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Abstract: Dandelion (Taraxacum mongolicum Hand.-Mazz.) is a medicinal and edible plant. Dandelion
has great development value for its health promoting benefits; additionally, Dandelion grows almost
anywhere in the world. In this study, we report the structural characteristics and anti-cancer activity
of novel dandelion leaf polysaccharides extracted by pressurized hot water extraction at 120 °C
(DLP120) with Mw relative to dextran of 1.64 x 10° Da. Structural analysis indicated that DLP120
is a complex polysaccharide composed of pectin and arabinogalactan. It was mainly composed of
arabinose (32.35 mol%) and galactose (44.91 mol%). The main glycosidic linkages of DLP120 were
4-B-D-Galp, 4-«-D-GalpA, T-3-D-Galp, 5-a-L-Araf, 3,5-a-L-Araf, and T-a-L-Araf. In vitro, DLP120
inhibited HepG2 cell proliferation in a dose-dependent manner by inducing cell apoptosis. Cell cycle
detection results revealed that DLP120 mainly arrests the cell cycle in S phase. Cells treated with
DLP120 displayed obvious apoptotic morphology, including cell volume shrinks and cytoskeleton
breaks down. In short, DLP120 has potential as an anti-cancer agent.
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignancies and causes
of cancer death worldwide [1]. Almost one-third of patients use complementary medicines
or herbal products to relieve symptoms and prevent relapse [2,3]. The effectiveness of
therapeutic or chemopreventive drugs derived from plants have been reported [4,5]. Dan-
delion, a member of the Asteraceae family, is a perennial medicinal and edible herb. Its
flowers, leaves, and roots have been used in traditional Chinese medicine [5,6]. Studies
have demonstrated further that dandelion extracts from whole or parts of dandelion can
preferably promote healthy properties [7-10]. The active ingredients extracted from dif-
ferent parts of dandelion mainly belong to the sesquiterpenoid, triterpenoid, phytosterol,
flavonoids, and phenolic acid families, among others [11]. Dandelion extract has been
widely used for its diuretic, blood sugar lowering, antimicrobial, anti-inflammatory, and
appetite stimulating properties [3,12].

Studies have shown that plant polysaccharides have many pharmacological activities
such as lowering blood sugar, reducing inflammation, and inhibiting tumor growth [13,14].
Plant polysaccharides are one of the most abundant biological macromolecules with a wide
range of health-promoting properties in nature. They have a considerable application value
due to their strong bioactivity, low cytotoxicity, and high safety profile. Polysaccharides
have also received considerable attention in the research of dandelion extracts. So far,
polysaccharides extracted from dandelion have been found to have various medicinal prop-
erties, exhibiting antioxidant, hypoglycemic, and modulating the gut microbiota [15,16].
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The biological activity of polysaccharides can be greatly impacted by the extraction
conditions [17,18]. Pressurized hot water extraction (PHWE) is a relatively new extraction
technology for obtaining bioactive compounds from natural sources [19]. On the one hand,
the surface tension and viscosity of the solvent decrease with the increase of temperature,
and the diffusion coefficient increases. On the other hand, high temperature reduces
intermolecular interaction. Therefore, PHWE may lead to a more complete and faster
extraction process. In recent years, PHWE has been widely used in the extraction of
bioactive polysaccharides. Polysaccharides extracted from waste coffee grounds using
PHWE have good antioxidant and hypoglycemic activity [20]. Sakdasri et al. revealed
that PHWE can be used as an efficient method for extracting active substances from
dried mushrooms [21]. The PHWE method was also found to be an efficient method for
extracting polysaccharides from sweet tea [22]. The extraction temperature of dandelion
is almost always below 100 °C. However, research on the structure—effect relationship of
polysaccharides above 100 °C is still limited. The main purpose of this study was to research
the detailed structural characteristics and inhibitory effect on the proliferation of HepG2
in vitro of dandelion polysaccharides extracted at 120 °C to improve the comprehensive
utilization of dandelion.

2. Materials and Methods
2.1. Materials

Taraxacum mongolicum leaves were purchased from Daxinganling Huitong Natural
Products Development Co., Ltd., (Heilongjiang, China).HepG2 cells were purchased from
the cell bank of Beijing Union Medical College Hospital. Human liver HL-7702 cells were
purchased from Shanghai Cell Bank of Chinese Academy of Sciences. Unless otherwise
specified, all chemicals and reagents were analytical grades. All test kits and T-series
dextrans were purchased from Beijing Solable Technology Co., Ltd., (Beijing, China).

2.2. Extraction and Purification

The dandelion leaves dried to constant weight in an oven (50 °C) were crushed
through an 80 micron mesh sieve to obtain dandelion powder. First, deionized water
(2000 mL) was added to 100 g of dandelion powder and extracted at 120 °C, heating with
autoclave for 2 h. It was concentrated by vacuum rotary evaporation to one-fifth of the
original volume followed by filtration. Polysaccharides were precipitated with 60% ethanol
concentration. Samples were incubated overnight at 4 °C, followed by centrifugation to
collect polysaccharides. Extracts were deproteinized using the Sevag method [23]. The
resulting solution was loaded into a 10 kDa dialysis bag and dialyzed to remove impurities
and small molecules. The crude polysaccharide obtained by freeze-drying was dissolved
and loaded onto a Sephadex G-200 gel column (16 mm x 40 cm). We refer to the resulting
polysaccharide component as DLP120.

