HMO-7, one of neutral
human milk oligosaccharides (HMO), showed immunomodulatory effects by producing inﬂammatory mediators and cytokines including
nitric oxide, PGE2, ROS, tumor necrosis factor α (TNF-α), and some
certain interleukins (Zhang, Zheng et al., 2019; Zhang, Yan et al.,
2019). In addition, HMO exerts an anti-inﬂammatory eﬀect by reducing
the platelet-neutrophil complex formation, inhibiting the leukocyte
rolling and adhesion to endothelial cells, inﬂuencing cytokine production and developing the immune system, potentially leading to a more
balanced Th1/Th2 response (Ray et al., 2019). Chitooligosaccharides
show immunostimulatory, immunoregulatory and anti-inﬂammatory
properties through their interaction with membrane receptors on the
macrophage surface (dependent on toll-like receptor 4), boosting the
expression of key gene of nuclear factor kappa B and triggering the
protein phosphorylation (Guan et al., 2019). Pretreatment with the
oligosaccharides from κ- or ι-carrageenan displayed the anti-inﬂammatory activity by decreasing TNF-α (Ai et al., 2018). Galactooligosaccharides derived from lactulose with Saccharomyces cerevisiae can
bind immune cell receptor Dectin-2 (Young et al., 2019).
So far, there have been only limited studies of the structure-activity
relationship between the degree of polymerization (DP) and the antilung cancer activity of Gn and its oligomers. The hypothesis in the
current study is that Gn and its derivatives could exhibited the anti-lung
cancer activity through the immune system. Our aim is to probe the
eﬀects of DP on the anti-lung cancer activity of Gn and its oligomers. In
addition, proteomics and surface plasmon resonance (SPR) competition
studies have been performed to elucidate the mechanism of the antilung cancer activity.

2.2. Anti-lung cancer activity
Anti-lung cancer activities using human lung cancer A549 cells were
next determined. Cell viability was measured using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium (MTT) assay. Brieﬂy,
cells were cultured in RPMI 1640 medium containing 10 % fetal bovine
serum and penicillin-streptomycin (100 units/ mL) in an atmosphere of
5% CO2 at 37 °C. The cells (100 μL) were then seeded in a 96-well plate
at a density of 1 × 104 cells/well and cultured for 24 h. The cells were
divided into three groups: (1) a blank group only containing medium;
(2) a control group in which cells were added; and (3) an experimental
group containing cells and diﬀerent concentrations of Gn cultivated in
medium. After removal of the media, 10 μL of MTT (5 mg/mL) was
added to each well. After 4 h of incubation, the supernatants were removed, and dimethylsulfoxide (DMSO) (100 μL) was added. The absorbance was measured and inhibition was determined using the following equation: Cell Inhibition (%) = (Ac − A1)/(Ac − A0) × 100,
where A0 was the absorbance of the blank, A1 was the absorbance in
the presence of sample, and Ac was the absorbance of the control.
2.3. Xenograft tumor model
Four-week-old male BALB/c-nu nude mice were purchased from
Shanghai Sipu-bikai Experimental Animal Co., LTD (Shanghai, China).
All studies in mice were approved (NO. 11/2017) by the Animal Ethics
Committee of Zhejiang University of Technology Animal Center in accordance with the animal care and use guidelines. Tumors were established by giving a subcutaneous injection of 2.5 × 106 (0.2 mL) A549
cells into the right ﬂank of mice. Xenograft mice were administrated i.p.
with G2, G4, G6 and Gn doses at 100 mg/kg (0.2 mL) every day, while
equal volume of normal saline was injected as a control. Drug-treatment
was initiated after tumors were palpable and lasted for approximately
11 days. Body weight and tumor volumes were measured every two
days using a balance and with a vernier caliper. The tumor volumes
were calculated from the formula: V = ½ × length × width2 and the
relative tumor volumes (RTV) were calculated with the formula: Vn/V0
(Vn represents the tumor volume at the “n” day after administration
and V0 corresponds to the tumor volume before administration). After
treatment, the mice were euthanized to excise tumors. The tumor inhibition was calculated based on the following formula: (the mean
tumor weight of control group － the mean tumor weight of treated
group)/ the mean tumor weight of control group × 100. The organ
coeﬃcients of nude mice were calculated from the formula: organ
weight × 1000 / body weight. The ﬂow chart of A549 cells xenograft
tumor model is shown in Fig. S1.

