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KEYWORDS Abstract Akebia quinata is a traditional medicinal plant distributed in East Asia and its fruits are
Arabinofuranan; applicated in food and pharmaceutical fields. Herein, a novel polysaccharide (AQP70-2A) with a
Selenylation; molecular weight of 1.49 x 10* Da was isolated from the fruits of A. quinata. Results of the chemical
Akebia quinata; and spectroscopic analysis indicated that AQP70-2A was an arabinofuranan with a backbone
HepG2 cells; mainly consisting of — 5)-a-L-Araf-(1—», —3,5)-a-L-Araf~(1—, and — 2,3,5)-a-L-Araf-(1—, and it
Zebrafish; also contained two types of branch chains. At the cellular level, AQP70-2A did not show significant
Antiangiogenic antitumor properties, while selenylation significantly made the inhibitory effect of this natural
macromolecule on HepG2 cells to be increased. Furthermore, the zebrafish xenograft model con-
firmed that selenized polysaccharide Se-AQP70-2A effectively blocked hepatocellular carcinoma
cells invasion and metastasis. Meanwhile, the inhibition of Se-AQP70-2A on development of inter-
segmental vessels revealed its antiangiogenic activity.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction
According to the latest statistics, there were 19.29 million new cancer
cases and 9.96 million cancer deaths worldwide in 2020, of which liver
cancer cases and deaths accounted for 4.7 % and 8.3 %, respectively
—_— ] (Sung et al., 2021). Although liver cancer ranks sixth in terms of global
Corresponding authors. incidence, it is the second leading cause of cancer deaths in men. Glob-
E-mail addresses: xujing611@nankai.edu.cn (J. Xu), victgyq@nan- ally, over 80 % of primary liver cancers are caused by hepatocellular
kzI\iAeduAcn (Y. Guo). ) ) carcinoma (HCC) (El-Serag and Rudolph, 2007) and has a 5-year sur-
These authors contributed equally to this work. vival rate of only 30-40 % (Zhong et al., 2017). Tumor metastasis is an
Peer review under responsibility of King Saud University. important cause of death in HCC patients (Chen et al., 2008). Reduced

the tumor metastasis can be achieved by inhibiting the migration, inva-
sion, and adhesion of metastatic cells. However, there is little advance-

e BN ment in the field of tumor metastasis blocking (Huang et al., 2015). In
ELSEVIER Production and hosting by Elsevier order to better prevent and treat HCC or other tumors, there is an
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urgent need for novel molecules with anti-cancer and anti-metastasis
activities. Recently, the severe side effects of chemotherapeutic drugs
have prompted interest in natural low-toxicity active molecules, and
increasing potential natural molecules for the treatment of HCC have
been reported from traditional Chinese herbs and dietary plants (Lu
etal.,2018; Hsuetal.,2011; Tsaiet al., 2013). In addition to small mole-
cules, natural biological macromolecular polysaccharides have been
proved to be effective in the treatment of HCC, which can inhibit tumor
growth by targeting vascular endothelial growth factor, improving
cytokine expression level and regulating immunity (Wang et al., 2017b).

Selenium is an essential trace element, and plays a critical role in
reparation of cellular damage and immunoenhancement (Wang
et al., 2018; Wei et al., 2015). Moreover, increasing evidences have
shown that selenium exerts immunomodulatory effects on HCC by
regulating oxidative stress, inflammation, angiogenesis, and apoptosis,
implying that selenium supplementation has a potential preventive and
therapeutic function on HCC (Darvesh and Bishayee, 2010; Wu et al.,
2021). Compared with inorganic selenium, organic selenium has the
advantages of high absorption rate and low toxicity, and is a suitable
way of selenium supplement for long-term use (Wang et al., 2018).
Among organic selenium, the study of selenium polysaccharides is a
hot topic in recent years. However, due to the low content of this type
of organic selenium in natural resources, selenylation modification has
become an effective way to prepare selenized polysaccharides (Wang
et al., 2018; Lee et al., 2017). The bioactivity of selenium polysaccha-
rides is not simply the superposition of selenium and polysaccharide
activities, but may achieve a distinctive pharmacological profile
(Wen et al., 2019), which expands the potential application of natural
polysaccharides in medicine and functional foods.

