Arabian Journal of Chemistry (2022) 15, 104132

King Saud University

s Arabian Journal of Chemistry

King Saud University

www.ksu.edu.sa
www.sciencedirect.com

ORIGINAL ARTICLE

A novel polysaccharide from Paeonia lactiflora
exerts anti-tumor activity via immunoregulation

Check for
updates

Xuelian Wang®, Na Li ™", Ying Li®, Yinan Zhao®, Liang Zhang ", Yanjun Sun°,
Yasushi Ohizumi °, Jing Xu ™", Yuangiang Guo *“*

4 State Key Laboratory of Medicinal Chemical Biology, College of Pharmacy, and Tianjin Key Laboratory of Molecular
Drug Research, Nankai University, Tianjin 300350, People’s Republic of China

®School of Chinese Materia Medica, Shenyang Pharmaceutical University, Shenyang 110016, People’s Republic of China
¢ State Key Laboratory of Tea Plant Biology and Utilization, Anhui Agricultural University, Hefei 230036,

People’s Republic of China

4 School of Pharmacy, Henan University of Chinese Medicine, Zhengzhou 450046, People’s Republic of China

€ Kansei Fukushi Research Institute, Tohoku Fukushi University, Sendai 989-3201, Japan

Received 9 April 2022; accepted 13 July 2022
Available online 19 July 2022

KEYWORDS Abstract An unreported polysaccharide, PLP90-1B, was isolated from Paeonia lactiflora. Struc-
Polysaccharide; tural analysis showed that PLP90-1B contained arabinose and glucose, which was a highly-linear
Anti-tumor activity; gluco-arabinan having a molecular weight of about 9.5 kDa. The backbone of PLP90-1B consisted
Immunomodulatory activity; of - 5)-a-L-Araf-(1—, —3,5)-a-L-Araf~(1—, —2,3,5)-0-L-Araf-(1 —, and — 4)-a-D-Glep-(1-, ter-
RAW264.7; minating with o-L-Araf. PLP90-1B was found to have anti-tumor activity by suppressing the pro-
Zebrafish; liferation and migration of HepG2 cells microinjected into the zebrafish. The further mechanism
Paeonia lactiflora investigation revealed that the anti-tumor activity of PLP90-1B was closely related to immune reg-

ulation, which can improve phagocytic ability and enhance the release of NO and cytokines (IL-6,
IL-18, and TNF-o) in RAW264.7 cells. The immunopotentiation activity was further corroborated
by zebrafish experiments. All these results exhibited that PLP90-1B may have the potential to
become a potentially immune-mediated anti-tumor drug in the future.
© 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
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(Bhardwaj et al., 2021), and anti-oxidation (Liu et al., 2021).
These macromolecules have drawn an increasing number of
attention in scientific researches and industrial applications
owing to their unique physicochemical properties and
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biological functions. Recently, a large number of studies on
plant polysaccharides from Caesalpinia bonduc, Cuminum cym-
inum, and Ginseng etc. have shown that these macromolecules
possess remarkable immuno-stimulatory properties (Mandal
et al., 2013; Tabarsa et al., 2020). In addition, some homoge-
neous polysaccharides have been found to have anti-tumor
activity. Zhang et al. (2021a) extracted a polysaccharide from
Rosa laevigata, which had anti-tumor activity.

Tumors are caused by the abnormal proliferation of local
tissues and cells stimulated by various tumorigenic factors
and have extremely high morbidity and mortality. For the
treatment of tumor, besides surgical treatment, chemotherapy
is one of the commonly used methods. Unfortunately,
chemotherapy drugs usually have certain side effects including
cytotoxicity and damage to the immune system. Therefore, it is
urgent to discover effective and low- or non-toxic agents for
cancer treatment. Immunoregulation has been considered to
be an important defense strategy for human body to prevent
and fight against various diseases. Immunotherapy, which
exerts efficacy by promoting immunity, has been employed
clinically for cancer treatment (Sheng et al., 2022). Previous
studies have demonstrated that lentinan could indirectly exert
anti-tumor effects by enhancing immune responses of the host.
In addition, the polysaccharides from Tarphochlamys affinis
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(Tang et al., 2016) and Strongylocentrotus nudus eggs (Xie
et al, 2017) have also been found to perform anti-tumor effects
through activating immune system. Therefore, it may be a
potential strategy to discover immunostimulatory polysaccha-
rides as anti-tumor agents.

