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Abstract

In this study, a water-soluble polysaccharide from Eucommia folium was extracted by hot water and purified using Sephadex G-200
gel columns. The results showed that the purified fraction (EFP) has a molecular weight of 9.98 x 10° Da and consisted of rham-
nose, arabinose, galactose, glucose, mannose, xylose, galacturonic acid, and glucuronic acid (molar ratio: 0.226: 1.739: 2.183: 1:
0.155:0.321: 0.358: 0.047). The combination of infrared spectroscopy and NMR analysis proved that EFP is an acidic polysac-
charide whose main chain consists of a-L-Araf~(1 —,— 3,5)-a-Araf-(1 —,— 3)-p-Galp-(1 — ,— 3,6)-p-Glcp-(1 —,— 2)-a-D-
Manp-(1 —,—4)-a-GalpA-(1 —,—2,4)-a-Rhap-(1 —. In addition, the in vivo antitumoral activity of EFP was studied using
a H22 tumor-bearing mice model. EFP effectively inhibited tumor growth in mice following intragastric administration.
By Combining with the results of the apoptosis assay and JC-1 staining analysis, we confirmed that EFP induces apoptosis
through the mitochondrial pathway. Furthermore, cell cycle analysis demonstrated that EFP blocks the cell cycle at S phase.

Keywords Eucommia folium polysaccharide - Structure characterization - Antitumor activity - Human hepatocellular

carcinoma

Introduction

Liver cancer is still a major threat to human health [1]. Its
incidence rate is as high as 70-90% [2], and its mortality
rate is behind gastric and esophageal cancer [3]. The most
common liver cancer is hepatocellular carcinoma (HCC).
Its early symptoms are difficult to detect, and many patients
are already at an advanced stage when diagnosed [4]. Cur-
rently, the most general treatment methods are mainly sur-
gical resection, chemotherapy and radiotherapy. However,
due to the significant toxicity associated with chemother-
apy and radiotherapy, the patients’ life expectancy is mark-
edly shortened [5, 6]. Although first-line drugs such as
sorafenib, cisplatin and 5-Fluorouracil (5-Fu) show certain
therapeutic effects, clinical studies have found that these
drugs are associated with drug resistance, cytotoxicity,
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and immunosuppression [7, 8]. In spite of the progress that
has been made in many areas, particularly in determining
the most common causes of HCC and improving diagnos-
tic tools, the complexity of liver cancer treatment remains
daunting [9]. Therefore, traditional Chinese medicine has
attracted much attention in cancer treatment. Compared with
traditional antineoplastic drugs, traditional Chinese medi-
cines and their components usually have many advantages
with minimal side effects [10]. These advantages might be
a crucial research orientation for future cancer treatments.

Macromolecular carbohydrates are composed of more
than ten monosaccharides, known as polysaccharides. Previ-
ous research on polysaccharides identified large amounts of
polysaccharides from multiple sources, such as mushrooms,
bacteria, animals, and plants [11-13]. These polysaccharides
have aroused much attention for their extensive bioactivi-
ties and low cytotoxicity [14]. At least 30 polysaccharides
have been used in clinical trials around the worldwide [15].
Recently, many studies found that polysaccharides can
induce tumor cell death, enhance the body's immune capac-
ity, diminish the toxic effects of traditional chemotherapy
medicines, and achieve the purpose of antitumoral effects
[16, 17].
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Eucommia ulmoides is a medicinal plant that can be traced
back to the Shennong Baicao Records dating 2000 years ago.
Traditionally, the bark of Eucommia ulmoides was used as
medicine [18], and it was often used as a tonic to keep fit
and nourish liver in ancient Chinese medicine books [19]. The
same active ingredients and pharmacological effects have been
found in both Eucommia folium and the bark of Eucommia
ulmoides [20, 21], including iridoids, flavonoids, lignans and
polysaccharides. Studies have found that Eucommia folium has
antihypertension, anti-inflammatory, antioxidant, antifatigue
and obesity-preventive effects [22]. In addition, Eucommia
ulmoides polysaccharides have been demonstrated to enhance
immune activity, and adjust macrophages-mediated immunity,
leading to anti-inflammatory effects [23]. The literature about
Eucommia folium polysaccharide and its antitumor activity
is rare, and therefore, in this study, we investigated structure
and antitumoral activity of EFP. We prepared the acidic poly-
saccharide (EFP) through hot water abstraction and alcohol
precipitation. Furthermore, we inoculated mice with H22
hepatocellular carcinoma cells to investigate the in vivo anti-
tumor capacity of EFP and explore its potential mechanism in
inducing tumor cells apoptosis.