Akebia quinata (Houtt.) Decne. is a creeping woody vine, which
belongs to the Lardizabalaceae family and is widely distributed over
East Asia (Choi et al., 2005). The fruits of A4. quinata, known as
“Bayuezha” in Chinese, have been commonly used in traditional Chi-
nese medicines as an analgesic, an antiphlogistic, and a diuretic (Sung
et al., 2015). Moreover, the fruits of A. quinata can be consumed as a
dietary supplement, such as processed fruit vinegar and juice (Wang
etal., 2015; Duet al., 2012). Previous reports indicated that polysaccha-
rides were the important active ingredients in the water extract of 4. qui-
nata, and these macromolecules were found to have potential anticancer
and immunomodulatory activities (Wang et al., 2022; Wang, et al.,
2021). However, research on polysaccharides in this traditional medicine
is still preliminary. Even in the same species, the natural polysaccharides
are a series of molecules with different structures (Seedevi et al., 2018).

The great structural diversity of natural polysaccharides confers
these molecules a variety of activity, which are therefore considered
as a new source of drug development (Adami et al., 2018). In order
to further refine the comprehensive description of polysaccharides in
fruits of A. quinata, this work aims to explore the chemical information
of novel macromolecules with structures different from those of
polysaccharides previously reported. Meanwhile, the potential anti-
hepatocarcinoma activity of their selenized products was evaluated.

2. Materials and methods

2.1. Materials and chemicals

The detailed information of materials and reagents used in pre-
sented study can be found in the Supplementary information.

2.2. Isolation and purification of polysaccharide

The crude polysaccharide was prepared by extracting the fruits
of A. quinata according to our previous report (Wang, et al.,
2021). Firstly, the dried medicinal herbs (5.0 kg) were extracted
with hot water (90 “C) three times at 1:6 g/mL for two hours each
time. As the solid residue was filtered out, the filtrate was con-

centrated under reduced pressure to one tenth of'its original vol-
ume, and then centrifuged to collect the supernatant.
Anhydrous ethanol was added into the concentrated extract to
adjust the final concentration to 50 % and 70 %, respectively.
Then, the 70 % precipitation was deproteinized with Sevag
reagent (dichloromethane: n-butanol = 4: 1, v/v) (Hoseiniyan
Benvidi and Jahanbin, 2020), followed by dialysis (3500 Da
cut-off) and freeze drying to obtain crude polysaccharide named
AQ70.

AQ70 was applied to DEAE-Sepharose Fast Flow (DEAE-
FF) column (& 3.5 x 40 cm) and eluted first with distilled
water, and then with gradient concentration NaCl solution
(0.05, 0.1, and 0.2 M) at 1.0 mL/min flow rate. The fraction
eluted with 0.05 M NaCl was collected and named AQ70-2.
Furthermore, AQ70-2 was purified by Sephadex G-75 gel fil-
tration column (@ 1.5 x 100 cm) at 0.8 mL/min flow rate.
The first elution band was collected and AQP70-2A was har-
vested successively by concentration and freeze-drying.

2.3. Purity, homogeneity and molecular weight analysis

The UV-visible spectrophotometer was employed to perform
band scanning at 200400 nm to detect the presence of nucleic
acids and proteins in the polysaccharides sample. Further-
more, the molecular parameters of AQP70-2A were deter-
mined by high performance size exclusion chromatography
(HPSEC) in line with previous report (Wang et al., 2022).
Detailed information about the operation process can be
found in the Supplementary information.

2.4. Identification of monosaccharide composition

The monosaccharide composition of AQP70-2A was analyzed
according to the method previously reported (Zhang et al.,
2020a). The Supplementary information shows the detailed
description of the experiment procedures.

2.5. Fourier transform infrared spectrum and methylation
analysis

The dried AQP70-2A sample (1 mg) was ground with potas-
sium bromide powder before pressed into sheets, and analyzed
by Fourier transform infrared (FT-IR) spectrometer under a
wave number range of 4000 to 400 cm™".

Glycosidic linkages of the polysaccharide were determined
by methylation analysis as described previously (Zhang
et al., 2020). The detailed steps of methylation analysis are
given in the Supplementary information.

2.6. NMR analysis

The 'H NMR, *C NMR, DEPT-135 NMR, HSQC, and
HMBC were recorded using a 400 MHz Bruker AV-400 spec-
trometer (Bremen, Germany), and analyzed by MestReNova
software (Version 11.0.1, Mestrelab Research SL, Spain).