The roots of Paeonia lactiflora Pall., have been used exten-
sively in China, Korea, and Japan. In traditional Chinese
medicines, the roots of P. lactiflora are frequently applied for
calming liver, relieving pain, nourishing blood, regulating men-
struation, and preventing perspiration. Clinically, the roots
have been used to treat immune-related diseases (Han et al.,
2021), influenza (Yu et al., 2021), and inflammation (Meng
et al., 2021). The chemical composition analysis revealed that
total glucosides of paeonia (TGP) were the main effective con-
stituents of P. lactiflora (Han et al., 2021). Apart from small
molecules, P. lactiflora polysaccharides and their biological
effects including anti-oxidation, anti-tumor, anti-diabetes have
also been widely concerned. Among these polysaccharides,
most studies focused on the crude polysaccharides, and a few
reports focused on the homogeneous polysaccharides in P. lac-
tiflora (Zhang et al., 2020b). However, the research on the
homogeneous polysaccharides in P. lactiflora is very limited,
and the structures and biological activities of the homogeneous
polysaccharides are worthy of further investigation.
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The flow chart for the extraction and purification of polysaccharides from P. lactiflora.
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Considering the extensive applications of the roots of P.
lactiflora in clinical and the lack of its polysaccharide study,
the current work is to investigate the homogeneous polysac-
charides, including monosaccharide composition, structure
elucidation, and physicochemical properties. Combining with
the immunotherapy of cancer, the anti-tumor and
immunomodulatory effects of the polysaccharide PLP90-1B
were exploited using cells and zebrafish models.

2. Materials and methods

2.1. Materials and reagents

The materials and reagents are described in Supplementary
methods SI.

2.2. Isolation and purification of PLP90-1B

Using hot water extraction, ethanol precipitation, and frac-
tionation by DEAE-Sepharose Fast Flow (DEAE-FF) column
and Sephadex G-75 column, a homogeneous polysaccharide
PLP90-1B was obtained. The preparation process was shown
in Fig. 1. The detailed procedures are presented in the Supple-
mentary methods S2.
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2.3. Structural characterization of PLP90-1B

2.3.1. Molecular weight and homogeneity determination

An Agilent 1260 HPLC system (Agilent, Washington, USA)
equipped with TSK GEL G-5000PWXL and G-3000PWXL
gel columns in series (Tosoh Biosep, Tokyo, Japan) and a Sho-
dex RI-101 refractive index detector (Showa Denko, Tokyo,
Japan) was used for detecting molecular weight of PLP90-1B
(Hui and Gao, 2022). The detailed experimental processes
are provided in the Supplementary methods S3.

2.3.2. Monosaccharide composition detection

The 1-phenyl-3-methyl-5-pyrazolone (PMP) precolumn
derivatization method was employed for the analysis of
monosaccharide composition of PLP90-1B (Zhang et al.,
2020a). The explicit procedures are described in the Supple-
mentary methods S4.

2.3.3. Absolute configuration analysis of monosaccharides

After determining the monosaccharide composition, absolute
configuration of monosaccharides in PLP90-1B was deter-
mined by HPLC via comparison with standard samples. The
specific processes are summarized in the Supplementary meth-
ods SS.
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Homogeneity and molecular weight analysis of PLP90-1B. (A) The HPGPC profile of PLP90-1B. (B) The UV spectrum of

PLP90-1B. (C) The calibration curve of molecular weight of standards. (D) The HPSEC profile of PLP90-1B.
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Fig. 3 The monosaccharide composition of PLP90-1B (I:
mannose; 2: thamnose; 3: glucuronic acid; 4: galacturonic acid;
5: glucose; 6: galactose; 7: xylose; 8: arabinose; 9: fucose).

2.3.4. Ultraviolet and Fourier-transform infrared spectra

The UV absorption peaks of a polysaccharide at 260 or
280 nm are usually used to determine whether the polysaccha-
ride contains nucleic acid or protein (Molaei and Jahanbin,
2018). The PLP90-1B aqueous solution (1 mg/mL) was
scanned from 200 nm to 400 nm with a UV-vis spectropho-
tometer (Youke, Shanghai, China). Deionized water was used
as the blank.

PLP90-1B (2 mg) was blended with dry KBr powder
(200 mg) and squashed as sheet (1 mm), which was subjected
to a FT-IR spectrometer (Bruker, Ettlingen, Germany).