2.3. Chemical Composition Analysis

The phenol-sulfuric acid method [24], m-hydroxydiphenyl colorimetric method [25],
and Bradford’s method [26] were used to determine the total sugar, uronic acid, and protein
content with D-glucose, galacturonic acid, and bovine serum albumin serving as standards,
respectively. UV spectroscopy (UV-2500PC, Shimadzu, Kyoto, Japan) was used to detect
the protein and nucleic acid content of DLP120.

2.4. Molecular Weight Analysis

High performance liquid chromatography (HPLC) instrument (Agilent-1200, Agilent,
Santa Clara, CA, USA) equipped with a TSK-gelG 4000 PWxI column (7.8 mm x 300 mm,
column temperature 30 °C) and a refractive index detector (detector temperature 35 °C)
was used to measure the average molecular weight of DLP120. The sample (1 mg/mL)
injection volume was 20 uL using ultrapure water as the mobile phase. The molecular
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weight of DLP120 was estimated by a calibration curve obtained from T-series dextran
standards (T10, T40, T70, T110, T500, and T2000 kDa).

2.5. Monosaccharide Composition Analysis

Ion chromatography (IC) instrument (Thermo Dionex IC52500, Thermo, Waltham,
MA, USA) was used to detect the monosaccharide composition of polysaccharides of
DLP120 through a high-efficiency anion exchange chromatography equipped with a Dionex
pulsed amperometric detector with Au electrodes and a Dionex Carbopac PA10 column
(150 mm x 3 mm). The sample (1 mg) was hydrolyzed in 2 M trifluoroacetic acid (TFA) in
an oil bath at 110 °C for 3 h.

TFA was removed by blowing N, with methanol. The composition and content of
monosaccharides were determined based on the retention time and peak area of monosac-
charide standards (thamnose, arabinose, galactose, glucose, xylose, mannose, galacturonic
acid, and glucuronic acid).

2.6. Fourier Transform Infrared Spectroscopy (FI-IR) Analysis

The absorption spectrum of DLP120 was scanned by infrared spectrometer (Bruker
VECTOR-22, Karlsruhe, Germany) with the detector DTGS. Briefly, 1 mg sample and
150 mg KBr were ground into powder and pressed into tablets for analysis. The infrared
spectra of DLP120 were obtained by scanning 16 times in the range of 4000-400 cm~! with

a resolution of 4 cm™!.

2.7. Reduction of Uronic Acids

The polysaccharide sample (5 mg) was dissolved in distilled water (2 mL). The solution
was mixed with 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride while
adding 0.1 M HCI to adjust the pH to 4.75 stirring continuously for 1 h. 5 mL of sodium
borohydride solution (160 mg/mL) was added dropwise over a period of 1 h. The pH of
the solution was adjusted to 7.0 by slowly adding 2 M HCI and stirring for 0.5 h. After
the pH of the solution was brought back to 4.0, it was dialyzed with distilled water, and
vacuum freeze-dried. The polysaccharide was redissolved in 10% acetic acid in methanol
solution and blown dry with N to remove boric acid, which was repeated four times.
Finally, methanol solution (0.5 mL) was added and dried by Ny (three times) to obtain the
reduced polysaccharide.

2.8. Methylation Analysis

The reduced sample was fully dissolved in dimethyl sulfoxide (DMSO), and then
dried NaOH powder was added for 30 min of ultrasonic reaction to ensure a sufficient
dissolution. Methyl iodide was added and reacted for 1 h at 18-20 °C under sonication and
dark conditions followed by adding distilled water to stop the methylation reaction. The
methylation reaction solution was extracted with dichloromethane to obtain a methylated
product. Hydrolyzed samples were obtained by adding 2 M trifluoroacetic acid (TFA) to
the sample, heating at 110 °C for 3 h, followed by drying with Ny, and redissolving the
sample in distilled water. The NaBD, was added to reduce the hydrolysate, followed by
acetylating with acetic anhydride for 2 h. The resulting partially methylated alditol acetates
(PMAA) were analyzed by GC-MS (BRUKER 456GC TQ); column: BR 1701). Three parallel
groups were set up.