Materials and methods
Materials

Eucommia folium was acquired from residents in Dabie
Mountain (Anhui, China). Monosaccharide standards,
T-series dextran standards and 5-fluorouracil were all pur-
chased from Sigma, USA. Sephadex G-200 was bought
from Shanghai Yuanye Biological Technology Co.,Ltd.
The JC-1 mitochondrial membrane potential detection kit
was obtained from Beijing Solarbio Science & Technology
Co.,Ltd. The Annexin V-FITC/PI apoptosis detection kit was
purchased from Dalian Meilun Biotechnology Co.,Ltd. The
cell cycle and apoptosis kits were obtained from Beyotime
Biotech (Jiangsu, China). All other chemical reagents and
materials were of analytical grade.

Cells and cell culture
H22 hepatocarcinoma cells were provided by Tianjin
Solomen Biotechnology Co.,Ltd. The cells were cultured in

medium supplemented with 10% fetal bovine serum, 100 U/
mL penicillin and 100 pg/mL streptomycin.

Extraction and purification of EFP

The Eucommia folium was desiccated in drying oven at
50 °C until constant weight. Then the dried Eucommia
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folium was crushed over the 60-mesh sieve. The obtained

powder (10 g) was boiled three times in distilled water
(200 mL) for 3 h each time. The aqueous extract was centri-
fuged at 4000 rpm at 25 °C for 15 min, and the supernatant
condensed to one-third volume using a rotary evaporator,
and then precipitated with 60% (v/v) absolute ethanol at 4 °C
for 12 h. The crude polysaccharide was acquired through
centrifugation (4000 1/min, 10 min).

The crude polysaccharide solution was prepared with
distilled water and the insoluble impurities removed by
centrifugation (8000 r/min, 10 min). The supernatant was
used to remove proteins by the Sevag method [24], and the
organic reagent was removed using the rotary evaporator.
The polysaccharide solution was dialyzed with 100 kDa dial-
ysis tubes in 4 °C distilled water for 3 days and then freeze-
dried. The obtained polysaccharides were eluted through a
Sephadex G-200 (1.6 xX40.0 cm) gel column at the elution
condition of 0.1 mL/min, and collected for 15 min in each
tube. The components in each eluent tube were tested by the
phenol—sulfuric acid method. The eluent was collected, and
freeze-dried, and high-purity polysaccharides were obtained
and named EFP for further research.

Structural characterization of EFP

Chemical composition detection and UV
spectroscopy

By taking D-glucose as standard, the EFP total sugar content
was determined by the phenol-sulfuric acid method [25].
The protein content of EFP was detected with BSA as stand-
ard using the Coomassie brilliant blue method [26]. Using
galacturonic acid as standard, the EFP content in uronic acid
was examined by the sulfuric acid-carbazole method [27].
A 1 mg/mL EFP solution was prepared for testing, while
distilled water was used as blank control, and UV spectrum
analysis was performed in the range of 200-900 nm.

Detection of molecular weight distribution

High performance gel-permeation chromatography
(HPGPC) (Agilent-1200) using a TSK-Gel G4000PWx1
column was used to examine EFP molecular weight. The dif-
ferential refractive index detector (RID) was selected using
a temperature detector at 35 °C.The other test conditions
were as follows: the column temperature was set as 30 C,
the sample volume was 20 pL (1 mg/mL), and the flow rate
of 0.6 mL/min was eluted with ultrapure water as a mobile
phase. The standard curve of dextran T-10, T-40, T-70,
T-110, T-500, and T-2000, with known molecular weight,
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was established, and EFP molecular weight was calculated
based on the standard curve [28].

