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The water-soluble polysaccharide LBP-1 was isolated and characterized from Lycium barbarum L. LBP-1 was
mainly composed of arabinose, galactose, glucose, xylose, mannose at a molar ratio of 37.53: 28.08: 14.72: 7.83:
4.50, respectively. Based on nuclear magnetic resonance (NMR) and methylation analysis, the backbone of LBP-1
was speculated in the o-L-Ara(l1—[5-a-L-Ara(l — 3)-p-D-Galp-(1-]1n—4)-a-D-Galp-(1[—5-a-L-Ara (1]n [—6)-
B-D-Galp-(1 — 4)-p-D-Galp-(1—1]n, and the side chains of LBP-1 were in the a-L-Ara(l — 3)-p-D-Galp-(1 - 6

position. These results showed that LBP-1 inhibited the growth of cancer A549 cells through cell cycle arrest and
apoptosis, with an IC50 value of 42.5 pg/mL. In addition, LBP-1 altered the expression of Cyclin D1, Cyclin D3,
and CDK 2, thus blocking the cell cycle in GO/G1 phase, reducing cell migration, and regulating the PI3K/Akt/
mTOR signaling pathway to induce apoptosis.

1. Introduction

Lung cancer is one of the most common cancers worldwide, caused
by the imbalance of cell proliferation and apoptosis. It has high inci-
dence and morbidity rates, posing a serious threat to human life and
health (Brody, 2014; Mattern & Volm, 2004). At present, traditional
lung cancer treatments include surgical resection, radiotherapy, and
chemotherapy. However, chemoradiotherapy causes serious side effects.
Therefore, it is critical to discover natural anti-lung cancer drugs with
high efficacy, low toxicity, and minimal side effects (Duma et al., 2019).

In recent years, plant polysaccharides have been identified as po-
tential new anti-tumor drug resources (Jiao et al., 2016). For instance,
Astragalus polysaccharide can effectively alleviate cancer-related fatigue
in patients (Huang et al., 2019); Ganoderma lucidum polysaccharide
promotes cell apoptosis, thereby inhibiting the proliferation of intestinal
cancer cells (Pan et al., 2019); Polyporus umbellatus polysaccharide
(PUPS) enhances the immune performance of macrophages, thereby
improving the anti-tumor ability (Liu et al, 2020). In addition,

anti-tumor clinical trials showed that plant polysaccharides are benefi-
cial in relieving immunosuppression, enhancing the immune response,
and inhibiting tumor growth, invasion, and metastasis, as well as
exerting less cytotoxicity (Kiddane & Kim, 2020).

Lycium barbarum, a member of the Solanaceae family, is a traditional
Chinese medicinal herb. Its fruit can be used in soups, porridge, wine,
and juice, as a dietary source of fruit (He et al., 2012). In addition, the
fruit is used as a nutritional supplement in Western countries (Zhang
et al., 2005). According to the traditional medical monographs, “Com-
pendium of Materia Medica” and “Chinese Pharmacopoeia”, the Lycium
barbarum fruit possesses many biological functions, such as protection of
the liver, tonification of the kidneys, moistening of the lungs, and
improvement of the eyesight. Pharmacological studies showed that the
Lycium barbarum fruit has many health-promoting properties (Feng
et al., 2021), including immunomodulation, anti-aging, anti-fatigue,
anti-inflammation, inhibition of cancer cell growth, as well as preven-
tion of cardiovascular diseases, diabetes, and Alzheimer’s disease, with
polysaccharide as the main active component (Potterat, 2010; Tian
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et al., 2019; Zhang et al., 2005).

The majority of the studies on Lycium barbarum focused on the bio-
logical properties of crude Lycium barbarum polysaccharide (LBP). The
composition of the crude polysaccharide is complex, and its physical and
chemical properties, as well as its structure, are easily affected by the
source and extraction process, resulting in low repeatability of the bio-
logical activity. Therefore, the extraction, separation, and purification
procedures of LBP are critical (Hao et al., 2020; Zhou et al., 2020). The
polysaccharide components of the Lycium barbarum fruit obtained
through column chromatography have a low yield, restricting further
research on the structure-activity relationship of LBP. However, the
separation and purification of the Lycium barbarum fruit through ethanol
fractionation precipitation increases the yield of the polysaccharide
components without affecting their physical and chemical properties
(Gong et al., 2018).