2.9. Nuclear Magnetic Resonance (NMR) Spectroscopy

DLP120 (70 mg) was dissolved in 0.5 mL D,O at 25 °C, assisted by ultrasound. The
'H, 13C, 'H/'H COSY, 'H/'H TOCSY, 'H/3C HSQC 'H/3C HMBC NMR spectra were
recorded on a Bruker AVANCE III HD 700 MHz spectrometer with a BBO (Broadband
Observe) cryoprobe. Detailed NMR experiment parameters are shown in Table S1.
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2.10. Anticancer Activity In Vitro
2.10.1. Cell Culture

HepG2 human liver cancer cells were cultured in DMEM complete medium (10%
(v/v) fetal bovine serum and 1% penicillin/streptomycin) and kept at 5% CO, completely
humidified at 37 °C. Cells were seeded in 96-well plates or 6-well plates for biological
analysis. The DLP120 group was composed of lyophilized DLP120 as solute and cell
culture medium as solvent configured into different concentrations of samples. The control
group was the cell culture medium without DLP120. The cells were treated with different
concentrations of DLP120 and placed in a cell incubator for 24 h.

2.10.2. Cell Viability and Proliferation

The effect of DLP120 on HepG2 and HL-7702 cell viability was determined by MTT
(3-(4,5-dimethylthiazolyl-2)-2, 5-diphenyltetrazoliumbromide) reagent. Cells in the 96-well
plate were treated with different concentrations of DLP120 (0, 200, 400, 600, 800, 1000 pg/mL)
for 24 h, followed by addition of MTT. The blank group was cell culture medium without
cells. The absorbance value was measured at 570 nm with a microplate reader (Bio-Rad,
Hercules, CA, USA). The inhibitory rate following the addition of DLP120 was calculated
using the following formula:

e oy ODp —ODg
cell viability (%) = 0D, 0D, x 100 1)
where ODj is the OD value of the blank group, OD; is the OD value of the DLP120 group,
and OD; is the OD value of the control group.

2.10.3. Observation of Cell Morphology by Scanning Electron Microscope (SEM)

HepG2 cells were inoculated into 6-well plates by climbing slides. The cells were
cultured with different concentrations of DLP120 for 24 h. Cell images were obtained using
an inverted light microscope (Nikon, Tokyo, Japan) to observe changes in cell morphology.
After the end, cells were fixed with 2.5% glutaraldehyde for 4 h, then dehydrated with
gradient ethanol, and cell morphology was observed using SEM (Hitachi, Tokyo, Japan).

2.10.4. Apoptosis Assay

HepG2 cells were treated with DLP120 for 24 h in 6-well plates. Then, the cells
were washed and fixed with 4% paraformaldehyde. Cells were stained with Hoechst
33258 (25 pL) and incubated for 20 min at room temperature in the dark. Finally, the
stained cells were observed under an inverted fluorescence microscope (Nikon ECLIPSE
90i, Tokyo, Japan).

2.10.5. Cell Cycle Assay

The cell cycle was conducted by flow cytometry (Becton Dicknson, Franklin Lakes, NJ,
USA). Cells treated with DLP120 for 24 h were collected and fixed overnight with ice-cold
70% ethanol. The assay was conduction following the manufacturer’s protocol, adding
propidium iodide (PI) staining solution to detect cell death by CellQuest Pro6.

2.10.6. Annexin V-FITC Assay

HepG2 cells were collected after 24 h treatment with DLP120. The cells were resus-
pended with binding buffer and normalized to 5 x 10° cells/mL. Annexin V /FITC staining
solution was added for 5 min followed by addition of PI staining solution. Samples were
assayed using flow cytometry as soon as possible.
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2.11. Statistical Analysis

All experimental data were statistically evaluated by using Student’s ¢-test and one-
way ANOVA. Each experiment was repeated at least three times, and the results were
expressed as mean =+ standard deviation.

3. Results
3.1. Chemical Compositions

The results showed that the contents of total sugar, protein, and uronic acid percentages
of 92.1%, 1.52%, and 14.21%, respectively. DLP120 extraction at 120 °C resulted in a higher
yield (7.24%) than the extraction temperature of 80 °C (3.57%) following the previous
extraction method [27]. It revealed that temperature had a significant positive effect
on the yield of water-soluble polysaccharides from dandelion consistent with previous
reports [28,29]. HPLC of crude polysaccharide is in Figure S1. The molecular weight (Mw)
of DLP120 was measured by HPLC using dextran as a standard. As shown in Figure 1A,
DLP120 showed a narrowly dispersed symmetrical peak on HPLC. The Mw relative to
dextran of DLP120 measured by HPLC was 1.64 x 10° Da (based on the calibration curve
y = —0.3434x + 9.3478, R? = 0.9914), which differs significantly from previous reports
about small-molecule polysaccharides [30,31]. As shown in Figure 1B, UV full-wavelength
scanning confirmed that the DLP120 contained seldom nucleic acids or proteins.
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Figure 1. (A) The HPLC spectrum of DLP120. (B) UV spectrum of DLP120. (C) IC of the stan-
dard monosaccharides and the monosaccharides derived from DLP120: (1) fucose; (2) rhamnose;
(3) arabinose; (4) galactose; (5) glucose; (6) xylose; (7) mannose; (8) galacturonic acid; (9) glucuronic
acid. (D) FT-IR spectrum (in KBr) of DLP120.
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3.2. Monosaccharide Composition

The monosaccharide composition and the molar ratio of DLP120 were identified by
IC analysis. The results showed that DLP120 mainly consisted of rhamnose, arabinose,
galactose, mannose, and galacturonic acid in a molar ratio of 1.95:6.37:8.84:1:1.04 (Figure 1C).
In addition, DLP120 also contained a small amount of glucose (0.29) and glucuronic acid
(0.19). Monosaccharide standard curve of DLP120 is in Table S2.