2.3.5. Methylation and GC-MS analysis

Methylation analysis was carried out as reported in the litera-
ture (Ciucanu and Kerek, 1984). Detailed process is supple-
mented in the Supplementary methods S6.

2.3.6. Nuclear magnetic resonance analysis

PLP90-1B (60 mg) was entirely dissolved in D,O (550 uL,
99.9 %). The 'H, '*C, DEPT-135, HSQC, and HMBC were
obtained on a 400 MHz Bruker spectrometer (Bruker, Ettlin-
gen, Germany). Additionally, for '"H NMR spectrum, the

acquisition time (AQ) was set as 4.0895 s, the relaxation delay
(d1) was set as 1.0000 s, the spectral width (SWH) was set as
8012.8 Hz, and the number of scans (NS) was set as 16. For
13C NMR, the AQ, d1, SWH, and NS were set to 0.4999 s,
1.0000 s, 35714.3 Hz, and 8000, respectively. The parameters
of HSQC and HMBC were set as default values.

2.3.7. Congo red assay

1 mg/mL of polysaccharide solution was blended with equal
volume of Congo red solution, followed by adding NaOH
solution (1 M) to adjust the final concentration of NaOH as
0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 M, respectively. Finally, the
UV maximum absorption wavelength of each concentration
between 400 and 600 nm was recorded.

2.4. In vivo anti-tumor effects of PLP90-1B

2.4.1. Zebrafish husbandry and maintenance

AB strain zebrafish (Danio rerio) were obtained from Shanghai
Feixi Biotechnology Co., Ltd. (Shanghai, China). Adult AB
zebrafish were maintained at 28.5 °C and reared in a 14 h
light/10 h dark cycle. Sodium chloride (NaCl) and sodium
bicarbonate (NaHCO;) were taken to maintain the conductiv-
ity at 525 us/cm and pH of fresh water was 7.2. Zebrafish
embryos were derived from adult male and female zebrafish
by mating at a ratio of 2: 1. Embryos were cultured in medium
in an incubator (28.5 °C).

2.4.2. Anti-tumor activity evaluation using zebrafish xenograft
model

The influences of PLP90-1B on the tumor cell proliferation
and metastasis in vivo were assessed using a zebrafish xenograft
model (Fan, et al., 2018). Details for zebrafish xenograft model
establishment can be found in the Supplementary methods S7.

2.5. Anti-proliferation effects of PLP90-1B

2.5.1. Cell culture

HepG?2 cells were acquired from Shanghai Institute of Bio-
chemistry and Cell Biology, Chinese Academy of Sciences
(Shanghai, China). HepG?2 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10 % fetal
bovine serum (FBS), 1 % streptomycin/penicillin at 37 °C in
a 5 % CO, atmosphere.

Table 1 GC-MS analysis of PLP90-1B.

PMAAs Major mass fragments (m1/z) Linkages Molar
ratio

1,4-di-O-acetyl-1-deuterio-2,3,5-tri-O-methyl-L- 59, 71, 87, 102, 118, 129, 145,161 —1)-L-Araf 7.13

arabinitol
1,4,5-tri-O-acetyl-1-deuterio-2,3-di-O-methyl-L-
arabinitol
1,3.4,5-tetra-O-acetyl-1-deuterio-2-O-methyl-L-
arabinitol 261
1,2.3.,4,5-penta-0O-acetyl-1-deuterio-L-arabinitol

290
1,4,5-tri-O-acetyl-1-deuterio-2,3,6-tri-O-methyl-p-
glucitol

59, 71, 87, 102, 118, 129, 145, 162, 173, 189
59, 74, 85, 99, 118, 127, 141, 159, 173, 187, 201, 217,
57,73, 86, 103, 115, 128, 145, 159, 176, 188, 201, 218,

57, 71, 87, 102, 118, 129, 142, 162, 173, 203, 233

—5)-L-Araf-(1— 5.74
—3,5)-L-Araf~(1-»> 6.67
—2,3,5)-L-Araf- 1.28

(1>
—4)-p-Glep-(1—>  1.00
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2.5.2. In vitro anti-proliferation assay

The anti-proliferation activity of PLP90-1B was explored by
MTT assay (Zhang et al., 2022b). Details are shown in the
Supplementary methods S8.