2.7. Congo red assay

The solution of polysaccharide was mixed with Congo red
reagent, and NaOH was added to adjust the final concentration
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t00,0.1,0.2,0.3,0.4,0.5,and 0.6 M, respectively. The maximum
absorption wavelength (Amax) of Congo red-polysaccharide
complexes at various concentrations of NaOH was observed.

2.8. Scanning electron microscope (SEM ) analysis

The dried AQP70-2A sample (1 mg) was coated with a conduc-
tive layer of gold—palladium and applied to FE-SEM (JOEL,
JSM-7800F, Tokyo, Japan) at an accelerating voltage of
15.0 kV.

2.9. Preparation of selenium-modified polysaccharide

The dried polysaccharide (20 mg) was dissolved in 5 mL HNO3;
(0.6 %, v/v) and stirred at room temperature for 30 min. Then
Na,SeO5 and BaCl, were added to the mixture, and the reaction
lasted for 8 h with stirring under 65 °C. The pH value of the reac-
tion mixture was adjusted to 7-8 with NaOH, and the Ba?" was
removed with sodium sulfate. After dialysis, the reaction product
was precipitated with ethanol, and the selenium-modified
polysaccharide named Se-AQP70-2A was recovered by freeze-
drying. Chemical characterization of Se-AQP70-2A was per-
formed using the methods consistent with natural polysaccha-
rides. Meanwhile, SEM equipped with energy dispersive
spectrometer (EDS) was used to semi-quantitatively measure Se
element content of Se-AQP70-2A. Accurate quantification of
Se element was performed by applying the samples to the induc-
tively couple plasma mass spectrometry (ICP-MS) platform.

2.10. Effects of polysaccharides on HepG2 cells viability

Human hepatocellular carcinoma cell line HepG?2 was selected
as a model and MTT assay was used to evaluate the antitumor
activity of polysaccharides in vitro. The detailed procedure of
cell  viability assessment is summarized in  the
Supplementary information.

2.11. Evaluation of antitumor activity in vivo

Zebrafish, a vertebrate model, has been widely used in pharma-
cological and toxicological studies due to its high homology
with human and its transparent body at the early developmen-
tal stages, which is easy to observe the changes of tissue struc-
ture (Gu et al., 2021; Guet al., 2022). According to the reported
methods (Liang et al., 2020), the in vivo activity of polysaccha-
rides against tumor cell invasion and metastasis was evaluated
in a zebrafish tumor xenograft model. Meanwhile, the anti-
angiogenic activity of Se-AQP70-2A was evaluated using the
transgenic zebrafish Tg (flil: EGFP) and compared with the
positive control treated with 1 pg/mL sunitinib malate (Wang
et al., 2021). The detailed procedure of in vivo experimental
are presented in the Supplementary information.

2.12. Statistical analysis

The experimental data were statistically analyzed using Graph-
Pad Prism 7.0 software and presented as mean =+ standard
deviation. Significant differences between different groups
were analyzed by one-way ANOVA followed by Turkey’s mul-
tiple range tests.

3. Results and discussion

3.1. Isolation and purification of AQP70-2A4

The percentage yield of crude polysaccharide (AQ70) sepa-
rated by alcohol precipitation was 1.3 % (polysaccharides
weight/ dried fruits weight). The elution profiles of AQ70
was shown in Fig S1A. There were two elution bands within
the elution range of 0.05 M NaCl, and the first peak was col-
lected with the yield of 0.2 % (polysaccharides weight/ dried
fruits weight) and named AQP70-2. Anion-exchange chro-
matographic elution products were further purified, and
AQP70-2 was divided into two components named AQP70-
2A and AQP70-2B by Sephadex G-75 column (Fig. S1B).
The percentage yield of the two fractions AQP70-2A and
AQP70-2B purified by molecular sieve both amounted to
0.02 % (polysaccharides weight/ dried fruits weight).