Previous studies showed that crude LBP inhibits the growth of cancer
cells. However, the main effective components have yet to be deter-
mined. This study aimed to further systematically examine the biolog-
ical properties of the Lycium barbarum fruit polysaccharide and
determine its main effective components (Gong et al., 2020; Tang et al.,
2012). Therefore, the ethanol fractionation precipitation method was
used to separate and purify the Lycium barbarum fruit polysaccharide as
well as to obtain all the crude polysaccharide components. Their effects
on the growth of cancer cells were evaluated and compared, then, the
polysaccharide components with high activity were further isolated and
purified to further investigate their inhibitory mechanism and structure
characterization. These findings might be useful for further studies on
the structure-activity relationship of LBP and functional food
development.

2. Materials and methods
2.1. Materials and reagents

The Lycium barbarum fruit was obtained from the Ningxia Hui
Autonomous Region, China. Human lung adenocarcinoma cells (A549,
H460, and H1975), human liver cancer cells (HepG2), human cervical
cancer cells (HeLa), human gastric cancer cells (MKN-45, BGC-823,
MKN-28 and SGC-7901) and human breast cancer cells (MCF-7) were
obtained from the Translational Medicine Center of the Gansu Provincial
Cancer Hospital. The primary antibody was purchased from Proteitech
(USA). DMEM culture medium, fetal bovine serum, secondary antibody,
and pancreatin were purchased from Gibco (USA). The MTT kit, cell
cycle kit, Giemsa staining solution, and Polyporus umbellatus poly-
saccharide standards were purchased from Solarbio Science & Tech-
nology Co. Ltd (China) and the apoptosis kit was purchased from BD
(USA).

2.2. Separation and purification of LBPs

The Lycium barbarum fruits were crushed, defatted, and decolorized
with petroleum ether before being filtrated. The dregs were then soaked
in cold water and subjected to flash extraction, followed by extraction
with hot water under reflux. After filtration, absolute ethanol was added
to the filtrate to obtain the concentrations of 40%, 50%, 60%, and 70%
to perform step-by-step alcohol precipitation. Deproteinization, decol-
orization, dialysis, concentration, and freeze-drying were then per-
formed to obtain the crude LBP (Gong et al., 2018).

2.3. Detection of cancer cell activity

Cells were cultured in DMEM containing 10% FBS in an incubator at
37 °C with 5% CO,. Next, cancer cells were treated with different
alcohol-precipitated LBPs at 1 mg/mL for 48 h. The MTT method (Gong
et al., 2018) was used to determine the viability of each cancer cell line
and crude LBPs and their inhibitory effect on cancer cells was evaluated.
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2.4. Screening of homogeneous polysaccharide components in LBP with
anti-cancer properties

After the screening, human lung cancer A549 cells were selected for
the subsequent experiment. The 60% LBP was washed sequentially with
distilled water, 0.2 and 0.4 M NaCl at a flow rate of 0.5 mL/min, and
three fractions were obtained, defined as LBP1, LBP2, and LBP3. The
main fraction was LBP1, as it was the main component, accounting for
60% of the total LBP, and it was further fractionated by gel permeation
using a sephadex G-100 column. Then, it was dialyzed and lyophilized
for subsequent studies(Ma et al., 2018). A549 cells were treated with the
homogeneous polysaccharide components (LBP, LBP-1, LBP-2, and
LBP-3) at a concentration of 1 mg/mL for 48 h. The proliferation activity
of A549 cells was determined using the MTT (Gong et al., 2018) assay to
evaluate which LBPs could inhibit their proliferation.

2.5. Concentration and time-dependent analysis of LBPs on A549 cells

The A549 cells were treated with LBP, LBP-1, and Polyporus umbel-
latus polysaccharide at different concentrations, such as 20 pg/mL, 50
pg/mL, 100 pg/mL, 200 pg/mL, 400 pg/mL, 800 pg/mL and 1600 pg/
mL for 24 h and 48 h. The viability of A549 cells was then detected using
the MTT assay (Gong et al., 2018) to determine the optimum concen-
trations of LBPs and PUPS.