2.6. Immunomodulatory effects of PLP90-1B in vitro

2.6.1. Cell culture

RAW264.7 cells were obtained from Shanghai Institute of
Biochemistry and Cell Biology, Chinese Academy of Sciences
(Shanghai, China). RAW264.7 cells were cultivated with
standard conditions.

2.6.2. Cell viability determination using MTT assay

The cell viability of PLP90-1B on RAW264.7 cells was
assessed using MTT assay (Zhang et al., 2022b). The exhaus-
tive experimental procedures are summarized in the Supple-
mentary methods S9.

2.6.3. Determination of phagocytic activity by neutral red assay

The effects of PLP90-1B on the phagocytic ability of
RAW264.7 cells were assessed using a neutral red uptake assay
(Shi et al., 2020). The overall processes are summarized in the
Supplementary methods S10.
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Fig. 4 NMR spectra of PLP90-1B. (A) 'H NMR spectrum. (B) '*C NMR spectrum. (C) HSQC spectrum. (D) HMBC spectrum. (E)
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2.6.4. Measurement of nitric oxide (NO) in RAW 264.7 cells

The release of NO in RAW264.7 cells was measured by Griess
assay (Zhu et al., 2022). The NO level was calculated by the
standard curve of sodium nitrite (NaNO,). Detailed experi-
mental procedures are described in the Supplementary meth-
ods S11.

2.6.5. Determination of cytokines in RAW264.7 cells

The levels of cytokines including TNF-«, IL-6, and IL-1f in
RAW264.7 cells were measured by the enzyme-linked
immunosorbent assay (ELISA) kits according to the manufac-
turer’s instructions. The detailed experimental steps are shown
in the Supplementary methods S12.

2.7. Immunomodulatory effects of PLP90-1B in vivo

The immunoregulatory activity of PLP90-1B in vivo was eval-
uated using the levels of reactive oxygen species (ROS) and
NO in the zebrafish model, in which DCFH-DA (3-amino,
4-aminomethyl-2',7'-difluorescein  diacetate) and DAF-
FMDA (2,7-dichlorofluorescein diacetate) fluorescent probe
dyes were used (Ko et al., 2019). The detailed processes are
provided in the Supplementary methods S13.

2.8. Statistical analysis

Data were analyzed by Origin 8.0 software (OriginLab, USA)
and expressed as the mean + SD. Probabilities (P) < 0.05
were determined to be significant by analysis of variance
(ANOVA). The differences among three or more groups were
analyzed by one-way ANOVA Turkey’s multiple comparison
tests.

3. Results and discussion

3.1. Extraction, purification, and homogeneity analysis of
PLP90-1B

A fraction of water-soluble crude polysaccharide PL90 was
acquired from the roots of P. lactiflora with a yield of
0.83 %. PL90 was further isolated by DEAE-FF column and
Sephadex G-75 column to afford a fraction PLP90-1B. The
elution process of PL90 and PL90-1 were displayed in

Fig. S1. In Fig. 2A, PLP90-1B was found to be a single and
symmetrical peak in the chromatogram, which illustrated that
it was a homogeneous polysaccharide. According to the reten-
tion time (fg) and the calibration curve of standards, the
molecular weight was calculated to be approximately
9.5 kDa (Fig. 2C-D). In addition, there were no peaks at
260 nm or 280 nm in the UV spectrum, suggesting that
PLP90-1B did not have proteins or nucleic acids.

3.2. Monosaccharide composition and absolute configuration
analysis of PLP90-1B

The monosaccharide composition of PLP90-1B was detected
by HPLC. The results revealed that PLP90-1B consisted of
arabinose (Ara) and glucose (Glc) in the molar ratio of 19.0:
1.0 by comparing with monosaccharide standards (Fig. 3).
Moreover, Fig. S2 indicated that the absolute configurations
of monosaccharides were L- and p-configurations.

3.3. FT-IR spectrum and methylation analysis of PLP90-1B

FT-IR spectrum can provide useful functional group infor-
mation in polymers, which have been widely applied to char-
acterize polysaccharides. As displayed in Fig. S3A, the
strong absorption band at 3434 cm™' was assigned to the
stretching vibration of hydroxy groups (O—H). The absorp-
tion bands at 2930 cm™! and 1459 cm™! were ascribed to
C—H stretching and C—H bending vibrations, respectively.
The signal at 1636 cm™' belonged to the vibration of water
bond. The absorption peaks at 1109 and 1050 cm™' were
approximately ascribed to the asymmetric vibration of
C—0O-C or C—O—H bond (Wang et al., 2022). Addition-
ally, the characteristic peak at 576 cm™' revealed the pres-
ence of pyran ring.