lon chromatography assay

Ton chromatography (IC) was employed to detect EFP mono-
saccharide composition. EFP (5 mg) and 1 mL 2 M trifluoro-
acetic acid (TFA) were fully mixed and hydrolyzed at 110 °C
for 3 h. The TFA was removed by Termovap Sample Con-
centrator, and 1 mL methanol was added to the sample and
dried with nitrogen. These steps were repeated three times to
ensure that the TFA was completely removed. Acid hydro-
lysate was completely dissolved in 1 mL ultrapure water and
the concentration was adjusted to 150 ppm for IC analysis.
Meanwhile, D-glucose, D-galactose, D-fucose, L-rhamnose,
D-xylose, D-mannose, L-arabinose, D-glucuronic acid and
D-galacturonic acid mixtures with the concentration of
50 ppm were prepared for testing on IC. The Dionex ISC5000
chromatographic system (CA, USA) was used with the high
efficiency anion exchange column of Dionex Carbopac PA10
(150 mm X 3 mm) and Dionex pulsed current detector. The
column temperature was 30 “C. A solution combining 10 mM
NaOH and sodium 200 mM acetate were used as mobile
phases. The flow rate of 0.5 mL/min was used for gradient
elution.

FT-IR assay and NMR of EFP

Totals of 1 mg EFP and 150 mg KBr were mixed and ground
into a thin slice. The Fourier transform infrared spectropho-
tometer (Bruker Vector-22, Karlsruhe, Germany) was used
to determine the infrared spectrum of EFP in the wavelength
range of 4000400 cm™' [29].

A total of 60 mg EFP was fully dissolved in 0.5 mL D,0.
The Bruker Advance DPX-500 MHz spectrometer was used to
obtain the 'H, '*C, COSY and HSQC NMR spectra of EFP [30].

SEM observation

The small amount of dry sample was affixed to the con-
ductive adhesive surface fixed on sample table to ensure
its uniform thickness. After sputtering with gold, the EFP
surface structure and morphology were observed by SEM
(SU1510, Japan) at 1000 x, 2000 x and 3500 X magnifica-
tion, respectively.

Congo red assay

Congo red analysis is a method commonly used to detect the
triple helix conformation of polysaccharides [31]. The EFP
solution(2 mL, 0.5 mg/mL), the Congo red solution(2 mL,
50 pM) and the NaOH(1 M) solution were mixed to obtain
final concentrations of 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35,

0.4 mol/L. Meanwhile, the mixed solution without EFP was
used as control. After 15 min of reaction at room tempera-
ture, an ultraviolet spectrophotometer was used to detect the
maximum absorption wavelength of the solution within
400-600 nm.

EFPin vivoantitumor activity
Establishment of H22 tumor-bearing mice model

Fifty Kunming SPF female mice (6—8 weeks old, weight
20+2 g) were obtained from Sibeifu Experimental Animal
Co.,Ltd (Beijing). They were fed in the Experimental Ani-
mal Center of Tianjin University of Science and Technology.
They were kept in an indoor relative humidity at 45%-55%
and a temperature of 22+ 2 °C. During the experiment, the
mice were provided water and food, and 12-h light and dark
cycle. The animal experiments were conducted in accord-
ance with the Regulations on the Administration of Labora-
tory Animals [32]. After 1 week of acclimation, 50 mice were
randomly assigned into the following five groups (10 mice
in each group): blank group, model group (negative control),
5-fluorouracil group (5-Fu group, positive control), 100 mg/kg
EFP group and 300 mg/kg EFP group. Apart from the blank
group, the other mice were inoculated with 0.2 mL H22 cells’
suspension (cell density: 1x 10° cells/mL) under the right
forearm. The model and the blank groups were given 0.2 mL
saline every day, the 5-Fu group was injected with 0.2 mL of
5-Fu (20 mg/kg), and the low-dose and high-dose groups were
intragastrically administered with 0.2 mL (100 mg/kg, 300 mg/
kg) of EFP. The treatments lasted up to three weeks, and the
mice weight was measured once a week. The hair and behavior
characteristics of the mice were observed.