2.6. Colony formation and wound healing assay for cell migration

The A549 cells were treated with 50 pg/mL LBP-1 and 15 pg/mL
PUPS, and sensitive cells were selected for colony formation analysis
according to Liu et al. (Liu et al., 2017). The ability of LBP-1 to inhibit
the migration of A549 cells was determined using the method by Zhu
et al. (Zhu et al., 2020).

2.7. Detection of apoptosis

A549 cells were treated with 50 pg/mL LBP-1 for 24 h, 48 h, and 72
h, then the cells were collected according to the manufacturer’s in-
structions of the apoptosis detection kit (BD, USA), and labeled with PI
and Annexin V-FITC. Apoptosis was detected and analyzed using the
FACS Calibur (BD Biosciences, USA).

2.8. Cell cycle detection

A549 cells were treated with LBP-1 at the concentrations of 20 ug/
mL, 50 pg/mL, and 100 pg/mL for 24 h. Then, the cells were collected
according to the manufacturer’s instructions of the cell cycle detection
kit (Solarbio, China), and the DNA in the nuclei was labeled with PI. The
cell cycle distribution was determined using the FACS Calibur (BD
Biosciences, USA).

2.9. Western blot analysis

The whole-cell lysis buffer (Solarbio, China) was used to extract the
whole-cell proteins, and protein concentration was determined. The
extracted proteins were subjected to electrophoretic separation using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After elec-
trotransfer to the polyvinylidene fluoride membrane, the membrane was
sealed with 5% skim milk, and incubated with the following primary
antibodies: PI3K (1:1000, Proteintech, USA); Phosopo-PI3K (1:500,
ProteinTech, USA); Akt (1:1000, Abcam, USA); Phosopo-Akt (1:200, Cell
Signaling Technology, USA); mTOR (1:1000, Abcam, USA); Phosopo-
mtor (1:1000, ABCAM, USA); Caspase 3 (1:500, Proteintech, USA);
Bax (1:500, Proteintech, USA); Bcl-2 (1:500, Proteintech, USA); Cyclin
D1 (1:500, Proteintech, the USA); CDK2 (1: 500, Protentech, USA); and
Cyclin D3 (1:500,Proteintech, USA). Next, the samples were incubated
with a secondary antibody (1:10000, Proteintech, USA). The bands were
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visualized using the Pierce® ECL protein imprinting substrate (Thermo
Fisher Scientific, USA). The signals were detected using the protein
blotting detection system ChemiDoc ™ yRS (Bio-rad, USA).

2.10. Molecular weight distribution

The average molecular weight distribution of LBP-1 was analyzed
using high-performance gel permeation chromatography (HPGPC). The
following conditions were used: the sample concentration was 5 mg/mL;
the mobile phase was 1 mL/min ultrapure water; the injection volume
was 100 pL (Lv et al., 2013).

2.11. Monosaccharide composition analysis (ion chromatography)

The monosaccharide composition of LBP-1 was determined using ion
chromatography (ICS). In this experiment, Fuc, Rha, Ara, Gal, Glc, Xyl,
Man, Fru, Rib, Gal-UA, Gul-UA, Glc-UA, and Man- UA were used as the
monosaccharide standards. The monosaccharide composition of LBP-1
was determined by comparing the retention time of different mono-
saccharide standards with the corresponding peak area and response
factor of the standard monosaccharides (Kenneth Mopper et al., 1992).

2.12. Methylation analysis

Methylation analysis was carried out on LBP-1. A total of 5 mg
(£0.05 mg) polysaccharide sample was weighed, a TFA acid solution
just prepared was added, then the mixture was heated at 121 °C for 2 h.
Nitrogen was used for drying the sample, which was cleaned with
methanol, dried, and cleaned with methanol 2-3 times again. Next, the
sample was dissolved in sterile water and transferred to a chromato-
graphic bottle. The chromatographic system used was the Thermo
ICS5000+ ion chromatographic system (ICS5000+, (Thermofisher sci-
entific, the USA), while the liquid chromatography column used was the
Dionex™ CarboPac ™ PA10 (250 x 4.0 mmz, 10 mm). The injection
volume was 5 pL. The mobile phase A was Hz0, and the mobile phase B
was 100 mM NaOH with a column temperature of 30 °C. The mono-
saccharide components were analyzed using an electrochemical detec-
tor (Ciucanu I, 1984).