Methylation analysis is one of the most powerful means to
analyze the the position of glycosidic bonds. As showed in
Fig. S3B, the vanishing of the characteristic peak at
3434 cm ™! confirmed the methylation of PLP90-1B exhaustive.
Then, the methylated sample was hydrolyzed with acid,
reduced by NaBDy, and derivatized to give alditol acetates.
The result displayed that PLP90-1B contained five different
kinds of sugar residues, which were o-L-Araf-(1—, —5)-o-L-
Araf-(1-, —3,5)-0-L-Araf-(1—, —2,3,5)-0-L-Araf-(1—,
and — 4)-0-D-Glcp-(1— (Fig. S4—S5). The relative molar ratio

Table 2 'H and '*C NMR chemical shift assignments (6 in ppm) of PLP90-1B.
Sugar residues C-1 C-2 C-3 C-4 C-5 C-6
H-1 H-2 H-3 H-4 H-5 H-6
t-o-L-Araf 107.0 81.2 76.5 83.9 61.1 -/-
Residue A 5.05 4.03 3.94 3.85 3.93/3.72 -/-
—5)-a-L-Araf-(1 > 107.4 81.2 76.5 82.2 65.8 o
Residue B 4.98 4.03 3.85 4.00 3.61/3.55 -/-
—3,5)-0-L-Araf-(1 > 107.1 79.2 83.9 81.2 66.2 -/-
Residue D 5.01 4.19 3.72 422 3.84/3.75 -/-
—2,3,5)-a-L-Araf-(1— 106.3 84.9 84.0 82.1 66.4 -/
Residue E 5.15 422 3.93 4.12 3.72/3.59 -/-
—4)-0-D-Glep-(1- 99.8 71.5 73.3 76.7 71.2 61.1
Residue F 5.30 3.54 3.84 3.78 3.72 3.75/3.62
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of PMAAs was 7.13: 5.74: 6.67: 1.28: 1.00. The linkages pat-
terns of PLP90-1B were deduced and shown in Table 1.

3.4. NMR analysis of PLP90-1B

The structure of PLP90-1B were further analyzed by 1D and
2D NMR spectra. As shown in Fig. 4A—B, five anomeric sig-
nals at 4.98-5.30 and 99.8-107.4 ppm appeared in the 'H and
13C NMR spectra, which were consistent with the sugar resi-
dues in the GC-MS analysis. Additionally, to facilitate the

A

Residue A

&
O

HO.
o]

determination of residues, five fragments were annotated as
residues A, B, D, E, and F, respectively.

As shown in Fig. 4B, five anomeric carbon signals were
observed clearly. According to the literature (Chen et al., 2019;
Cheng et al., 2020; Li et al., 2020, 2021; Ma et al., 2019; Song
et al., 2020; Wang et al., 2021a), the anomeric carbon signals
at 107.4, 107.1, 107.0, and 106.3 ppm could be attributed to
C—1 of 1,5-linked a-L-Araf (residue B), 1,3,5-linked o-L-Araf
(residue D), t-linked o-L-Araf (residue A), and 1,2,3,5-linked
o-L-Araf (residue E), respectively. The remaining anomeric
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Fig. 5 The putative structure of PLP90-1B. (A) The structure of PLP90-1B represented with structural formula. (B) The structure of

PLP90-1B represented with symbols.
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signal at 99.8 ppm was ascribed to 1,4-linked a-D-Glep (residue
F). Moreover, according to the literature (Mandal et al., 2013;
Patra et al., 2021; Shakhmatov et al., 2014; Wang et al., 2021b;
Zhang et al., 2021b) and the analysis of DEPT-135 NMR spec-
trum (Fig. 4E), the inverted signals at 66.4, 66.2, 65.8, and
61.0 ppm could be attributed to C—5 of 1,2,3,5-linked o-1-
Araf, 1,3,5-linked a-L-Araf, 1,5-linked o-1-Araf, and t-linked
a-L-Araf, respectively. Concurrently, the inverted signal at
61.0 ppm belonged to C—6 of 1,4-linked a-D-Glcp. Further com-
bining with the HSQC spectrum (Fig. 4C), 4.98, 5.01, 5.05, 5,15,
and 5.30 ppm in the "H NMR spectrum (Fig. 4A) were relevant
with C—1 of 1,5-linked a-L-Araf (107.4 ppm), 1,3,5-linked o-L-
Araf (107.1 ppm), t-linked o-L-Araf (107.0 ppm), 1,2,3,5-
linked o-L-Araf (106.3 ppm) and 1,4-linked o-D-Glcp
(99.8 ppm), respectively. After assigning the anomeric signals
of five sugar residues, the remaining proton signals in each resi-
due of PLP90-1B were further determined by analyzing the 'H,
13C, HSQC, and HMBC spectra. All these signals were summa-
rized in Table 2.