2. Materials and methods
2.1. Characterization, preparation and puriﬁcation of glucuronomannan
and its oligomers
Gn oligomers (G2, G4 and G6, disaccharide through hexasaccharide) were prepared in our laboratory by the methods described
in our previous study (Jin et al., 2012, 2018). In brief, crude polysaccharide from Sargassum thunbergii was degraded with reﬂux (110 °C)
in 0.5 M sulfuric acid (60 mg/mL) for 5 h and then neutralized, centrifuged and concentrated. The concentrated sample was fractionated
using an activated carbon column (2.6 cm × 30 cm, activated charcoal
was purchased from Sigma-Aldrich (Cat # 31616)) with water (Y1) and
75 % ethanol (Y2). The eluent Y2 was combined, concentrated and
freeze-dried. Y2 (0.5 g) was separated on a Bio-Gel P-4 Gel column
(Extra Fine, 2.6 cm × 100 cm) and then eluted with 0.5 M NH4HCO3 at
a ﬂow rate of 0.15 mL/min. Oligomers (G2, G4 and G6) were collected
and lyophilized.
Gn low molecular weight (7.0 kDa) polysaccharide was prepared
from the crude polysaccharide. It was reﬂuxed (110 °C) in 0.5 M sulfuric

2.4. Protein analysis
The tumors in the G6 group and control group were ground and
added with four-volumes of lysis buﬀer, containing 8 M urea, 1% protease inhibitor and 2 mM EDTA. Ultrasonic lysis was then performed
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Table 1
The chemical shifts of G2, G4, G6 and Gn.
Samples

Residues

C1

C2

C3

C4

C5

C6

H1

H2

H3

H4

H5

H6

G2

→2)-α-D-Manp-OH
β-D-GlcAp-(1→

92.5
102.0

78.8
72.9

69.8
75.6

67.3
72.1

72.7
76.1

60.8
176.1

5.15
4.38

3.95
3.24

3.75
3.39

3.58
3.69

3.58
3.69

3.58−3.69
–

G4

→2)-α-D-Manp-OH
→4)-β-D-GlcAp-(1→
→2)-α-D-Manp-(1→
β-D-GlcAp-(1→

92.4
101.9
98.8
101.8

78.6
73.0
77.9
73.1

69.8
76.7
69.9
75.6

67.4
77.2
66.8
72.2

72.7
76.4
72.9
76.2

60.9
175.3
60.4
176.2

5.14
4.37
5.28
4.33

3.91
3.22
4.05
3.27

3.73
3.55
3.71
3.38

3.55
3.63
3.58
3.63

3.58
3.66
3.58
3.66

3.63−3.69
–
3.63−3.69
–

G6

→2)-α-D-Manp-OH
→4)-β-D-GlcAp-(1→
→2)-α-D-Manp-(1→
→4)-β-D-GlcAp-(1→
→2)-α-D-Manp-(1→
β-D-GlcAp-(1→