3.2. Homogeneity and molecular weight of AQP70-2A

The UV-vis spectrum showed that there were no characteristic
absorption peaks at 260 nm and 280 nm (Fig. S2B), indicating
no proteins and nucleic acids present in AQP70-2A. Moreover,
AQP70-2A was eluted as a single peak in HPGPC (Fig. S2A),
suggesting it was a homogenous polysaccharide with a narrow
molecular weight distribution. In addition, the sugar content
test showed that the carbohydrate content in AQP70-2A was
95.41 %. The calibration curve was obtained by plotting the
retention time of the serial Dextran standards versus the loga-
rithm of the molecular weight (Fig. S3; Table S1). The average
molecular weight of AQP70-2A was calculated to be
1.49 x 10* Da according to the standard calibration curve.
Furthermore, HPSEC-MALLS-RI system was used to deter-
mine the molecular parameters of polysaccharide (Fig. S4;
Table 1). The number-average molecular weight (M),
weight-average molecular weight (M,,) and z-average molecu-
lar weight (M.) of AQP70-2A were calculated to be
1.49 x 10% 1.53 x 10% and 1.56 x 10* g/mol, respectively.
The M, /M, and M_./M, as polydispersity indexes for evaluat-
ing the molecular weight distribution width of AQP70-2A were
1.023 and 1.047, respectively, which suggested the molecular
weight distribution of AQP70-2A was narrow. The data were
consistent with the results of HPGPC analysis, confirming that
AQP70-2A was a homogeneous polysaccharide.

3.3. Monosaccharide composition of AQP70-2A4

Compared with the retention time of the standard monosac-
charide, the PMP pre-derivatization method showed that the
AQP70-2A was composed only of arabinose (Fig. S5).
AQP70-2A  was a homopolysaccharide different from
AQP70-2B, which was also eluted by 0.05 M NaCl, and
AQP70-2B was a heteropolysaccharide composed of rham-
nose, glucose, galactose and arabinose (Wang et al., 2022).

3.4. Glycosidic linkages analysis of AQP70-2A
The disappearance of the O—H band (3100-3700 cm ') in the

IR spectrum of the methylated AQP70-2A indicated that
hydroxyl (—OH) was replaced with methoxy groups (—OCH3),
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NMR analysis of AQP70-2A. (A) The 'H NMR spectrum of AQP70-2A. (B) The '*C NMR spectrum of AQP70-2A. (C) The

HSQC spectrum of AQP70-2A. (D) The HMBC spectrum of AQP70-2A. (E) The DEPT-135 NMR spectrum of AQP70-2A.

which confirmed that the methylation reaction of the polysac-
charides was complete (Fig. S6). By analyzing mass spectrom-
etry of PMAAs (Fig. S7), the linkage patterns of
monosaccharide residues were shown in Table S2. Methylation

analysis showed that the AQP70-2A was composed
of l-substituted, 1,3-disubstituted, 1,5-disubstituted, 1,2,
S-trisubstituted, 1,3,5-trisubstituted, and 1,2,3,5-
tetrasubstituted-L-arabinose residues. The detection of

tetra-substituted monosaccharide residues suggested that
AQP70-2A was a novel arabinan different from that previ-
ously reported (Wang et al., 2021).

3.5. NMR spectroscopy analysis of AQP70-24

The primary structure of AQP70-2A was further derived com-
prehensively by NMR spectra. From the 'H NMR spectrum
(Fig. 2A), six anomeric proton signals were shown clearly at
5.00, 5.03, 5.06, 5.09, 5.12, and 5.14 ppm. The ratio of the inte-
gral areas of these anomeric proton signals was appropriately
calculated as 5.80: 1.40: 1.27: 2.44: 1.91: 1, respectively. In the
spectral region 3.60—4.30 ppm, the signals were non-anomeric
protons of sugar ring (H-2 — H-5). In the anomeric carbon
region (90-110 ppm), the '>*C NMR spectrum of AQP70-2A
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Table 1 The molecular weight parameters of AQP70-2A.
Molecular characteristics Parameter Detection results
Polydispersity (PDI) M, /M, 1.023
MM, 1.047
Molar mass moments (g/mol) M, 1.53 x 10*
M, 1.49 x 10*
M. 1.56 x 10*

exhibited seven anomeric carbon signals (Fig. 2B). Among
these resonance peaks of anomeric carbon, the signals at
107.4, 107.2, 106.9, 106.8, and 106.3 ppm could be assigned
to five different a-L-arabinose residues, while signals at 101.6
and 101.3 ppm were attributed to f-L-arabinose residues
(Cardoso et al., 2002; Dourado et al., 2006). According to
the literature, methylene carbon atom (C-5) of arabinose con-
tributed to the six inverted carbon signals (61.0, 63.0, 66.1,
66.3, 66.8, and 66.9 ppm) in DEPT-135 spectrum (Fig. 2E)
(Das et al., 2013).