2.13. Nuclear magnetic resonance (NMR) analysis

The dried LBP-1 sample (60 mg) was dissolved in D2O for NMR
analysis. 'H and '3C NMR spectra were recorded using a 600
spectrometer.

2.14. Statistical analysis

Statistical analysis was performed using SPSS22 and the test results
were expressed as (X & S). Three parallel experiments were performed,
and ANOVA was adopted for Duncan multiple comparisons. A value of P
< 0.05 was considered statistically significant.

3. Results and analysis
3.1. Determination of cancer cell viability

At present, studies on the inhibition of cancer cell growth by Lycium
barbarum polysaccharides mainly focus on the use of crude poly-
saccharides and one cell line. The physicochemical properties and
structures of polysaccharides change with the different extraction
methods of polysaccharides, thus exerting different tumor suppressive
effects. (Zhang et al., 2005). For example, Zhang et al. found that the
crude polysaccharide of wolfberry fruit can significantly inhibit the
growth of human hepatoma cell QGY7703 (De La Cena et al., 2021). In
this study, four crude LBPs (40%, 50%, 60%, and 70% LBP) were iso-
lated and extracted from the Lycium barbarum fruit by fractional alcohol
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precipitation. The effects of these four crude polysaccharide components
on the growth of ten common cancer cell lines were detected using the
MTT assay, as shown in Fig. 1A. The results demonstrated that LBPs
extracted with different alcohol precipitation concentrations had
different inhibitory effects on the ten cancer cell lines, and the inhibitory
effects were also different among the different cancer cells. The inhibi-
tory effect of 60% alcohol-precipitated LBP on human lung adenocar-
cinoma cell A549 was significantly higher than that exerted on the other
cancer cell lines. A higher inhibitory effect by 70% alcohol-precipitated
LBP was observed on HeLa cells and MCF-7 cells compared to the effect
on the other cancer cells. The inhibition rate of the other LBPs on cancer
cells was lower than 50%, indicating that the polysaccharides had no
evident inhibitory effect on cancer cells. This might be due to sponta-
neous apoptosis. Therefore, LBPs precipitated by different alcohol con-
centrations inhibited cancer cells in a specific manner. In this study,
A549 cells were subsequently used to further evaluate the mechanism of
action of 60% LBP (followed by LBP).

3.2. Effect of different LBP components on the proliferation of A549 cells

Three uniform LBP components (LBP-1~LBP-3) were isolated and
purified from LBP. The inhibitory effect of the different LBP components
on the proliferation of A549 cells was determined using the MTT assay.
The results in Fig. 1B suggested that LBP and LBP-1 could significantly
inhibit the proliferation of A549 cells (P < 0.01). Therefore, the LBP-1
component played a critical role in inhibiting cell proliferation.

3.3. Concentration and time-dependent analysis of LBP-1 on A549 cells

The inhibitory rate of the LBP solution on A549 cells gradually
increased with increasing concentrations and time, as shown in Fig. 1C
and D. The ICsy values of the treatment with the polysaccharide
component for 48 h showed that the inhibitory rate of the poly-
saccharide components on A549 was consistently higher than 50% when
the concentrations of LBP and LBP-1 were higher than 700 pg/mL and
42.5 pg/mL. This result indicated that the optimum inhibitory effect of
the polysaccharide components on A549 cells was achieved at the above
concentrations. As polyporus umbellatus polysaccharide has been previ-
ously used in the treatment of lung cancer, it was used as a positive
control in this study (Guo et al., 2019). The treatment of A549 cells with
polyporus umbellatus polysaccharide resulted in a significant inhibition of
A549 cell growth. The inhibitory effect of Polyporus umbellatus poly-
saccharide on human lung cancer cells gradually increased with
increasing drug concentrations and time. The ICso value of lung cancer
cells treated with drugs for 48 h showed that the A549 cells were sen-
sitive to Polyporus umbellatus polysaccharides. The inhibitory rate of the
proliferation of A549 cells treated with 42.5 pg/mL LBP-1 was equiva-
lent to that of 15 pg/mL Polyporus umbellatus polysaccharide on A549
cells in comparison with the inhibitory rate exerted by LBP-1.

3.4. Inhibition of A549 cells growth by LBP-1

The healing ability of A549 cells decreased (P < 0.01) (Fig. 2A and B)
after treating A549 cells with LBP-1 and PUPS for 24 h and 48 h,
respectively. The colony formation experiment results illustrated that
LBP-1 and PUPS inhibited the growth of the A549 cell colonies (Fig. 2C).
Therefore, LBP-1 could inhibit the growth of A549 cells.