3.3. FT-IR Analysis

FT-IR analysis was also conducted on DLP120. The sample displayed a wide and
strong absorption band at 3416 cm ™! and indicated the presence of O-H tensile vibration
(Figure 1D). The absorption bands around 2931 cm~! were derived from the presence of C-
H tensile vibration [6]. The strong band from 1617 cm ! could be assigned to the absorbance
of C=0 bond tensile vibration. The absorption bands in the range of 1400-1200 cm ! might
be attributed to the bending of C-H bond [32]. The characteristic bands near 1046 cm !
and 500-800 cm~! have been associated with the presence of pyranose rings [33,34]. These
absorption bands were typical infrared signals of polysaccharides. We also observed a
stretching vibration of DLP120 at 1735 cm ™!, suggesting the presence of a uronic acid struc-
ture. This analysis further confirmed that DLP120 is an acidic polysaccharide, consistent
with the IC results.

3.4. Methylation Analysis

To address the concern that the link between the uronic acid and neutral sugar moieties
may have been lost, we first reduced the carboxyl group of DLP120 before methylation anal-
ysis. As measured in the FI-IR, the carboxyl group in DLP120 uronic acid was successfully
reduced (Figure 2A) and methylated completely (Figure 2B). The GC-MS chromatogram
analysis of DLP120 showed a complex structure with 10 linkage patterns. Sugar residues
and PMAA of DLP120 are in Figures S2 and S3, respectively. The methylation analysis was
shown in Table 1 (listed in order of monosaccharide composition). The most abundant peak
was derived from the residues of 4-Galp (40.29%). There were two main derivatives, T-Galp
(11.14%) and 5-Araf (10.35%). Other sugar residues including T-Araf (7.46%), 3,5-Araf
(7.51%), 2,4-Rhap (6.88%), T-Rhap (0.86%), 6-Galp (4.95%), 4-Manp (6.35%), and T-Glcp
(4.19%) were observed as well. It should be noted that the use of NaBHy instead of NaBDy
for the reduction before methylation made it impossible to distinguish GalpA from Galp.

Table 1. GC-MS of alditol acetate derivatives from the methylated products of DLP120.

Types of Linkage RT (min) PMAA Molar Ratio (%) 2
T-Rhap 18.182 1,5-O-Acy-2,3,4-O-Mes-rhamnitol 0.86
2,4-Rhap 23.160 1,2,4,5-O-Acy-3-O-Me-rhamnitol 6.88
Total 7.74
T-Araf 17.565 1,4-O-Acy-2,3,5-O-Mejs-arabinitol 7.46
5-Araf 21.107 1,4,5-O-Ac3-2,3-O-Mejp-arabinitol 10.35
3,5-Araf 26.664 1,3,4,5-0O-Acy-2-O-Me-arabinitol 7.51
Total 25.32
T-Galp 21.455 1,5-O-Acy-2,3,4,6-O-Mey-galactitol 11.14
4-Galp/GalpA 24.283 1,4,5-O-Ac3-2,3,6-O-Mes-galactitol 40.29
6-Galp 25.212 1,5,6-O-Ac3-2,3,4-O-Mes-galactitol 4.95
Total 56.38
T-Glep 22.017 1,5-0-Acy-2,3,4,6-O-Mey-glucitol 4.19
Total 4.19
4-Manp 24.050 1,4,5-O-Ac3-2,3,6-O-Mez-mannitol 6.35
Total 6.35

RT: Retention time; PMAA: partially methylated alditol acetates; a: Relative molar ratio, calculated from the ratio
of peak areas.
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Figure 2. (A) FT-IR spectra of DLP120 before and after reduction. (B) FI-IR spectra of DLP120 before
and after methylation.

Noticeably, in the composition which was inferred from the methylation analysis
differed with the monosaccharide compositional analysis. This difference may be caused
by the hydrolysis process [35,36]. The monosaccharide composition is directly hydrolyzed,
while the methylation experiment is hydrolyzed after the methylation reaction. In addition,
the ratio of branching groups to end groups in the methylation is not equal. On the one
hand, it may be due to the incomplete hydrolysis process caused by the end groups being
hydrolyzed first and the branched chain residues being hydrolyzed afterwards during
hydrolysis [35,37]. On the other hand, it may be on account of the presence of a small
number of oligosaccharides in the sample, which participate in the methylation process
leading to high end group.