Furthermore, the HMBC spectrum was applied to confirm
the monosaccharide sequence and linkage sites among the frag-
ments. As shown in Fig. 4D, a cross-peak at 3.55/99.8 ppm (B
H-5/F C—1) revealed that O-5 of residue B was attached at C-1

A

Control

PLP90-1B
30 ug/mL

PLP90-1B
100 ug/mL ¢

PLP90-1B
300 pug/mL

Lentinan
400 pug/mL

B 120 ~

Total fluorescence intensity (X103)

Control 30 100 300

PLP90-1B Lentinan

Fig. 6

400 pg/ml

of residue F. Similarly, the correlation signals at 4.98/66.4 ppm
(B H-1/E C-5), 5.15/66.2 ppm (E H-—1/D C-5), and
3.78/107.1 ppm (F H—4/D C—1) revealed that O—1 of residue
B was linked to C—5 of residue E, O—1 of residue E was linked
to C—5 of residue D, and O—4 of residue F was linked to C-1 of
residue D, respectively. The correlation signals at
5.05/83.9 ppm (A H-1/D C-3), 5.05/84.0 ppm (A H—1/E
C-3), 5.05/84.9 ppm (A H—1/E C—2) exhibited that O—1 of
residue A was linked to C—3 of residue D, O—1 of residue A
was attached at C—3 of residue E, O—1 of residue A was
attached at C—2 of residue E, respectively. In addition, the cor-
relation signals at 4.98/65.8 ppm (B H—1/B C-5) and
3.84/107.1 ppm (D H-5/D C—1) indicated that residue B and
residue D were present as repeated units in PLP90-1B (Wang
et al., 2021b). Eventually, the NMR data authenticated that,
as supported by the conclusions originated from methylation
and monosaccharide composition analysis, the putative struc-
ture of PLP90-1B was deduced and displayed in Fig. 5.

3.5. Congo red assay of PLP90-1B

Congo red is an acid dye, which can engender a stable complex
with polysaccharide with triple-helix structure. In general,

Numbers of disseminated loci

Control 30 100 300 400 pg/mlL
PLP90-1B

Lentinan

In vivo anti-tumor effects of PLP90-1B in the zebrafish xenografts. (A) Intensity and distribution of the red fluorescence were

imaged under a confocal microscope. (B) Fluorescence intensity of the tumor xenografts, representing HepG?2 cell proliferation. (C)
Quantification of the fluorescent area of the tumor xenografts, representing HepG2 cell metastasis. Results were expressed as
means + SD. *P < 0.05, **P < 0.01, ***P < 0.001 versus the control group; P < 0.01 versus the lentinan group.
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when the concentration of NaOH solution increases, the triple-
helix conformation of polysaccharides will be destroyed under
strong alkaline conditions, and the maximum absorption
wavelength will decrease obviously in the UV-vis spectrum.
As displayed in Fig. S6, no significant change in the maximum
absorption wavelength of PLP90-1B-Congo red complex was
observed when compared with pure Congo red, indicating that
PLP90-1B had no triple-helix structure.

3.6. In vivo anti-tumor effects of PLP90-1B

3.6.1. Anti-tumor activity of PLP90-1B using zebrafish model

To find potentially bioactive macromolecules against cancer,
PLP90-1B was assayed using a zebrafish tumor xenograft. As
shown in Fig. 6, the cell proliferation (Fig. 6B) and migration
(Fig. 6C) were significantly decreased after PLP90-1B treat-
ment (P < 0.05). Furthermore, compared with the positive
control, PLP90-1B at 300 ug/mL was more effective
(P < 0.01). These findings indicated that PLP90-1B could sup-
press tumor cell multiplication and metastasis to exert anti-
tumor effects.