Solid tumor and immune organ index in mice

Four weeks into the experiment, the mice were sacrificed
using the neck breaking method. The mice solid tumors,
thymus, and spleen were dissected. The blood stains were
washed with saline and the solution was absorbed with
filter paper and the tissues were accurately weighed. Tumor
length (L, cm) and width (W, cm) were measured with a
vernier caliper, and the tumors’ volume was obtained using
the following formula: V(cm?) = ¥’ The tumor inhibition
rate (%) was calculated by the following equation:

tumor inhibition rate(%) = % % 100. G, represented the
1

average tumor weight of the model group, G, represented
the average tumor weight of each therapeutic group. The
immune organ index was computed by the formula:

the average weight of the immune organs

immune organ index =
& the average body weight of the mice
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Histological analysis

Tissue blocks of soy-sized were cut from tumor and liver
tissues, fixed with 4% paraformaldehyde for 24 h, embedded
with paraffin, and sliced into 5 pm sections. All tissue sec-
tions were stained according to the standard method in the
hematoxylin and eosin (H&E) kit, and then observed under
the microscope.

Apoptosis analysis

The tumor tissues of appropriate size were cut and gen-
tly grounded on 200-mesh cell screen, then repeatedly
rinsed with saline. The abrasive solution was centrifuged
at 1000 rpm for 5 min. The tumor cells were resuspended
with PBS and the concentration adjusted to 1x 10° cells/
mL. Subsequently, the Annexin V-FITC/PI kit was utilized
to measure cell apoptosis. Cell precipitates were collected by
centrifugation, resuspended with 100 pL 1 X Binding Buffer,
and then the Annexin V-FITC (5 pL) and PI (5 pL) stain-
ing solutions were added. After 10 min incubation at 25 C
under dark condition, 500 pL 1 X Binding Buffer was added,
and 300 mesh cell screen was passed for detection by flow
cytometry.

Pl staining to detect cell cycle

The tumor cell suspension was obtained using the above
methods, and 50 pL. PBS was retained after centrifugation.
The tumor cell suspension was added with 1 mL 70% etha-
nol pre-cooled in an ice bath, gently beaten and mixed, fixed
at 4 °C for 24 h, and then centrifuged at 1000 rpm for 5 min.
The suspension was cleaned twice with PBS to ensure that
the ethanol was completely removed. Totals of 500 pL. PBS
and 500 pL. RNase/PI were added to resuspend the samples.
The samples were incubated at 37 °C for 30 min in the dark,
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Fig.1 (a) UV-Visible spectra of EFP. (b) HPGPC result of EFP
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then passed on a 300 mesh cell screen, and the samples were
detected by flow cytometry.

JC-1 staining assay

The JC-1 staining working fluid was configured according to
the instructions of the JC-1 mitochondrial membrane poten-
tial detection kit. A total of 500 pL JC-1 staining solution
was mixed with the tumor cell suspension, and incubated
in an incubator at 37 “C for 20 min. Then, the suspension
was centrifuged at 1000 rpm for 3—4 min. The JC-1 buffer
solution was added to resuspend the samples. Finally, we
measured the mitochondrial membrane potential by flow
cytometry.

Statistical analysis

The experimental data were showed as mean =+ standard
deviation. The one-way analysis of variance (ANOVA) was
performed to determine the significance of the differences
between the factors via SPSS 22, and p <0.05 was consid-
ered statistically significant. Origin 2018 was used to pro-
cess the chart.

Results and discussion

Chemical composition analysis and molecular
weight determination

We extracted the crude polysaccharide (cEFP) from Eucom-
mia folium with hot water (100°C), alcohol precipitation and
deproteinization and its yield was 4.79 +0.26%. Then the
purified polysaccharide (EFP) was separated by Sephadex
G-200 gel column elution. The elute was analyzed by a
UV spectrophotometer, and the sugar, protein and uronic
acid contents of EFP, were 89.12+0.92%, 2.03+0.16%

9:327
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and 9.45 +0.35% respectively. EFP UV-Visible spectra
(Fig. 1(a)) showed that there were no obvious absorption
peaks at 260 nm and 280 nm, which proved that EFP do
not contain protein and nucleic acids. A single and sharp
peak was visible (Fig. 1(b)), indicating that EFP is a
homogeneous polysaccharide. By establishing the stand-
ard regression equation with T-series standard dextrans
(y=-0.3173x+8.9584, R?*= 0.9923), EFP average molecu-
lar weight was calculated as 9.98 X 10° Da (Rt=9.327 min).