3.5. NMR Analysis

The NMR spectra (including 1H,13C, COSY, TOCSY, HSQC, and HMBC) were obtained
to determine the glycoside linkages of DLP120 in detail. From 1D spectra (Figure 3a,b), the
most intensive and sharp peak (3.70/52.29 ppm) was attributed to the methoxyl group [38].
The signals were assigned to methyl and acetyl groups at 1.14 and 1.97 ppm (Figure 3a),
respectively. The methyl group was derived from rhamnose (C-6). This deduction also
was verified by the cross peaks in HMQC with the chemical shift of 1.14/16.92 ppm. The
cross peaks in the HSQC (1.97/20.22 ppm) (Figure 3c) and HMBC (1.97/173.29 ppm)
(Figure 3d) spectrum confirmed the presence of the -OAc groups [39]. The 13C signals
at 170-175 ppm (Figure 3b) were attributed to the C-6 of uronic acid by comparison to
previous analyses [38].
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Figure 3. 'H (a), *C (b), HSQC (c), HMBC (d) spectra of DLP120 and structural model (e) of DLP120.
Note: In (e), the main chain residue of RG-I 4-x-GalpA has a small amount of O-3 acetylation
substitution; in addition, the sample may also exist residue fragment of x-L-Rhap-(1—4)-3-GlcpA-
1-).

The NMR spectrum (Figure 3a) showed thirteen significant peaks in the anomeric
region. Particularly, a new peak (C) could be clearly observed for the HMQC (Figure 3c) in
addition to the twelve overlapping peaks. All peaks in the anomeric region were assigned
as A-M at 4.86, 5.17, 4.63, 5.13, 5.04, 4.99, 5.01, 4.43, 4.38, 4.37, 4.54, 4.92, and 4.56 ppm.
The corresponding 13C assignments were achieved according to HSQC. The complete 'H
assignments were acquired through COSY and TOCSY spectra (Figure S4a,b). Assignments
of 'H and '3C based on methylation results and comparison to literature data are shown in
Table 2.

The signals at 6 4.86/100.18 were confirmed as «-configuration of residue A (Figure 3a,b).
The H-2-H-5 signals of residue A were assigned through the cross peaks of COSY spectra
(Figure S4a). Their chemical shifts were attributed to 3.64, 3.90, 4.31, and 5.06 ppm. The
chemical shift of C-1-C-5 of residue A can be attributed by HSQC spectrum (Figure 3c),
which were 100.18, 68.07, 69.02, 77.22 and 70.35 ppm. The HSQC spectrogram (Figure 3c)
showed that the methyl proton signal and carbon signal of methyl ester are 3.70 ppm
and 52.29 ppm, respectively. The chemical shift of C-1 and C-4 shifted to the lower field,
indicating that the residue was replaced at the positions of C-1 and C-4. Combining the
methylation results and literature reports [40], it was inferred that the residue A was
4-a-GalpA-6-OMe.

The anomeric chemical shift of 'H at 5.17 ppm and '3C 98.43 ppm demonstrated that
residue B should be assigned to rhamnose residue. The chemical shifts of H-1 (5.17 ppm)
and H-6 (1.14 ppm) and of residue B were resolved by 'H NMR. According to the COSY
spectrum, the H-2-H-5 shifts of residue B were attributed to 4.04, 3.84, 3.60 and 3.74 ppm. By
HSQC correlation spectrum (Figure 3c), the chemical shifts of each carbon were attributed
to be 98.43, 76.11, 68.65, 75.11, 67.28 and 16.92 ppm. It was inferred that residue B was
2,4-«-L-Rhap based on a comparison to existing literature [39].
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Table 2. The 'H NMR and 3C NMR chemical shifts for DLP120.
Chemical Shift (ppm)
Sugar Residues
1 2 3 4 5 6a 6b CHj3- of -OMe
A 4-x-GalpA-6-OMe H 4.86 3.64 3.9 4.31 5.06 3.7
C 100.18 68.07 69.02 77.22 70.35 171.03 52.29
B 2,4-a-L-Rhap H 5.17 4.04 3.84 3.6 3.76 1.14
C 98.43 76.11 68.65 75.11 67.28 16.92
C T-a-L-Rhap H 4.63 3.84 3.66 3.33 3.93 1.14
C 100.61 71.27 69.22 71.75 69.21 16.92
D T-o-L-Araf H 5.13 4.1 3.91 4.02 3.72 3.62
C 109.18 82.01 76.69 83.86 60.96
E T-«-L-Araf H 5.04 4.02 3.84 3.94 3.72 3.62
C 107.09 80.99 76.95 83.84 60.96
F 5-o-L-Araf H 4.99 4.03 3.84 411 3.7 3.78
C 107.43 80.87 76.69 81.82 66.2
G 3,5-a-L-Araf H 5.01 4.19 3.99 3.93 3.84
C 107.32 79.12 82.22 83.97 66.04
H 3,6-3-D-Galp H 4.43 3.54 3.64 4.01 3.81 3.82 3.92
C 103.14 69.67 80.05 69.93 73.33 69.26
1 T-B-D-Galp H 4.38 3.25 3.44 3.18 3.6 -
C 103.21 72.77 74.93 81.7 74.36 62.38
J 6-3-D-Galp H 4.37 3.44 3.55 3.82 3.94 3.92
C 103.25 70.6 72.66 73.59 68.84 69.24
K 4-3-D-Galp H 4.54 3.57 3.66 4.06 3.6 3.67
C 104.33 72.09 73.33 77.77 74.93 60.89
L 4-x-GalpA H 492 3.63 3.84 4.26 4.67
C 99.71 67.81 69.21 79.37 71.14 172.99
M 4-3-GlcpA H 4.56 3.43 3.65 3.47 3.80
C