3.6.2. The anti-proliferation activity of PLP90-1B

To examine whether the anti-tumor activity is related to cyto-
toxicity, the anti-proliferative activity of PLP90-1B was
assayed using MTT assay. The cell viability after treatment
with various concentrations of PLP90-1B was presented in
Fig. S7. With the concentration increase, the inhibitory effects
rose slightly, and the inhibition rates in different concentra-
tions of PLP90-1B treated groups increased from 7.7 %
(25 pg/mL) to 28.7 % (400 pug/mL). The above data indicated
that PLP90-1B had no obvious anti-proliferative or cytotoxic
activities, suggesting that the in vivo anti-tumor activity of
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PLP90-1B may not be closely related to the anti-proliferative
effects.

3.7. Immunomodulatory effects of PLP90-1B

3.7.1. Effects of PLP90-1B on the viability and phagocytosis of
RAW?264.7 cells

The above zebrafish and cell experiments showed that the
in vivo anti-tumor effects of PLP90-1B was not closely related
to cytotoxicity. According to the newly emerged immunother-
apy of cancer, which exerts efficacy by improving immunity, a
series of immunomodulatory experiments were designed to
reveal the possible anti-tumor mechanism.

As shown in Fig. 7A, there was no significant difference
between PLP90-1B-treated and the blank control, which indi-
cated that PLP90-1B (<200 pg/mL) did not affect the cell sur-
vival. Therefore, the concentrations of PLP90-1B at 50, 100,
and 200 ug/mL were used in the following immunomodulatory
experiments.

Phagocytosis is an important feature of macrophage activa-
tion and an essential barrier for host to enhance innate
immune system (Wang et al., 2020). As indicated in Fig. 7B,
the phagocytic capacity treated with PLP90-1B or lipopolysac-
charide (LPS, 1 ug/mL) was obviously stronger than the con-
trol group (P < 0.01), which increased by 17 %, 20 %, and
19 %, respectively.

3.7.2. Effects of PLP90-1B on the secretion of NO and cytokines
in macrophages

NO is a cellular messenger with biological activity and partic-
ipates in regulating apoptosis and defending against pathogens
and tumor cells (Wang et al., 2018). Meanwhile, when macro-
phages are activated, the release of NO is raised, reflecting the
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Fig.7 Effects of PLP90-1B and positive control (LPS) on RAW264.7 cells. (A) Cell viability of RAW264.7 cells. (B) Phagocytic capacity
of RAW264.7 cells. (C) NO production in RAW264.7 cells. (D) IL-6 levels in RAW264.7 cells. (E) TNF-o levels in RAW264.7 cells. (F)
IL-18 levels in RAW264.7 cells. All values were presented as the mean + SD of at least three independent experiments. *P < (.05,
#%p < (.01, ***P < 0.001 versus the control group; ¥ P < 0.001 versus the LPS group; ns, no significance.
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influence of polysaccharides on the immune response to exoge-
nous substances. The influences of PLP90-1B on the level of
NO production of RAW264.7 were presented in Fig. 7C.
RAW264.7 macrophages treated with PLP90-1B released more
NO production in concentration-dependent manner than the
control group (P < 0.001).

In addition to NO, immune cells release multiple cytokines
including IL-6, TNF-«, and IL-1§ when intervened, which can
prevent tumor cell invasion and microbial infection. Espe-
cially, TNF-a exexts multiple functions in acute or chronic
inflammation, cell proliferation, and cell apoptosis (Zeinali
et al., 2017). In this study, compared with the control group,
all of the cytokines secreted by RAW264.7 cells rose slightly
when the concentration of PLP90-1B rose from 50 to
200 pug/mL (Fig. 7D-F). Especially the release of TNF-a was
dose-dependent (P < 0.05). The release of NO and cytokines
of RAW264.7 cells stimulated by PLP90-1B demonstrated that

A

Control

50 pg/mL

100 ug/mL

200 pg/mL

50 ug/mL

200 pg/mL

PLP90-1B efficiently activated macrophages to exert the
immunoregulatory function.

3.7.3. Effects of PLP90-1B on the production of NO and ROS in
zebrafish embryos

Zebrafish has become an ideal animal model for in vivo exper-
iments due to its numerous advantages, such as high trans-
parency, rapid development, easy processing, and high
homology with human genes. Additionally, as an important
regulatory factor involved in various physiological processes,
ROS not only increases the release of inflammatory cytokines,
but also participates in innate immunity (Mohsenzadeh et al.,
2021).