92.4
101.9
98.8
101.7
98.8
101.7

78.6
73.0
77.8
73.0
77.9
73.0

69.9
76.4
69.9
76.4
69.9
75.6

67.4
77.2
66.8
77.2
66.8
72.2

72.9
76.7
73.0
76.7
73.0
76.7

60.9
175.4
60.4
175.4
60.4
176.2

5.14
4.36
5.27
4.32
5.27
4.32

3.91
3.26
4.02
3.26
4.05
3.26

3.68
3.53
3.68
3.53
3.68
3.37

3.53
3.63
3.58
3.63
3.58
3.62

3.58
3.66
3.58
3.66
3.58
3.66

3.63−3.68
–
3.63−3.68
–
3.63-3.68
–

Gn

→2)-α-D-Manp-OH
→4)-β-D-GlcAp-(1→
→2)-α-D-Manp-(1→
β-D-GlcAp-(1→

–
102.0
98.8
101.8

78.6
73.0
77.8
73.1

69.8
76.8
69.9
75.6

67.4
77.1
66.8
72.2

72.7
76.4
72.9
76.4

–
175.4
60.4
–

5.14
4.32
5.27
4.32

3.90
3.25
4.02
3.27

3.73
3.52
3.71
3.39

3.52
3.63
3.58
3.63

3.58
3.66
3.58
3.66

3.63−3.68
–
3.63−3.68
–

corrected p-value < 0.05 is considered signiﬁcant. Enrichment of protein domain analysis: For each category proteins, InterPro (a resource
that provides functional analysis of protein sequences by classifying
them into families and predicting the presence of domains and important sites) database was researched and a two-tailed Fisher’s exact
test was employed to test the enrichment of the diﬀerentially expressed
protein against all identiﬁed proteins. Protein domains with a pvalue < 0.05 were considered signiﬁcant.

and samples were centrifuged to obtain soluble proteins. The protein
concentration was determined using a BCA kit. Proteins were then digested by trypsin and tandem mass tag (TMT) labeled according to the
manufacturer’s protocol. Brieﬂy, one unit of TMT reagent were thawed
and reconstituted in acetonitrile. The peptide mixtures were then incubated for 2 h at room temperature and pooled, desalted and dried by
vacuum centrifugation. The tryptic peptides were fractionated into
fractions by high pH reversed-phase HPLC using Agilent 300 Extend
C18 column (5 μm particles, 4.6 mm ID, 250 mm length). Brieﬂy, peptides were ﬁrst separated into 60 fractions with a gradient of 8%–32%
acetonitrile (pH 9.0) over 60 min. Peptides were combined into 18
fractions and dried by vacuum centrifugation. The peptides were subjected to NSI source followed by tandem mass spectrometry (MS/MS) in
Q ExactiveTM Plus (Thermo) coupled online to the UPLC. The electrospray voltage applied was 2.0 kV. The m/z scan range was 350–1800
for full scan, and intact peptides were detected in the Orbitrap at a
resolution of 70,000. Peptides were selected for MS/MS using NCE
setting as 28 and the fragments were detected in the Orbitrap at a resolution of 17,500. A data-dependent procedure that alternated between one MS scan followed by 20 MS/MS scans with 15.0 s dynamic
exclusion. Fixed ﬁrst mass was set as 100 m/z.

2.6. SPR solution competition study between glucuronomannan and its
oligomers binding to immunoglobulin G (IgG)
Solution competition SPR measurements were performed on a
BIAcore 3000 (GE Healthcare, Uppsala, Sweden). Heparin chip was
prepared according to the previous studies (Zhang, Zheng et al., 2019;
Zhang, Yan et al., 2019). To measure the inhibition of glucuronomannan and its oligomers on immunoglobulin G (IgG) binding to
heparin surface, IgG was pre-mixed with diﬀerent concentrations of
glucuronomannan and its oligomers and injected over the heparin chip
at 30 μL/min. After each run, a dissociation period and regeneration
with 2 M NaCl was performed.

2.5. Database search and bioinformatics
2.7. Statistics analysis
The resulting MS/MS data were processed using Maxquant search
engine (v.1.5.2.8). Tandem mass spectra were searched against
SwissProt Mouse database concatenated with reverse decoy database.
GO Annotation: Gene Ontology (GO) annotation proteome was derived
from the UniProt-GOA database (www. http://www.ebi.ac.uk/GOA/).
Domain Annotation: Identiﬁed proteins domain functional description
was annotated by InterProScan (a sequence analysis application) based
on protein sequence alignment method, and the InterPro (http://www.
ebi.ac.uk/interpro/) domain database was used. KEGG Pathway
Annotation: Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to annotate protein pathway. Subcellular Localization:
We used Wolfpsort a subcellular localization predication soft to predict
subcellular localization. Wolfpsort is an updated version of PSORT/
PSORT II for the prediction of eukaryotic sequences. For prokaryotic
species, subcellular localization prediction soft CELLO was used.
Enrichment of Gene Ontology analysis: Proteins were classiﬁed by GO
annotation into three categories: biological process, cellular compartment and molecular function. For each category, a two-tailed Fisher’s
exact test was employed to test the enrichment of the diﬀerentially
expressed protein against all identiﬁed proteins. The GO with a

All data are shown as the mean ± standard deviation (SD).
Signiﬁcant diﬀerences between experimental groups were determined
by one-way ANOVA, and diﬀerences were considered as statistically
signiﬁcant if p ≤ 0.05. All calculations were performed using SPSS
16.0 statistical Software.