104.00 74.46 75.73 79.02 76.35 171.70

The anomeric proton at 4.63 ppm was correlated to the anomeric carbon signal at
100.61 ppm, which designated residue C. It was worth noting that this signal clearly ap-
peared in COSY and HSQC (Figures S4a and 3c), but was not reflected in the H spectrum.
Presumably, the signal was masked by the solvent peak (D,0). Based on these observations,
it was inferred that residue C was T-a-L-Rhap [41].

Residue D was attributed as T-a-L-Araf according to their anomeric chemical shifts
at 5.13 ppm and 109.18 ppm (Figure 3a,b). The H chemical shift of sugar residue D was
determined by the cross peak of COSY and TOCSY spectrum (Figure S4a,b). The chemical
shift of carbon could be assigned by HSQC spectrum (Figure 3c). The C-1 shifted to a lower
field, indicating that the residue was replaced at sugar ring position C-1 [41,42]

The 5.04 and 107.09 ppm signals indicate that residue E was the « configuration. From
the COSY and TOCSY spectrum (Figure S4a,b), the complete ' H assignments were obtained.
Corresponding carbon shifts could be assigned by HSQC correlation spectra (Figure 3c).
Similar to residue D, it was inferred that residue E was also T-«-L-Araf [41].

Residue F (5-a-L-Araf) and G (3,5-a-L-Araf) showed anomeric chemical shifts at
5 4.99/5.01 (Figure 3a) and & 107.43/107.32 (Figure 3b) according to 'H and !3C. All
assignments of 'H by COSY and TOCSY spectra and '*C by the HSQC spectrum were
also shown in Table 2. Integrating with methylation and literature data [41], residue F was
inferred to be 5-x-L-Araf and residue G was inferred to be 3,5-a-L-Araf.

The 4.43 ppm (H-1) and 103.14 ppm (C-1) signals indicated that H was in the 3
configuration. The H-2-H-5 chemical shifts of residue H were attributed to 3.54, 3.64, 4.01
and 3.81 ppm by the cross-peak of COSY spectrum (Figure S4a). The chemical shift of
carbon could be assigned by the HSQC correlation spectrum (Figure 3c). Residue H was
inferred to be 3,6-3-D-Galp [41].

The chemical shift at 4.38 ppm and 4.37 ppm (Figure 3a) and the 3C chemical shift at
103.21 ppm and 103.25 ppm (Figure 3b) were tentatively derived from T-3-D-Galp (residue
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I) and 6-3-D-Galp (residue J), respectively. The complete g assignments were acquired
through the COSY and TOCSY spectrum. The chemical shifts of all carbons were assigned
through the HSQC correlation spectrum (Figure 3c), which are shown in Table 2 [41].

Methylation analysis indicated that there is a substantial presence of 4-D-Galp/GalpA
in DLP120, with the highest mole ratio of 40.29%. The integral at 4.54 ppm in the 'H
spectrum was significantly higher than other signals. Combining the analysis of monosac-
charide composition, methylation results, and the previous studies [38,39], the anomeric
chemical shift of 4 4.54/104.33 in the anomeric region was classified as 4-3-D-Galp (K). The
attribution of 'H was obtained by COSY. Moreover, three peaks at 3.57, 3.66, 4.54 ppm were
also obtained in the TOCSY spectrum (Figure S4b). 13C chemical shifts of 4-B3-D-Galp were
achieved by HMQC.

The chemical shift at 4.92 ppm (H-1) and 99.71 ppm (C-1) was named residue L. We
concluded that the sugar residue L was 4-x-GalpA by comparison of chemical shifts to data
in the literature [16,39]. The anomeric carbon signal at 73.23 ppm was correlated to the
anomeric proton at 5.22 ppm, suggesting that the acetyl group was linked to 4-o-GalpA at
the O-3 position [43,44].

4-3-GlcpA (residue M) exhibited anomeric chemical shifts at 4.56/104.00 ppm. The
complete assignments were obtained from COSY and HSQC, which were consistent with
previous reports [41].