To further verify the immunostimulatory activity of PLP90-
1B in vivo, the levels of ROS and NO in zebrafish embryos
treated with PLP90-1B were detected. Corresponding to the

25 4

2.0+

* 3k ok

1.54

ROS production

0.5

0.0

T T T
Control 50 ug/mL 100 ug/mL 200 ug/mL

2.0+

1.5 1

1.0 1 I

NO production

0.5

0.0 T
Control

T T
50 ug/mL 100 pug/mL 200 pg/mL

Fig. 8 Effects of PLP90-1B on ROS and NO production in zebrafish embryos. (A) The embryos were treated with PLP90-1B (50, 100,
and 200 ug/mL) for 24 h and stained by DCFH-DA at 3 dpf. (B) Quantification of the relative fluorescence intensity of ROS. (C) The
embryos were treated with PLP90-1B (50, 100, and 200 ug/mL) for 24 h and stained by DAF-FMDA at 3 dpf. (D) Quantification of the
relative fluorescence intensity of NO. Each experiment was repeated three times and the results were expressed as mean =+ SD.

¥*p < 0.01, ¥***P < 0.001 versus the control group.
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concentration of PLP90-1B, the amount of ROS was 61 %
(50 pg/mL), 72 % (100 pg/mL), and 97 % (200 pg/mL), which
exceeded the control group (Fig. 8B), respectively. These results
demonstrated that PLP90-1B could induce ROS release dose-
dependently (P < 0.001). Simultaneously, PLP90-1B had the
similar concentration-dependent effects on the NO release
(Fig. 8D) in vivo. Higher dosages (100 and 200 pg/mL) of
PLP90-1B caused remarkable increases of NO level
(P < 0.01), which were 1.39 and 1.52 folds of the control group.

3.8. Structure-activity relationship analysis

The immunostimulation of polysaccharides on macrophages
depends on the recognition of receptors. The foundation of
recognition is dependent on the structural characteristics of
polysaccharides including molecular weights, monosaccharide
types, and glycosidic bond types (Yi et al., 2015). It has been
found that arabinose has a positive effect on immunostimula-
tion (Yiet al., 2018). Molecular weight affects the immunostim-
ulatory activity and polysaccharides with molecular weight of
5-2400 kDa often have immunostimulatory effects (Zhang
et al., 2016). The monosaccharide composition and molecular
weight of PLP90-1B might contribute to the better immunoreg-
ulatory activity of PLP90-1B. Additionally, toll-like receptor 4
(TLR-4) has been shown to be an important polysaccharide
receptor (Xu et al., 2020; Zhang et al., 2022a). Polysaccharides
that activate TLR-4 mainly contain o-(1, 3), a-(1, 4), p-(1, 3),
and f-(1, 4) glycosidic bonds (Camelini et al., 2005; Zhang
et al., 2016). PLP90-1B contained o-(1, 4) glycosidic bonds,
which might directly affect macrophages through TLR4 signal
pathway to enhance immunomodulation, thus indirectly exert-
ing anti-tumor effects.

4. Conclusions

In summary, a homogeneous polysaccharide (PLP90-1B) was
successfully extracted and purified from P. lactiflora, which
was a heteropolysaccharide and mainly consisted of arabinose
and glucose. The main linkage patterns of PLP90-1B were pro-
ven to be - 5)-a-L-Araf-(1—, —»3,5)-a-L-Araf~(1 -, —2,3,5)-0-
L-Araf-(1—, and — 4)-0-D-Glcp-(1—, terminating with t-o-L-
Araf. The anti-tumor biological evaluation revealed that
PLP90-1B displayed remarkable anti-tumor effects in vivo by
suppressing proliferation and migration of tumor cells effec-
tively in zebrafish xenografts. The subsequent anti-
proliferation and immunomodulation experiments revealed
the anti-tumor effects of PLP90-1B were closely related to
immune regulation. PLP90-1B exhibited significant immune
regulation in vitro and in vivo, which can enhance the phagocy-
tosis of macrophages, promote the release of NO, TNF-«, IL-6
and IL-1p, and stimulate the release of ROS and NO in zebra-
fish. Taken together, this study provides experimental support
for the polysaccharide fraction from P. lactiflora as an
immunoregulation-based anti-tumor agent, which may be
potential useful for cancer treatment.
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