The 'H and '°C chemical shift assignments of AQP70-2A
shown in Table 2 were determined according to the spectral
information in the 1D and 2D NMR experiments and by com-
parison with the NMR data from arabinans or arabinan rich-
polysaccharides (Zhang et al., 2020a; Zhang et al., 2020b;
Cardoso et al., 2002; Dourado et al., 2006; Shakhmatov
et al., 2014; Fernandes et al., 2019; Rodrigues et al., 2019;
Shakhmatov et al., 2015). Based on the literature (Cardoso
et al., 2002; Dourado et al., 2006), the H-1/C-1 cross peaks
at 5.00/101.6 and 5.03/101.3 ppm in HSQC spectrum
(Fig. 2C) indicated that the polysaccharides contained two
types of t-f-L-Araf in different chemical environments, named
residues A and B, respectively. Combining with the 'H, '3C,
and HSQC spectra, the strongest signal at 5.00/107.4 ppm
was assigned to — 5)-a-L-Araf-(1— (residue F) due to its high
molar ratio in methylation analysis. Meanwhile, the correla-
tion in '"H-"H COSY spectrum (Fig. S8) allowed the assign-
ments of non-anomeric chemical shifts of residue F (H-2 at 6
5.00, H-3 at § 4.18, H-4 at 6 3.95, H-5/5 at 6 3.84/3.72), and
these chemical shift characteristics were found to be close to
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(A) The putative structure of AQP70-2A. (B) The possible stretching state of AQP70-2A in 0.1 M NacCl solution.

those observed in the literature (Zhang et al.,, 2020a;
Shakhmatov et al., 2014). Moreover, in the HSQC spectrum,
the correlations at 5.09/106.8, 5.06/107.2, 5.12/106.9 and
5.14/106.3 ppm were also be attributed to a-L-Araf (Zhang
et al., 2020b; Fernandes et al., 2019), and these residues were
designated as D, E, G and I, respectively. The other carbon
and proton signals in the residues were assigned according to
"H-'"H COSY and HSQC spectra. The downfield shift of C-3
confirmed the presence of the 3-O substituted (82.8 ppm),
which indicated that the residue D was — 3)-a-L-Araf~(1—
(Rodrigues et al., 2019). Compared with 1,5-disubstituted-1L-
arabinose residue, the HSQC spectrum showed a downfield
shift for C-3 (83.9 ppm) in residue E, and a downfield shift
for C-2 (84.8 ppm) in residue G, suggesting that the residues
E and G were 1,3,5-trisubstituted and 1,2,5-trisubstituted o-
L-arabinofuranose, respectively. Similarly, the significant gly-
cosylation shifts of C-2, C-3 and C-5 in residue I indicated that
the unit was 1,2,3,5-tetrasubstituted-L-arabinose residue
(Shakhmatov et al., 2015).

The HMBC spectrum was applied to further confirm the
sequence of arabinose residues in AQP70-2A (Fig. 2D). In
detail, the cross peak of dy 5.00 (residue F, H-1) and d¢ 66.3
(residue F, C-5) in the HMBC spectrum, indicated that the
AQP70-2A contained two residues F connected through 1,5
linkages. Moreover, HMBC correlations of oy,c 3.84/107.2
(F H-5/E C-1), 3.79/107.4 (E H-5/F C-1), 5.14/66.3 (I H-1/F
C-5), 5.09/66.9 (D H-1/G C-5), and 3.76/107.4 (I H-5/F C-1)
supported that the O-5 of residue F was linked to C-1 of resi-
due E, the O-5 of residue E was linked to C-1 of residue F, the
O-1 of residue I was linked to C-5 of residue F, the O-1 of resi-
due D was linked to C-5 of residue G, and the O-5 of residue I
was linked to C-1 of residue F. Similarly, the bonding informa-
tion of polysaccharide branch chain residues can be character-
ized as follows: C-3 signal of — 3,5)-a-L-Araf-(1 — correlated
with H-1 signal of — 2,5)-a-L-Araf~(1—, C-2 signal of — 2,5)-
a-L-Araf~(1 — correlated with H-1 signal of f-L-Araf-(1—
(residue B), C-5 signal of — 2,5)-a-L-Araf-(1 — correlated with
H-1 signal of — 3)-a-L-Araf~(1—, C-2 signal of — 2,3,5)-a-L-
Araf-(1 — correlated with H-1 signal of — 3)-a-L-Araf-(1—,
and H-3 signal of — 2,3,5)-a-L-Araf-(1 — correlated with C-
1 signal of — 2,5)-a-L-Araf-(1 —. Further, residue A linked
to the end of the branched chain could be verified by the cross
peaks of dy 5.00 (A H-1) and dc 82.8 (D C-3). The above sig-