Through observing inter- and intra-residual connectivity in the HMBC spectrum
(Figure 3d), the sequence of linkages between sugar residues was deduced. The H1
(4.99 ppm) signal peak of residue F correlated with the three sugar residues at the C-4
(75.11 ppm) of residue B (F H-1/ B C-4), C-5 (66.04 ppm) of residue G (F H-1/ G C-5), and
C-5 (66.20 ppm) of residue F (F H-1/ F C-5). The H1 (5.04 ppm) signal peak of residue E
correlated with the C-3 (82.22 ppm) of residue G (E H-1/G C-3). The H1 (4.37 ppm) signal
peak of residue ] correlated with the C-6 (69.26 ppm) of residue H (J H-1/ H C-6). The H1
(4.54 ppm) signal peak of residue K was related to the residues at the C-4 (75.11 ppm) of
residue B (K H-1/B C-4). Correlations were between the H1 (4.63 ppm) of residue C and
C-4 (79.02 ppm) of residues M (C H-1/ M C-4). The H1 (4.38 ppm) signal peak of residue
I was related to the sugar residues at the C-4 (77.77 ppm) of residue K (I H-1/K C-4). In
particularly, intra-residue cross peaks were also observed between H-1 (4.54 ppm) of the
residue K and its own C-4 (104.33 ppm).

Combining the monosaccharide composition, methylation results, and NMR (1D and
2D) information analysis of the polysaccharide samples, the possible structural models of
the DLP120 were inferred as shown in Figure 3e [45,46].

3.6. Anticancer Activity In Vitro
3.6.1. Effect of DLP120 on HepG2 Cell Proliferation

We used the MTT reagent to measure cell viability. As shown in Figure 4A, DLP120
exhibited an inhibitory effect on HepG2 in a dose-dependent manner. Compared with
HepG2 cells, the viability of HL-7702 cells was not significantly changed (Figure 4B). Thus,
DLP120 has no toxic effect on normal liver cells. The cell viability decreased from 84.0%
to 71.3%, while the concentration of DLP120 increased from 200 pg/mL to 400 pg/mL.
Moreover, at a dose of 800 ng/mL, DLP120 showed a tumor suppressive effect on HepG2
cells, with a cell viability of 29.4%. Feng et al. demonstrated that treatment of Ecal09 cells
with 2 mg/mL dose of Ganoderma lucidum polysaccharides accelerated the apoptosis
of Ecal09 cells through the mitochondrial pathway with a proliferation inhibition rate of
74.63% [47]. Gamargo et al. revealed that only 10 mg/mL and 5 mg/mL of Ganoderma
lucidum polysaccharides significantly reduced tongue squamous cell metabolism, resulting
in non-invasive and less proliferative behavior of tumor cells [48]. Together, these results
indicated that DLP120 has a certain potential to inhibit the proliferation of HepG2 cells.
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Figure 4. MTT results of DLP120 on HepG2 cells (A) and HL-7702 cells (B) at 24 h. * p <0.05** p < 0.01
vs. control.

3.6.2. Effect of DLP120 on HepG2 Cell Morphology

We next analyzed the cell morphology of treated and untreated HepG2 cells by mi-
croscopy. Untreated HepG2 cells displayed intact cell membranes as expected (Figure 5A,C).
In addition, the surface microvilli were not only rich but also complete on the surface. The
cells were arranged regularly and mosaic-connected, as expected for normal HepG2 cells.
Cell morphology was altered dramatically for cells treated with different concentrations
of DLP120. Among the observed effects were the shrinking of cell volume, chromatin
condensation, the disappearance of the tightly connected structure between cells, and the
fragmentation of cytoskeletal disintegration. All the above effects indicate that treatment
with DLP120 promoted apoptosis in HepG2 cells.

0 pg/ml, 200 pg/ml.

0 ng/mL 200 ug/ml. 400%g/ml,

0 ug/mL 200 pg/mL 400 ug/mL

Figure 5. (A) Cell morphology in HepG2 treated and untreated cells was observed by inverted

microscope. (B) Apoptosis was detected by Honest 33258 staining. (C) Cell morphology was
observed by SEM.

The results of Hoechst33258 staining further confirmed that HepG2 cells showed
typical apoptotic morphological characteristics after DLP120 treatment. As can be seen
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from Figure 5B, the HepG2 nuclei of the control group had regular morphology and
were uniformly stained blue, while those treated with DLP120 showed nuclear pyknosis,
chromatin condensation, nuclear debris, and apoptotic bodies. These phenomena became
more and more pronounced with the increase of DLP120 concentration. The above results
indicated that DLP120 induced apoptosis in HepG2 cells.

3.6.3. Effect of DLP120 on HepG2 Cell Cycle Distribution

To determine whether DLP120 could cause cell cycle redistribution, the percentage of
HepG2 cells in G1, S, and G2 phase was assessed by flow cytometry. As shown in Figure 6,
the appearance of the apoptosis peak was evidenced by a clear accumulation of S phase
cells. In addition, the proportion of cells in the G1 phase decreased while cells in the G2
phase increased. Therefore, we conclude that DLP120-induced apoptosis was accompanied
by cell cycle arrest in the S phase of HepG2 cells, which could lead to inhibition of the
proliferation of tumor cells. Similar studies have reported that components in some natural
products displayed anticancer activity by preventing cell cycle distribution and inducing
apoptosis [49].
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Figure 6. Cell cycle proportions of HepG2 cells treated with DLP120 for 24 h. (A) Bar graph
summarizes the data on cell cycle distribution. (B) * p < 0.05 vs. control.