Monosaccharide composition analysis

The standard monosaccharides and EFP were verified by
ion chromatography, and the peaks situation is shown in
Fig. 2. Compared with the mixed standard curve, galac-
tose, arabinose, glucose and galacturonic acid comprised
a large part of EFP, while contents of other monosaccha-
rides and glucuronic acid were relatively low. The molar
ratios of Rha: Ara: Gal: Glc: Xyl: Man: GalA: GIcA in
EFP were 0.226: 1.739: 2.183: 1: 0.155: 0.321: 0.358:
0.047, respectively, which proved that EFP is an acidic
polysaccharide.

Identification of major functional groups

EFP types of functional groups and glycosidic bonds were
deduced by FT-IR spectroscopy, and the result is shown
in Fig. 3. EFP obvious absorption peak at 3423.67 cm™!
was caused by -OH tensile vibration, and the peaks at
2919.71 cm~! and 1420.49 cm™' correlated with the
stretching vibration and the variable angle vibration of
C-H, indicating that EFP has typical structural charac-
teristics of polysaccharides [33]. The absorption peak at
1735.32 cm™! showed that EFP contains ester carbonyl
(-COOR) [34]. The presence of carboxylate ion (-COO™)
in the sample can be inferred from the absorption peak at
1617.03 cm™! [35], suggesting that EFP contains uronic
acid, which was agreement with the result of IC analysis.
The absorption peaks at 1077.24 cm™! and 1023.41 cm™!
corresponded to C-O-H and C=0 on the pyran ring
[36], respectively, indicating that the pyran ring structure
exists in the EFP sugar chain. The characteristic absorp-
tion peaks at 894.29 cm™! and 828.19 cm™' verified that
EFP contains both p-type and a-type glycosidic bonds
[37, 38]. These results pointed out that EFP is an acidic
pyranose combining a-glycosidic and p-glycosidic bonds.

NMR derived structural characterization of EFP
To further explore EFP structural characteristics, 'H and

13C were obtained for the next step of analysis. As shown
in Fig. 4(a), its chemical shift was between 53.39-5.42 ppm
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Fig.2 Ion chromatography analysis of standard monosaccharides (a)
and EFP (b). 1 fucose 2 rhamnose, 3 arabinose, 4 galactose, 5 glu-
cose, 6 mannose, 7 xylose, 8 galacturonic acids, 9 glucuronic acids

in 'TH NMR, which was a typical signal for polysaccharides
[39]. The results also showed that EFP had a-type and
B-type glycosidic bonds. The chemical shift of 4.79 ppm
was attributed to the characteristic peak of the solvent D,0,
and 3.39-4.39 ppm was attributed to the proton signal of
H2-H6 [40]. The signals at 1.26 and 1.30 ppm were sourced
from the H-6 of rhamnose, and the methyl group was attrib-
uted to rhamnose C-6, which can be confirmed by the cross
peak 1.23/17.42 ppm in the HSQC spectrum (Fig. 4(d)).
The chemical shift information of H-5 in thamnose can be
obtained from the cross peak of H-5/H-6 in the COSY spec-
trum (Fig. 4(c)). Due to rhamnose low content, the chemical
shifts of other protons needed further analysis and research,
which could not be completely obtained from the COSY
spectrum. The signal at 2.10-2.20 ppm was assigned to the
proton on the O-acetyl group, the 20.49 ppm on the '*C
signal assigned to the methyl carbon signal on the O-acetyl
group, and the downfield signal at 173.30 ppm was labeled
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as the signal on the O-acetyl group, which is the C-6 of
the uronic acid, indicating the presence of uronic acid in
EFP [41]. The signal peak at 69.39 ppm was caused by the
presence of the methoxy group, which was also confirmed
by the absorption peak at 3.39-3.57 ppm observed in the
'H spectrum [34]. Based on relevant studies, the signal at
5.17/109.94 ppm was assigned to a-L-Ara [42], the sig-
nal at 4.55/105.65 ppm to f-D-Gal [28], and the signal at
4.39/102.91 ppm indicated the presence of f-D-Glc [30].
Other proton and carbon signals needed to be assigned by
COSY and HSQC.