6 H. Wang et al.

Table 2 'H and '*C NMR chemical shift assignments (5 in ppm) of AQP70-2A based the HSQC and HMBC spectra.
Residue H-1 H-2 H-3 H-4 H-5

C-1 C-2 C-3 C-4 C-5
p-L-Araf~(1— 5.00 3.95 3.95 3.82 3.73/3.63
Residue A 101.6 76.7 74.1 81.9 63.0
p-L-Araf~(1— 5.03 3.88 3.95 3.82 3.82/3.65
Residue B 101.3 76.4 74.1 81.9 63.0
—3)-a-L-Araf~(1—> 5.09 4.30 4.10 3.97 3.73/3.63
Residue D 106.8 79.6 82.8 82.3 61.0
—3,5)-0-L-Araf-(1— 5.06 3.80 3.95 3.85 3.79/3.63
Residue E 107.2 83.5 83.9 80.9 66.1
—5)-a-L-Araf~(1— 5.00 4.18 3.95 4.13 3.84/3.72
Residue F 107.4 81.2 76.6 82.5 66.3
—2,5)--L-Araf(1— 5.12 4.24 4.05 3.93 3.62/3.59
Residue G 106.9 84.8 76.2 80.7 66.9
—2,3,5)-0-L-Araf~(1— 5.14 4.08 3.85 4.27 3.76/3.65
Residue I 106.3 86.7 80.9 81.3 66.8

nal attribution matched with the characteristic signals of sev-
eral arabinose residues reported in the literature (Makarova
and Shakhmatov 2020; Zhang et al., 2019). Based on all the
structural evidence, AQP70-2A was an arabinan composed
of seven kinds of sugar residues, and its putative structure of
AQP70-2A was displayed in Fig. 2.

3.6. Congo red test of AQP70-24

Compared with those of Congo red, the maximum absorption
wavelengths of AQP70-2A plus Congo red did not change sig-
nificantly with the change of NaOH concentration, which indi-
cated that AQP70-2A was absent of triple-helix structure
(Fig. S9).

3.7. Conformation analysis

The slope of the fitting curve in the conformation plot of
AQP70-2A was calculated to be 0.38 (Fig. S4C), indicating
that the branching polymer presented a compact coil chain
conformation (Wang et al., 2022). The possible stretching state
of the AQP70-2A simulated by employed Chem 3D was shown
in Fig. 2B, which was consistent with the conformation
analysis.

3.8. FT-IR analysis of polysaccharides

The FT-IR infrared spectrum of AQP70-2A was shown in
Fig. SI0A. Specifically, the absorption bands at 3400 cm ™'
and 2932 cm™! correspond to stretching vibration of O—H
and C—H, respectively (Xiang et al., 2019). The absorption
bands at 1647 cm ™' can be attributed to the O—H bending
vibration. Moreover, the bands in the region of 1419 cm” !,
1363 em™!, and 1220 cm™' were assigned to C—H bending
vibration (Hu et al., 2019; Li et al., 2021). According to the lit-
erature (Zheng et al., 2020), the typical absorption bands
between 1200 and 1000 cm ™' were dominated by the sugar ring
vibrations and the overlapped stretching vibrations of C—OH
side groups and the C—O —C glycosidic bonds. As reported in
the literature, the absorption band at 807 cm ™! was caused by
furanose rings, suggesting that the AQP70-2A contained furan
sugar residues (Jahanbin et al., 2017).

Se-AQP70-2A and AQP70-2A shared the same main char-
acteristic bands, meaning that the basic skeleton remained
unchanged (Fig. S10B). Se-AQP70-2A showed two absorption
bands at 860 cm ™! and 805 cm !, corresponding to the stretch-
ing vibrations of Se = O and C—O—Se. In accordance with
the previous experimental findings, these absorption bands
confirmed that selenylation occurred in AQP70-2A (Wang
et al., 2022; Zhu et al., 2016; Wei et al., 2015).