3.5. Promotion of A549 cell apoptosis by LBP-1

Apoptosis is one of the main mechanisms that inhibit cell growth
(Sun et al., 2016). Thus, the apoptosis of A549 cells treated with LBP-1
was analyzed by flow cytometry to verify that LBP-1 plays a role in
inhibiting the growth of A549 cells by inducing apoptosis. The flow
cytometry results suggested that spontaneous apoptosis of untreated
A549 cells was 6.85% in the early stage and 2.03% in the late stage.
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Fig. 1. Effect of Lycium barbarum polysaccharide components on the proliferation of cancer cells. A: effect of alcohol-precipitated crude polysaccharide components
on the proliferation of cancer cells; B: effect of LBP components on the proliferation of A549 cell; C/D: effect of LBP-1 on the proliferation of A549 cells after in-
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Fig. 2. Effect of LBP-1 on the growth of A549 cells. A/B: A549 colony formation experiment; C: experiment on the migration ability of A549 cells. **P < 0.01.

When cells were treated with 50 pg/mL LBP-1 for 24 h, 48 h, and 72 h,
the apoptotic rates in the early stage were 14.47%, 19.87%, and 18.34%,
respectively, while the apoptotic rates in the late stage were 4.31%,
6.34%, and 19.93%, respectively. The apoptotic rate was significantly
increased in the treated groups compared to the control group (P < 0.05)
(Fig. 3A and B). Therefore, LBP-1 could promote apoptosis of A549 cells.

Activation of the caspase cascade of the caspase family of proteases
plays an important role in various apoptotic responses (Li et al., 2012).
The Bcl-2 protein family consists of anti-apoptotic and pro-apoptotic
factors that play a key role in regulating cell death through apoptosis
(Sun et al., 2012). The mechanism of LBP-1-induced apoptosis in A549
cells was determined by evaluating the expression of Bcl-2/Bax and
caspase-3. Western blot showed that both LBP and LBP-1 promoted the
expression of cleaved-caspase3 and Bax protein in A549 cells (P < 0.05)
while they inhibited the expression of Bcl-2 (P < 0.05). The expression of

the apoptosis-related proteins cleaved-caspase3 and Bax in the LBP-1
group were significantly increased compared to the LBP group, the
expression of Bcl-2 was significantly decreased (P < 0.05) (Fig. 3C and
D). Therefore, LBP-1 could promote the apoptosis of A549 cells.

3.6. Induction of cell cycle arrest in A549 cells by LBP-1

The cell cycle is an important process in cell proliferation and dif-
ferentiation, and it is also the basis for the unlimited proliferation of
tumor cells(De La Cena et al., 2021). The cell cycle of A549 cells treated
with LBP-I was analyzed using flow cytometry. The relative percentage
ratio of sub-GO/G1 increased with increasing LBP-1 concentrations,
while the relative percentage of sub S decreased, as shown in Fig. 4A and
B. The percentages of sub GO/G1, S, and G2/M at 100 pg/mL were
59.48%, 36.97%, and 3.55%, respectively, indicating that LBP-1
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Fig. 3. Effect of LBP-1 on the apoptosis of A549 cells. A/B: apoptosis of A549
cells detected by flow cytometry; C/D: effect of LBP-1 on the expression of
caspase3-3, Bax, and Bcl-2 in A549 cells. °P < 0.05, **P < 0.01.

blocked the cell cycle of A549 cells in the GO/G1 phase.

When cells undergo normal mitosis, cycle-related proteins such as
cyclin-dependent kinase 2 (CDK2), cyclin E1 (Cyclin E1) and cyclin D1
(Cyclin D1) are involved. The main function of a positive regulator of
mitosis is to regulate the G1/S transition of the cell cycle. If Cyclin D1 is
abnormally overexpressed in the cells, it may lead to uncontrolled cell
growth, leading to tumorigenesis(De La Cena et al., 2021). The expres-
sion of cell cycle-related proteins in A549 cells treated with LBP-I was
detected using Western blot. The treatment with LBP and LBP-1 reduced
the expression of Cyclin D1, CDK2, and Cyclin D3 in A549 cells (P <
0.01), as shown in Fig. 4C and D. A significant difference (P < 0.05) was
observed in the expression of Cyclin D1, CDK2, and Cyclin D3 in the
LBP-1 group compared to their expression in the LBP group. Therefore,
LBP-1 could cause the abnormal expression of cyclins in A549 cells,
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effectively blocking normal mitosis.