3. Results
3.1. Characterization of glucuronomannan and its oligomers
The yields based on fraction Y2 of glucuronomannan oligomers (G2,
G4 and G6) were 40.1 %, 20.4 % and 9.3 %, respectively. The 1H and
DEPTQ (13C) NMR spectra of G2 to G6 were showed in Figs. S2–S4. The
GPC-HPLC chromatogram of glucuronomannan low molecular weight
polysaccharide Gn, presented in Fig. S5, shows a molecular weight of
7.0 kDa. Moreover, the 1H and DEPTQ (13C) and HSQC spectrum of Gn
was displayed in Figs. S6 and S7. A summary of chemical shifts of G2,
G4, G6 and Gn is presented in Table 1.
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3.4. Proteome overview and protein annotation
We next investigated the global protein expression proﬁles of the
tumors at 21 days of treatment with G6 at the proteome level using an
advanced TMT labeled proteomics approach to elucidate the mechanism of anti-lung cancer activity. By searching against the SwissProt
Mouse database, 5152 proteins were identiﬁed from a total of 289847
spectra, 29995 peptides, and 28696 unique peptides in the proteomic
analysis. Out of the 4371 proteins 59 showed signiﬁcantly diﬀerential
expression under p-value < 0.05 and fold-change > 1.5. All of the
proteins identiﬁed were annotated using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) and National Center for Biotechnology
Information non-redundant protein sequences (NCBInr) databases.
3.5. Gene Ontology (GO) analysis of diﬀerentially expressed proteins
Fig. 1. The proliferation inhibition of G2, G4 and G6 and Gn on A549 cells.
Cells were cultured in 96-well plate and treated with diﬀerent concentrations of
G2, G4, G6 and Gn (0.01–2.61 mg/mL) for 24 h. The cell viability was analyzed
by MTT assay. Data are presented as means ± SD of three independent experiments (n = 3). Signiﬁcant diﬀerence from the G2 group at the same concentration was designated as *P ≤ 0.05 and **P ≤ 0.01; Signiﬁcant diﬀerence
from the 0.01 mg/mL group of the same sample was designated as #P ≤ 0.05
and ##P ≤ 0.01.

GO was used to classify the function of the diﬀerentially expressed
tumors proteins. There were 59 diﬀerentially expressed proteins, containing 42 upregulated proteins and 17 downregulated proteins. They
were classiﬁed into three main categories: biological process, cellular
component, and molecular function.
Fourteen secondary categories exist in the biological process of
upregulated proteins. Among these categories, single-organism process,
cellular process, biological regulation, response to stimulus, metabolic
process, multicellular organismal process, immune system process, localization, cellular component organization or biogenesis, developmental process, multi-organism process, signaling, locomotion and
others accounted for 14 %, 12 %, 11 %, 10 %, 9 %, 8 %, 7 %, 7 %, 5 %,
5 %, 5 %, 4 %, 2 % and 1 %, respectively (Fig. 3). Cellular component
had seven secondary categories, among which, cellular was the largest
categories, representing 26 %, followed by 19 % extracellular region,
17 % organelle, 14 % membrane and macromolecular complex, 9%
supramolecular complex and 1% other. Binding represented 63 % of the
molecular function, followed by 13 % catalytic activity, 7% structural
molecule activity, 5% molecular function regulator. Moreover, the
compositions of secondary categories in the three main categories for
downregulated proteins (Fig. 3) were similar to those of upregulated
proteins in general, except for some slight changes. However, the percentages of single-organism process, immune system process, localization, extracellular region, organelle, macromolecular complex, supramolecular complex, cell junction, membrane-enclosed lumen, binding,
structural molecule activity, molecular function regulator, molecular
transducer activity and signal transducer activity were changed more
than or equal to three percent.
For upregulated proteins, fourteen other (from fourth to ninth) categories (Fig. 4) are present in the biological process, eight other (from
secondary to ninth) categories are present in the cellular component
and four other (from third to ﬁfth) categories are present in the molecular function. For downregulated proteins, ten other (from ﬁfth to
ninth) categories (Fig. 4) are present in the biological process; two other
(from fourth to ﬁfth) categories are present in the cellular component.
The antigen binding, GO secondary category, was the most signiﬁcantly
enriched in the upregulated proteins, while the positive regulation of T
cell activation was the most signiﬁcantly enriched in the downregulated
proteins. Thus, we conclude that the most diﬀerentially expressed
proteins were involved in the immune system.