In the 3*CNMR spectrum (Fig. 4(b)), two higher signals
were found in the region around 109 ppm. Because arabinose
usually exists as furanose in natural plant polysaccharides
[43], these two signals were assigned to a-L-Ara. The two
main peaks at 109.94 ppm and 110.03 ppm corresponded to
a-L-Araf-(1 — (residue A) and — 3,5)-a-L-Araf-(1 — (resi-
due B) linked C-1, respectively. A 5.17 ppm signal corre-
sponded to H-1 of residue A, 4.18 ppm, 3.91 ppm, 4.08 ppm
corresponded to H-2, H-3 and H-4 of residue A, and sig-
nal 3.87 ppm corresponded to H-5 of residue A. The car-
bon signal of residue A in the HSQC spectrum was easily
assigned based on the "H NMR assignment from the COSY
spectrum. Cross peaks 4.18/81.40 ppm, 3.91/76.53 ppm,
4.08/84.05 ppm and 3.87/61.17 ppm corresponded to resi-
dues A's H-2/C-2, H-3/C-3, H-4/C-4 and H-5/C-5. Residue
B was identified in the same way, and the specific results
are shown in Table 1.

Residue C appeared to be galactose in the f-anomeric
configuration for a low-field anomeric proton of 4.55 ppm
and a relatively high-field anomeric carbon signal of
105.65 ppm. A partial proton signal for residue C was
obtained from the COSY spectrum, and the correspond-
ing '3C signal was identified by the HSQC spectrum. The

partial proton signals of residue C were obtained from the
COSY spectrum, while the corresponding '*C signals were
identified by the HSQC spectrum, indicating that residue
C is — 3)-p-Galp-(1 — . — 3,6)-B-Glcp-(1 — (residue D)
and has a signal of 4.39 ppm in the anomeric region in the
'H spectrum. Based on the cross peaks of adjacent pro-
tons, the chemical shift of H-2 in residue D was obtained
from the signal at 4.39/3.39 ppm in the COSY spectrum.
Additionally, a series of cross peaks were obtained as
3.39/3.52 ppm, 3.52/3.60 ppm, and 3.60/3.82 ppm, respec-
tively. According to the cross peaks in the HSQC spec-
trum, the chemical shifts of C-1 and C-5 were 0 103.33, 0
73.55,880.01, 8 73.21, and & 74.42. In the 'H NMR spec-
trum, 5.27 ppm was assigned to a-D-Man. Based on the
proton signal, the chemical shift from the C-1 carbon was
identified as 100.95 ppm from the HSQC spectrum. The
H-2 to H-6 and C-2 to C-6 signals were further identified
in combination with COSY. Analysis of the C-1 downfield
relative to standard values and analogy with the litera-
ture data showed that residue E is — 2)-a-D-Manp-(1 —.
In conclusion, the NMR results were consistent with the
results of the monosaccharide composition analysis and
FT-IR spectroscopy.

Microscopic surface structure analysis

EFP apparent morphology at different magnifications can
be observed by scanning electron microscopy. The structure
of polysaccharides under the SEM was 1000, 2000 x and
3500, respectively (Fig. 5). It can be observed that EFP
presents a dense, smooth and curled reticular structure with
different mesh sizes at the micron level. This structure may
be formed by the cross-linking and aggregation between the
molecular chains of polysaccharides.

Fig.3 FT-IR spectrum of EFP
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Triple helix identification

The polysaccharides’ molecular conformation affects their
three-dimensional shape in solution. If there is a triple helix
structure in EFP, its Amax will be red-shifted in the Congo red

alkaline solution [44]. After mixing EFP with the Congo red
alkaline solution, the absorption wavelength decreased with
the increase of NaOH concentration, and there was no obvi-
ous red shift of Amax (Fig. 6). Therefore, EFP do not have a
three-helix conformation.

Table 1 NMR assignments of
sugar residues from EFP

Residue

Chemical shift(ppm)

C1/H1 C2/H2 C3/H3 C4/H4 C5/HS C6/H6
A: o-L-Araf~(1 — 109.94 81.40 76.53 84.05 61.17
5.17 4.18 391 4.08 3.87
B:—3,5)-a-Araf-(1 — 110.03 82.27 84.20 81.06 67.44
5.11 4.14 4.01 423 3.74/3.82
C: —3)-p-Galp-(1 — 105.65 72.35 84.39 69.20 69.02 61.17
4.55 3.57 3.78 4.10 3.93 3.63/3.77
D: —3,6)-p-Glep-(1 — 103.33 73.55 80.01 73.21 74.42
4.39 3.39 3.52 3.60 3.82
E: —2)-a-D-Manp-(1 — 100.95 78.99 70.08 66.76 74.42 61.17
527 4.21 3.97 3.65 3.56 3.51/3.46
F: — 4)-a-GalpA-(1 — 102.15 - 69.02 78.80 - 173.30
5.03 3.89 4.11 4.32 4.20 -
G: —2,4)-a-Rhap-(1 — - 83.36 - 68.78 17.42
- 3.94 3.71 4.01 1.13/1.23