3.6.4. Effect of DLP120 on HepG2 Cell Apoptosis

Alterations from cell membrane surface integrity are a typical feature of early apoptosis.
This change can be detected by flow cytometry using Annexin V and PI double staining.
In our experiments, cells treated with varying concentrations of DLP120 showed different
degrees of early and late apoptosis (Figure 7). Untreated cells primarily consisted of live
cells in a normal state. The proportion of apoptotic cells increased in a dose-dependent
manner. The total apoptosis rate increased dramatically from 18.80% to 47.13% as the
concentration of DLP120 increased from 200 pg/mL to 800 pg/mL (p < 0.05). These
data suggested that DLP120 could induce apoptosis of HepG2 cells. Combined MTT
and cell cycle analysis revealed that DLP120 inhibited the proliferation of HepG2 cells by
inducing apoptosis.
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Figure 7. Distribution of apoptosis after cells treated with DLP120 (A). Bar graph summarizes the
percentage of apoptosis (B).

4. Discussion

In previous reports, several polysaccharide components of dandelion leaf extracted
below 100 °C have been identified, including 3-branched glucomannan [50], a neutral
polysaccharide dominated by glucose and galactose [15], as well as acidic polysaccharides,
which lack specific structural information on methylation and 2D NMR support [16]. In this
study, we found that DLP120 consists of a complex of pectin (RG-I) and arabinogalactan
(AG-II). Pectin-like substances have been rarely found in the literature on dandelion. Pectin
itself has been shown to inhibit tumor growth and significantly reduce the rate of tumor
metastasis [51]. Regarding the structure of DLP120, RG-I appears methyl esterified and
acetyl esterified in the carboxyl portion of C-6 and the hydroxyl portion of O-3 of GalA, re-
spectively, which is important for the anti-cancer activities of pectic polysaccharides [45,52].
It has been shown that RG-1, especially modified GalA, and the neutral sugar side chain
AG-II tend to interact with target substances to promote cell cycle arrest and induce apop-
tosis [53-56]. These functional structural regions (RG-I) may inhibit the proliferation
of cancer cells by reducing the expression of intercellular adhesion molecules [53], and
AG-II may interact with extracellular matrix proteins to induce apoptosis [57]. However,
current studies on the specific recognition receptors of pectin polysaccharides and their
activation mechanisms are insufficient, and systematic and comprehensive studies are still
necessary [45,58].

In addition, pectic polysaccharides can selectively bind to galectin-3 (Gal-3), which
is a potential target for cancer therapy and involved in cell proliferation, adhesion, and
regulation of the cell cycle, to prevent and reduce cancer progression [59-61]. Galactans in
pectin have been shown to directly bind Gal-3 [61]. DLP120 is a macromolecular pectin
with abundant neutral sugar side chains of arabinogalactan. The monosaccharides are
predominantly galactose and arabinose. On the one hand, larger molecular weight pectins
with multiple galactose side chains may contain more Gal-3 binding sites compared to
smaller molecular weights [59]. On the other hand, galactose side chains contained in
pectins have a stronger binding capacity to Gal-3 compared to galactans alone [62]. Fur-
thermore, RG-I type pectins isolated from Panax ginseng flower buds containing abundant
side chains had stronger binding activity to Gal-3 than HG structures [63]. Polysaccharides
with different structural features have mechanisms involving various signaling pathways
to exert anti-cancer effects. In our study, we found that DLP120 mainly arrest the cell cycle
in the S phase to exert its anti-cancer activity. Due to its complex structure, it has been
difficult to establish the specific structure of DLP120 and clarify its anti-cancer mechanism.
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In future work, new methods of elucidating the mechanism of DLP120 tumor inhibition
are required.

5. Conclusions

In conclusion, an acidic water-soluble polysaccharide was extracted and purified from
the leaves of dandelion at 120 °C with autoclave as DLP120. We described the structural
characteristics and anti-cancer activity of DLP120. According to the analysis of HPLC, IC,
methylation, as well as 1D and 2D NMR, DLP120 is a high molecular weight heteropolysac-
charide with a complex structure mainly composed of RG-I and AG-IL. In vitro experiments
revealed that DLP120 inhibited the proliferation of HepG2 cells by arresting their cell cycle
S phases.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nu15010080/s1, Figure S1. Sugar residues of DLP120; Figure S2.
PMAAof DLP120; Figure S3. (A). The HPLC chromatogram of the crude polysaccharide of dandelion
leaves (DLP120-1). (B) The HPLC chromatogram of the DLP120-1 after deproteinization and dialysis
(DLP120-2). (C) The elution profile by Sephadex G-200 Purified; Figure S4. COSY (a), TOCSY (b) and
the repeating unit (c) of DLP120; Table S1. Detailed parameters of NMR experiment of DLP120; Table
52. Summary of monosaccharide standard curve of DLP120 from ion chromatography information.
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