3.2. The inhibition of glucuronomannan and its oligomers on the
proliferation of A549 cells
A549 cells were exposed to increasing concentrations of G2, G4, G6
and Gn for 24 h to evaluate the proliferation inhibitions by G2, G4, G6
and Gn, and cellular inhibition was determined (Fig. 1). There was no
signiﬁcant diﬀerence among the samples at concentrations below
0.95 mg/mL, except Gn at the concentration of 0.95 mg/mL. However,
G6 showed the lowest activity and other samples showed no signiﬁcant
diﬀerence at concentrations of 1.82 and 2.61 mg/mL. In summary, the
results obtained were too complicated to draw ﬁrm conclusion on the
impact of DP on anti-proliferative activity.

3.3. Glucuronomannan and oligomers attenuated A549 xenograft tumor
growth in vivo
The medicinal eﬀects of Gn and its oligomers in BALB/c-nu mice
were next determined. The tumor inhibition rates of G2, G4, G6 and Gn
were 17 %, 40 %, 46 % and −10 %, respectively, suggesting that G4
and G6 could signiﬁcantly inhibit the growth of A549 tumors (Figs. 2A,
B and S8). The relative tumor volume (RTV) of each group is shown in
Fig. 2C. G6 signiﬁcantly inhibited the tumor growth compared with the
control. The inhibition calculated by RTV was 55 %, which was higher
than the tumor inhibition (46 %). In addition, the body weights
(Fig. 2D) were relatively stable. These data suggest that Gn oligomers
G4 and G6 were potent and well tolerated by test animals. Compared
with the control group, the organ coeﬃcients of heart, liver, lungs,
kidney and brain showed no apparent diﬀerences, except for the organ
coeﬃcients of G4 treated kidney, G6 treated brain and G6 treated
spleen (Table 2). The kidney coeﬃcient of G4 treated animals and the
brain coeﬃcient of G6 treated animals were larger than those of the
control group. Compared with the spleen coeﬃcient in the control
group, it is interesting to note that the spleen coeﬃcients of the G6
treated animals were increased signiﬁcantly while the spleen coeﬃcient
of G4 treated animals showed an insigniﬁcant increase. The increase of
spleen coeﬃcient suggested the anti-tumor activity involved cellular
and humoral immunity (Fan et al., 2018; Mebius & Kraal, 2005).
Therefore, we conclude that G6 might represent a good candidate for
use in the treatment of lung cancer.

3.6. Subcellular structure localization of diﬀerentially expressed proteins
The subcellular structure localizations of diﬀerentially expressed
proteins are predicted and classiﬁed by using statistics and Wolfpsort
software. The upregulated proteins were in the cytoplasm, extracellular, nucleus, mitochondria, endoplasmic reticulum, cytoplasm,
nucleus and plasma membrane accounting for 32 %, 27 %, 19 %, 10 %,
5 %, 5 % and 2 %, respectively (Fig. 5). The downregulated proteins
were in the nucleus, plasma membrane, extracellular, cytoplasm and
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Fig. 2. Attenuation of A549 cell xenograft tumor growth in BALB/c-nu mice by oligomers (G4 and G6). (A) The tumor weight of each group, * p < 0.05 versus
control. (B) Representative images of the A549 xenograft tumors from each group at day 21. Oligomers (100 mg/kg/d, intraperitoneal injection) were used for
treatment groups. Control groups were treated with the corresponding solvents the same as treatment groups. (C) The relative tumor volume of each group; the
relative tumor volume of G4, * p < 0.05 versus Control; The relative tumor volume of G6, # p < 0.05 versus Control; (D) The body weight of each group. Control
group (n = 6), G4 group (n = 6) and G6 group (n = 5).

0.5 and 2.5 mg/mL of G6, and 2.5 mg/mL of G4 (Fig. 7). Modest inhibitory activities (> 40 %) were observed at concentration of 0.5 mg/
mL of G4. Other interactions were weak (lower than 40 % and higher
than 20 %). No concentration dependence was observed for any of the
samples.