3.9. SEM-EDS analysis of polysaccharides

Surface morphology of AQP70-2A was observed with SEM
(Fig. S11). As shown in the 957 x image, AQP70-2A had
rod-like morphological features. Further SEM image at higher
magnifications (2000 x ) clearly showed that the surface of
AQP70-2A presented a porous structure with a hollow interior
similar to that of a honeycomb.

SEM images of Se-AQP70-2A provided surface morpho-
logical information (Fig. 3A). In contrast to the morphology
of native polysaccharide (Fig. S11), Se-AQP70-2A exhibited
a relatively continuous surface with local undulation and folds,
which was much smoother than that before selenylation mod-
ification. These changes suggested that the presence of sele-
nium significantly changed the rough and irregular surface
characteristics of the polymer, as reported by Ru et al. (2020).

Energy dispersive spectrometer (EDS) images indicated a
homogeneous distribution of C, O, and Se elements in
AQP70-2A (Fig. 3B, D — F), and the contents of these three
elements were calculated to be 59.8 %, 39.9 %, and 0.3 %
(Fig. 3C), respectively. While, the ICP-MS test was performed
to reveal that accurate content of Se element in Se-AQP70-2A
was 0.92 %. The content data were consistent with those
reported in the literature, which were between 0.11 and
0.91 % in selenylation polysaccharide samples prepared by
the method Na,SeO3;-HNO; (Cheng et al., 2018).

3.10. Inhibitory effect of AQP70-24 and Se-AQP70-2A on
HepG?2 cell viability

MTT assay results indicated that in the tested concentration
range (25-400 ug/mL), the natural polysaccharide AQP70-
2A had weak effects on the viability of cancer cells in vitro
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Fig. 3 SEM-EDS analysis of Se-AQP70-2A. (A and B) SEM images and element distribution of Se-AQP70-2A. (C) Surface elemental
composition of Se-AQP70-2A. (D—F) Carbon, oxygen, and selenium element distribution of Se-AQP70-2A.

(Fig. S12). After selenylation, the inhibitory activity of
polysaccharides on cancer cells was enhanced in a dose-
dependent manner, especially in the concentration range of
100400 pg/mL, the inhibition rate was significantly up-
regulated, which was 7 to 10 times than that of AQP70-2A.
The half maximal inhibitory concentration (ICsy) of Se-
AQP70-2A on HepG2 viability was calculated to be
191.4 pg/mL.

3.11. anti-metastasis and anti-angiogenesis effect of Se-AQP70-
24 in vivo

Red fluorescent-labeled cancer cells and disseminated foci
from tumor mass in the xenograft model were observed under
confocal microscopy (Fig. 4). With Se-AQP70-2A administra-
tion, the total fluorescence intensity and the number of dissem-
inated foci in vivo model decreased significantly in a dose
dependent manner. These two indices were down-regulated
by 44.4 % and 30.7 % in 200 pg/mL Se-AQP70-2A-treated
group, respectively, which was almost consistent with the
anti-tumor invasion and metastasis effects of lentinan (LNT)
(200 pg/mL) used as a positive control. These results implied
that Se-AQP70-2A played an anticancer role by effectively
blocking tumor invasion and metastasis.

Furthermore, the antiangiogenic effects of Se-AQP70-2A
were evaluated by the development of intersegmental vessels
(ISVs) in transgenic zebrafish model Tg(flil: EGFP) (Fig. 5).
Se-AQP70-2A treatment significantly inhibited the growth of
ISVs, in which the ISVs total lengths of zebrafish in the 25,
50, and 100 pg/mL concentration groups were approximately
9.26 %, 31.5 %, and 33.3 % shorter than those of the control
group, respectively. The antiangiogenic activity of 100 pg/mL

Se-AQP70-2A could reach 85.6 % of sunitinib malate as the
positive control.

4. Discussion

The chemical composition and structural characteristics of
polysaccharides determine their potential biological activities
(Li et al., 2019). Natural polysaccharides have been reported
to inhibit tumor cell growth (Wang et al., 2022; Zhan et al.,
2021). In contrast, AQP70-2A has no significant effect on
the proliferation of HepG2 in vitro, and the differences in
activity could be attributed to the distinct in primary structure
including molecular weight and monosaccharide composition.