3.7. Inhibition of the activation of the PI3K/Akt/mTOR signaling
pathway by LBP-1

The PI3K/Akt/mTOR signaling pathway is a classical anti-apoptotic
signal transduction pathway that promotes proliferation, differentia-
tion, and survival. Thus, the phosphorylation of PI3K/Akt/mTOR (PI3K,
Akt, and mTOR) was determined in order to study the effect of LBP-1 on
the PI3K/Akt/mTOR pathway in A549 cells. Fig. 5 shows that the
expression of P-PI3K, P-Akt, and P-mTOR protein was down-regulated
after A549 cells were treated with LBP and LBP-1 (P < 0.01). There-
fore, LBP-1 could inhibit the activation of the PI3K/Akt/mTOR signaling
pathway.
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quantitative analysis of PI3K, Akt, and mTOR protein expression; Mean + SD, **P < 0.01 compared to the control group.

3.8. Molecular weight distribution

The Mw and Mn of LBP-1 were determined as 307.8 kDa and 35.8
kDa, respectively, and the MW/Mn (polydispersity index) was 8.598.

3.9. Monosaccharide composition analysis

The monosaccharide composition of LBP-1 was analyzed using ion
chromatography (ICS). LBP-1 was mainly composed of arabinose (Ara),
galactose (Gal), glucose (Glc), xylose (Xyl), and mannose (Man), with
molar ratios of 37.53: 28.08: 14.72: 7.83: 4.50, respectively, as shown in
Table 1 and Fig. 6. Ara was the major monosaccharide in LBP-1.

3.10. Methylation and gas chromatography-mass spectrometry (GC-MS)
analysis

The whole structure of LBP-1 was analyzed using methylation and
GC-MS. LBP-1 and its reduction products were methylated and acety-
lated, then analyzed by GC-MS. The esterified arabinose accounted for
approximately 50.54% of the total polysaccharide, which was consistent
with the results of the monosaccharide composition, as shown in Table 1
and Fig. 7. Arabinose was used as a linking group to form arabinose
groups through the t, 2, 3, and 5 glycosidic bonds. Galactose was used as

Table 1
Methylation analysis data of LBP-1.

Methylation ~ Connection method Relative molar ratio (%)

1,4-di-O-acetyl-2,3,5-tri-O- t-Ara(f) 17.319
methyl arabinitol

1,5-di-O-acetyl-2,3,4-tri-O- t-Xyl(p) 4.325
methyl xylitol

1,5-di-O-acetyl-2,3,4,6-tetra-O- t-Gle(p) 3.526
methyl glucitol

1,5-di-O-acetyl-2,3,4,6-tetra-O- t-Gal(p) 5.525
methyl galactitol

1,2,5-tri-O-acetyl-3,4-di-O- 2-Xyl(p) 3.110
methyl xylitol

1,3,4,5-tetra-O-acetyl-2-O-methyl 2,3,5-Ara(f) 33.221
arabinitol

1,4,5-tri-O-acetyl-2,3,6-tri-O- 2,4-Gle(p) 5.865
methyl glucitol

1,4,5,6-tetra-O-acetyl-2,3-di-O- 2,4,6-Man(p) 2.527
methyl mannitol

1,4,5,6-tetra-O-acetyl-2,3-di-O- 3,4,6-Gal(p) 24.399
methyl galactitol

1,2,3,4,5-penta-O-acetyl xylitol Xylitol/2,3,4- 0.183

a linking group to form galactose through the t, 3, 4, and 6 glycosidic
bonds. Glucose, as a linking group, was bonded through the t, 2, and 4
glycosidic bonds to form a glucosyl group. Xylose, as a linking group,
was linked through the t, 2, 3, and 4 glycosidic bonds to form xylose
groups. Mannose was used as a linking group to form mannosyl through
the t, 2, 4, and 6 glycosidic bonds.