Table 2
Organ coeﬃcients of nude mice.
Organ

Control

G4

G6

Heart
Liver
Spleen
Lungs
Kidney
Brain

6.3 ± 1.0
56.9 ± 3.8
3.1 ± 0.4
5.8 ± 0.4
16.3 ± 1.4
14.5 ± 3.1

6.3 ± 0.2
59.3 ± 6.3
3.8 ± 0.5
5.4 ± 0.6
19.6 ± 3.7*
16.1 ± 0.7

6.3 ± 0.5
58.0 ± 3.7
4.5 ± 0.5**
5.6 ± 1.2
17.2 ± 1.4
17.0 ± 0.7*

4. Discussion
Gn and its oligomers (G2, G4 and G6) were prepared. The results on
the proliferation on A549 cells in vitro showed that G2, G4, G6 and Gn
exhibited only 3 %–10 % at concentrations lower than 0.95 mg/mL,
except Gn, which showed 28 % inhibition at a concentration of
0.95 mg/mL. The inhibitions of G6 were 26 % and 30 %, at concentrations of 1.82 and 2.61 mg/mL, respectively, were the lowest inhibition among all the samples. The inhibitions of G2, G4 and Gn,
ﬂuctuated between 35 % and 48 % at concentrations of 1.82 and
2.61 mg/mL, respectively, and showed no signiﬁcant diﬀerences.
However, the A549 cell xenograft tumor model in BALB/c-nu mice
indicated that G6 showed the strongest inhibition of about 46 %, followed by G4 (40 % inhibition), and G2 and Gn showed weak inhibition
in vivo. The body weights of treated animals were relatively stable. The
organ coeﬃcients of nude mice indicated that the spleen coeﬃcient of
G6 was larger than the control group. Previous studies (Chen et al.,
2012) suggest that the spleen index reﬂects the immune function and
immunopotentiator could increase the weights of spleen, which is
consistent with the results of proteomics analysis. It was shown that the
most diﬀerentially expressed proteins were involved in the immune
system. Further studies on the interaction between immunoglobulin G
and Gn oligomers were undertaken using surface plasmon resonance. It
was shown Gn had the strongest inhibitory activities. G6 showed the

Notes: *p < 0.05, ** p < 0.01 versus Control.

cytoplasm, nucleus accounting for 29 %, 23 %, 18 %, 18 % and 12 %,
respectively. Thus, the diﬀerentially expressed proteins were primarily
nuclear, extracellular and cytoplasmic.
3.7. Protein domains enrichment analysis of up and down regulated proteins
The protein domain enrichment analysis (Fig. 6) indicated that
many of the upregulated proteins contained the following domains:
immunoglobulin-like domain, immunoglobulin-like fold, immunoglobulin V-set domain, immunoglobulin subtype, immunoglobulin C1-set, EF-hand domain pair and EF-hand domain. In
contrast, the downregulated proteins contain no observed domains.
3.8. SPR solution competition study between glucuronomannan and its
oligomers and immunoglobulin G (IgG)
For IgG very strong inhibitory activities (> 80 %) were observed at
concentrations of 0.10, 0.50 and 2.50 mg/mL for Gn. Strong inhibitory
activities (> 60 %) were observed at concentrations of 1.0 μM of Gn,
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Fig. 3. GO secondary categories assigned to the signiﬁcantly up (A) and down (B) regulated proteins in tumors. The proteins were categorized on the basis of GO
annotation. The proportion of each category displayed is based on biological processes, cellular components, and molecular functions in percentage.
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Fig. 4. GO secondary to ninth categories assigned to the signiﬁcantly up (A) and down (B) regulated proteins in tumors. The proteins were categorized on the basis of
GO annotation. The proportion of each category displayed is based on biological process, cellular component, and molecular function in –log 10 (Fisher’s exact test p
value).