After the introduction of selenium into the sugar chain,
AQP70-2A exhibited superior anti-tumor function. Compared
with Se-AQP70-2B contained similar selenium content, Se-
AQP70-2A showed a higher tumor cell inhibition rate. Sele-
nium content was presumed to be the key factor affecting
the antitumor activity of selenium containing polymer
in vitro (Wang et al., 2017). Moreover, it has been reported
the bioactivities of selenized polysaccharides were also affected
by carbohydrate content (Qin et al., 2013). Therefore, the dif-
ference in antitumor activity between Se-AQP70-2A and Se-
AQP70-2B indicated that the anticancer activity of selenium-
modified polysaccharide was not only related to selenium con-
tent, but also depended on the chemical characteristics of the
carbohydrate.

The contributing factors for selenylation modification to
enhance the inhibitory effects of AQP70-2A on cancer cells
could be divided into two aspects. Firstly, selenium-
containing polysaccharides act as organic selenium supple-
ments to mediate cancer cell toxicity (He et al., 2013). The
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Fig. 4 Antineoplastic effects of Se-AQP70-2A cells in zebrafish xenograft. After transplanting CM-Dil stained HepG?2 cells into 2 dpf
zebrafish embryos via microinjection, tumor-bearing embryos were treated with Se-AQP70-2A (50, 100, and 200 ug/mL). (A) Intensity and
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metastasis. The data expressed as mean £ SD (n = 15/group). *p < 0.05, **p < 0.01, and ***p < 0.001 versus control group.

combination of selenium and polysaccharide improved the
application limitation of inorganic selenium with low bioavail-
ability and high toxicity (Zhou et al., 2022).

Besides, the bioactivity of selenium polysaccharides is not a
simple superposition of selenium and polysaccharide activities,
but may achieve a distinctive pharmacological profile while
enhancing the bioactivity (Wen et al., 2019). The introduction
of Se may change the advanced structure of AQP70-2A, which
could be observed from the SEM surface structure analysis.
The bioactive properties of selenized polysaccharides were
strongly associated with spatial conformation (Li et al.,
2019). Selenylation may change the high-level structure of car-
bohydrate chain, making AQP70-2A acquire distinctive phar-
macological functions.

The anti-proliferation mechanism of selenized polysaccha-
rides included arresting the S phase of cancer cells, upregulat-
ing the intracellular ROS level, and activating caspase-3 to

induce apoptosis (Li et al., 2017). Moreover, both selenium
and polysaccharide can individually exert anti-metastasis and
anti-angiogenesis effects by regulating the expression of matrix
metalloproteinase (MMPs) and tissue inhibitor of metallopro-
teinase (TIMPs) (Varghese et al., 2017; Chen et al., 2013). The
biological mechanism of Se-AQP70-2 inhibiting tumor devel-
opment still needs further investigation.

5. Conclusion

This study investigated the structural properties of a natural polysac-
charide AQP70-2A isolated from A. quinata. Meanwhile, the potential
anti-hepatocarcinoma activity of selenized polysaccharide product Se-
AQP70-2A was investigated. Analysis performed with AQP70-2A
revealed that it was an arabinan with an average molecular weight
of 1.49 x 10* Da. The main skeleton of AQP70-2A was composed
of three sugar residues — 5)-a-L-Araf<(1—, —3,5)-a-L-Araf~(1-,
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and — 2,3,5)-a-L-Araf~(1 —. Each repeating unit contained two types
of branch chain. This natural polysaccharide AQP70-2A was no
observed significant inhibition of HepG2 cells viability in vitro. The sel-
enized polysaccharide Se-AQP70-2A prepared by Na,SeO3;-HNO;
method significantly improved the inhibitory effects on HepG2 cells.
Compared with positive control LNT, Se-AQP70-2A also exhibited
anti-hepatocarcinoma activity by effectively blocking the invasion
and metastasis of HepG2 cells in vivo. Furthermore, the anti-
angiogenic property of Se-AQP70-2A was confirmed by the transgenic
zebrafish model. This work explored a novel arabinofuranan from the
fruits of 4. quinate, which further investigate the chemical composition
of this plant from the standpoint of biological macromolecules. Mean-
while, the potential anti-hepatocarcinoma activity of Se-AQP70-2A
implied its application in pharmaceutical and functional food fields.
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