3.11. NMR analysis

All glycosidic bond signals were attributed to a combination of het-
eronuclear multiple bond correlation (HMBC) and Nuclear Overhauser
Effect spectroscopy (NOESY), as shown in Table 2.

The analysis based on HMBC and NOESY is shown in Fig. 8A and B.
The anomeric hydrogen of —5-a-L-Ara (1— had a related signal peak
with its own C5, which verified that —5-a-L-Ara(l1—5-a-L-Ara(1—
existed in the polysaccharide; the anomeric carbon of —5-a-L-Ara(l1—
had a correlated signal peak with H3 of —3, 6)-p-D-Galp-(1—, indicating
the existence of —5-a-L-Ara(l — 3, 6)-p-D-Galp-(1—; the anomeric
carbon of —5-a-L-Ara(1— had a correlated signal peak with H6 of — 6)-
B-D-Galp-(1 —), indicating the existence of —5-a-L-Ara(l — 6)-p-D-
Galp-(1—; the anomeric carbon of —6)-f-D-Galp-(1— had a correlated
signal peak with H4 of —4,6)-p-D-Galp-(1—, indicating the existence of
—6)-p-D-Galp-(1 — 4,6)-p-D-Galp-(1—; the anomeric carbon of —3)-
B-D-Galp-(1— had a correlated signal peak with H6 of —3,6)-p-D-Galp-
(1—, indicating the existence of —3)-$-D-Galp-(1 — 6,3)-p-D-Galp-(1—;
the anomeric carbon of a-L-Ara(1— had a correlated signal peak with H5
of —5-a-L-Ara(l1—, indicating the existence of a-L-Ara(1—5-a-L-Ara
(1-; the anomeric carbon of a-L-Ara(1— had a correlated signal peak
with H3 of — 3)-p-D-Galp-(1, indicating the existence of a-L-Ara(1—5-
a-L-Ara(l — 3)-p-D-Galp-(1; the anomeric carbon of —3, 6)-p-D-Galp-
(1— had a correlated signal peak with H4 of —4)-a-D-Glcp-(1—, indi-
cating the existence of —3, 6)-p-D-Galp-(1 — 4)-a-D-Glcp-(1—; the
anomeric carbon of —3)-p-D-Galp-(1— had a correlated signal peak with
H6 of —4,6)-p-D-Galp-(1—, indicating the existence of —3)-$-D-Galp-(1
— 6, 4)-p-D-Galp-(1 — . In summary, the polysaccharide chain of LBP-1
was obtained, as shown in Fig. 8C.

4. Discussion

The biological activity of polysaccharides is closely related to their
monosaccharide composition, molecular weight and type of glycosidic
bonds(Sun et al., 2016). Kashimoto and Li et al. found that different
water-soluble Lycium barbarum polysaccharide fractions can be obtained
by ion exchange and size exclusion column chromatography, and among
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Fig. 7. Total ion flow diagram of LBP-1 monosaccharide.
Table 2 them, the one with the largest molecular weight has the strongest
able . . inhibitory effect on cancer cell growth. Moreover, the study found that
Hydrogen and carbon signals in LBP-1. o . :
the composition and molecular weight of monosaccharides exert a
Glycosyl Hi/C1 H2/  H3/ H4/  HS5/  Héab/ different inhibition on cancer cell growth. The molecular weight and
residues c2 3 c s c6 glycosidic bond type of polysaccharides are closely related to the inhi-
o-L-Ara(1— 5.14 4.12 3.86 4.03 37 3.61 bition of cancer cell growth(Li et al., 2012; Sun et al., 2012). In this
110.48 8258  77.82 8512 62.52 study, LBPs were isolated using ethanol fractional precipitation and
p-D-Galp- 4.36 3.61 3.93 3.78 4.03 3.7 3.61 . ; .
(- molecular sieve column chromatography to obtain uniform poly-
103.9 71.11  73.86 7496 69.88  62.52 saccharide components with different molecular weights and poly-
—3, 6)-p-D- 4.5 3.7 4.03 4.2 3.7 3.61 3.7 saccharide composition. Next, the inhibitory effect of these
Galp-(1~ polysaccharide components on the growth of cancer cells was compared.
10561 69.74 8354 7111 69.24 6441 The results showed that LBP-1, a homogeneous component of LBP
—5-a-L-Ara 5.08 412 3.93 4.03 3.47 4.03 o ’ 8 ) P
(= precipitated by 60% alcohol, promoted apoptosis and arrested the cell
108.7 8326 77.58 8524  64.33 cycle through the inhibition of the PI3K/Akt/mTOR signaling pathway,
—4,6)-p-D- 4.36 3.17 3.47 3.61 3.86 3.74 3.84 which also inhibited cell migration and subsequently the growth and
Galp-(1—~ proliferation of human lung cancer A549 cells. The results were
1044 7385 7496 71.34  69.74  67.29 . ith . dies that f d h 1
L 4)-D- 5.99 3.61 3.86 3.61 378 3.84 37 consistent with previous studies that focused on other natural com-
Glep-(1—~ pounds such as Astragalus polysaccharides and Ganoderma lucidum
100.7 73.08 7456 7892 7262 61.74 polysaccharides (Li et al., 2010; Yu et al., 2019). LBPs significantly
”6)'{5']72' 441 361 378 403 386 412 3.61 inhibit the growth of MCF-7, and results from this study further
Galp-(1— . . . 1. s s e
10464 7198 7386  69.88 7456  65.34 ?onflljmed the previous ﬁndlngs. In addition, crude LBPs significantly
~3)-p-D- 4.48 3.59 3.78 3.82 3.73 4.05 3.58 inhibit the growth of human liver cancer cell QGY7703(Zhang et al.,
Galp-(1— 2005). Our research indicated that the LBP components of the Lycium
103.4  71.0 82.7 69.3 75.9 61.8 barbarum fruit did not affect the growth of HepG2, which could be due to