to albumin by intraperitoneal fucoidan (Yanase et al., 2009). They
found that fucoidan suppressed the stimulated increase of plasma IgE
after being delivered intraperitoneally at 100 mcg per mouse, however,
fucoidan did not suppress the stimulated increase of plasma IgE even
after oral delivery at 10 mg per mouse. It is also interesting to note that
fucoidan could reduce viral titres in mice after oral delivery (Hayashi,
Hayashi, Kanekiyo, Ohta, & Lee, 2007). On the terms of the environment, cells were cultivated in artiﬁcial liquid media in vitro experiments. However, in the in vivo experiments, A549 cells ﬁrst must adhere, grow and proliferate in mice. The micorenvironment of A549 cells
in vivo is totally diﬀerent from that of A549 cells grown in artiﬁcial
liquid media. And the microenvironment of A549 cells displays

second strongest inhibitory activity at a concentration of 0.5 mg/mL.
The inhibitory activities of other samples tested were modest or weak.
There is a question about the discrepancies between the in vitro and
in vivo studies. The major diﬀerences of the results between the in vitro
and in vivo experiments are attributed to the interaction and the environment (Lorian, 1988). Samples interacted directly with A549 cells
and the proteins in liquid media. However, samples may not interact
directly with A549 cells and proteins in the in vivo experiments. Samples can indirectly exhibit activity through diﬀerent pathways. The way
in which samples are administered in the in vivo studies may make a
diﬀerence to activity (Fitton, 2011). This is well illustrated in the research of Yanase and co-workers on the suppression of an IgE response
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Fig. 5. Subcellular structure localization of the signiﬁcantly up (A) and down (B) regulated proteins in tumors.

5. Conclusion

important roles in cancer initiation, progression and invasion (Lyssiotis
& Kimmelman, 2017).
On the terms of structure-activity relationship of oligosaccharides
and anti-tumor activity, several diﬀerent types of oligosaccharides, including synthetic glycosides and degraded oligosaccharides, had been
reported. In the anticancer activities of chitooligosaccharides with different degree of deacetylation, it was shown that a higher degree of
deacetylation and lower molecular weights show the highest anticancer
activity (Kim et al., 2012). For the anticancer activities of laminaranoligosaccharides, it was shown that the lower molecular weights (degree of polymerization 9–23) with a higher content of 1,6-linked glucose residues had higher activity (Menshova et al., 2014). For the inhibitory activity of several synthetic sulfated mannooligosaccharides
against heparanase, it was shown that the tetra- and penta-saccharides
could totally inhibit heparanase while di- and trisaccharides did not
completely inhibit heparanase even at very high concentrations
(Fairweather, Hammond, Johnstone, & Ferro, 2008). In addition, pentasaccharide glycosides did not always have better activities than tetrasaccharide glycosides (Johnstone et al., 2010; Wall, Douglas, Ferro,
Cowden, & Parish, 2001; Yu et al., 2002). Moreover, the growth inhibition on diﬀerent types of cells, including leukemia, nonsmall cell
lung cancer, colon cancer, melanoma, ovarian cancer, renal cancer,
prostate cancer and breast cancer of tetrasaccharide glycosides were
not always better than for trisaccharide glycosides (Shi et al., 2012;
Sylla et al., 2014). It was interesting to note that trisaccharide glycosides also did not display greater anti-cancer activities than disaccharide glycosides (Wang et al., 2017). Finally, it was shown that the
compounds with an α-conﬁguration of terminal 2, 6-dideoxy sugar
showed higher topoisomerase - poisoning than compounds with the βconﬁguration, indicating that sugar moieties in daunorubicin were
important for anti-cancer activity and topoisomerase - inhibition
(Zhang et al., 2005). In general, there was no absolute rule for the
structure-activity relationship of oligosaccharides and anti-cancer activity.

Anti-lung cancer activities of glucuronomannan and its oligomers
were carefully investigated in this study. Our data showed that G4 and
G6 signiﬁcantly inhibited the growth of A549 tumors. G6 exhibited the
anti-lung cancer activity through the immune system based on its interaction with immunoglobulin. Our current study provides important
insight into the application of oligosaccharides in the development of
anti-lung cancer therapeutics.
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Fig. 7. SPR analysis of IgG binding. (A) Bar graphs and SPR sensorgrams of normalized IgG binding preference to surface heparin by competing with diﬀerent
concentrations of Gn and its oligomers (G2, G4 and G6). Concentrations were 1.0 μM (B), 0.1 mg/mL (C), 0.5 mg/mL (D) and 2.5 mg/mL (E), respectively. Data are
presented as means ± SD of three independent experiments (n = 3).
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