the different cancer cell lines and extraction methods that were used. It
was worth noting that crude LBP extracted by hot water contained
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Fig. 8. NMR analysis spectra; A: HMBC spectra; B: NOESY spectra; C: chain
structure of LBP-1.

uronic acid, while crude polysaccharides extracted at room temperature
contained different components. Therefore, the extraction, purification,
and structural characterization of LBPs could have an impact on their
biological activity.

As cancer is caused by an imbalance between proliferation and
apoptosis of tumor cells, apoptosis induction has emerged as a new
strategy for cancer treatment. LBP, as the main active component of
Lycium barbarum L. possesses anti-tumor properties, affecting the pro-
liferation, apoptosis, and the cell cycle of cancer cells. Furthermore, LBP
alleviates certain adverse effects of chemotherapy by boosting the
body’s immunity. The findings of this study also demonstrated that LBP-
1 inhibited the proliferation of A549 cells while promoting apoptosis of
tumor cells. Therefore, the proliferation and apoptosis of tumor cells
were generally in a balanced state.

Food Bioscience 47 (2022) 101664
5. Conclusion

In this study, LBP-1, a homogeneous component of LBP precipitated
by 60% alcohol, was selected to determine the inhibitory effect of LBP
and its mechanism of action on human lung cancer cells. The findings
showed that the treatment with 50 pg/mL LBP for 24 h, 48 h, and 72 h
resulted in A549 cell apoptosis rate of 18.78%, 26.21%, and 38.27%,
respectively. The effect of LBP on the A549 cells cycle was determined
by flow cytometry, with results showing that LBP blocked A549 cells in
the G1/S phase. Thus, LBP could effectively inhibit the proliferation and
migration of A549 cells. The Western blot results showed that LBP
induced the abnormal expression of Cyclin D1, CDK2, and Cyclin D3,
promoted the expression of caspase 3 and Bax, inhibited the expression
of Bcl-2, and downregulated the expression of P-PI3K, P-Akt, and P-
mTOR. Therefore, LBP-1 blocked A549 cells in the G1/S phase by
inhibiting the PI3K/Akt/mTOR signaling pathway, inducing apoptosis
and thereby inhibiting the growth, proliferation, and migration of A549
cells. According to the structure analysis, LBP-1 was mainly composed of
Arabinose (Ara), Galactose (Gal), glucose (Glc), Xylose (Xyl), and
Mannose (Man), with molar ratios of 37.53: 28.08: 14.72: 7.83: 4.50,
respectively, with a molecular weight of 307.8 kDa. The primary
structure of LBP-1 was obtained using NMR and methylation analysis. In
conclusion, LBP-1 is a natural polysaccharide product potentially
effective in the treatment of lung cancer or as a complementary drug for
antitumor treatments.
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