@ Springer



766

Glycoconjugate Journal (2022) 39:759-772

Fig.5 SEM images of EFP
(1000 %, 2000, 3500 x)

Anti-tumor activity in H22 tumor-bearing mice
Effects on mice body weight and solid tumors

Mice body weight is an important indicator in measuring
the toxicity and side effects of a drug therapy. As illustrated
in Table 2, the weight of mice in each group was about 20 g
at the beginning. In the last week of the experiment, the
weight gain of the model group was less than that of the
blank group (p <0.05). During this experiment, the mice in
the model group showed an obvious slowdown in activity
and a loss of appetite, indicating that the solid tumors had
a great impact on the physical and mental states of mice.
In the later stage of the experiment, the mice were lethar-
gic and listless, and some even died. Meanwhile, the mice
treated with EFP were in good living conditions with the
obvious weight gain (p <0.05), especially in the 300 mg/
kg dose group.

EFP anti-tumor effect was further evaluated by measur-
ing tumors’ weight and volume. The experimental results
of the different groups are shown in the Fig. 7(a). It can
be observed that the tumors’ weight and volume in the
model group were much higher than those in the treatment
groups (p <0.05). Compared to the model group, the tumors’
weight and volume in the EFP treatment groups significantly
decreased obviously (p <0.05). The tumor inhibition rates
in the 100 mg/kg EFP and 300 mg/kg EFP groups reached
21.43% and 46.54%, respectively. Above all, EFP inhibited
the proliferation of H22 tumors in a dose-dependent man-
ner. Although the 5-Fu group had a higher tumor inhibition
rate (64.25%), it also had more serious side effects when
in considering the mice body weight. In contrast, EFP not
only inhibited the growth of tumors but also had almost no
negative effects on the body.

Effects on immune indexes

The spleen and thymus are the largest immune organs and
central lymphatic organs of the body. They are also the
sites of T cell maturation and differentiation, and therefore,
are of great significance for various lymphocytes in the
immune system [45]. In this study, the thymus and spleen
indexes were measured to further determine whether EFP
was cytotoxic. As shown in Fig. 7(b), although 5-Fu sig-
nificantly inhibited tumor growth, both thymus and spleen
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indexes were at low levels (p <0.05), which may be due to
its greater toxicity and its immunosuppressive effect [46].
However, after EFP gavage treatment, the mice immune
organ index improved, particularly, the thymus index of the
high-dose group, which was markedly better than that of the
model group (p <0.05). Moreover, the spleen index was also
significantly declined (p <0.05), suggesting that EFP can
achieve a better tumor suppression effect without affecting
the immune system of H22 tumor-bearing mice.

Effects of EFP on tumor and liver tissues

Hematoxylin and Eosin staining (H&E staining) is the most
basic and widely used technique in histological and patho-
logical studies. Hematoxylin staining solution can make the
nucleus purple blue; while Eosin gives the cytoplasm and
extracellular matrix a red color [47]. Therefore, we analyzed
morphological changes in tumor tissues and liver sections
from different treatment groups. We observed that the tumor
tissue cells in the model group are closely arranged and have
a complete cell morphology (Fig. 8(a)). After EFP treatment,
the tumor cells were damaged at different degrees in a dose-
dependent manner. After high-dose EFP gavage treatment,
the tumor tissues were sparsely arranged, and the nuclear
morphology was irregular, with karyopyknosis, nuclear frag-
mentation and other phenomena, which might have been
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Fig.6 The maximum absorption wavelength of Congo red and EFP
at various concentrations of sodium hydroxide solution



Glycoconjugate Journal (2022) 39:759-772 767
;alcalle 2 Eifeth(;_i;;P on the Dosage(mg/ Body weight(g) Average weight Number of
bzar)grgerlficteo tumor- kg/D) increment(g) mice(start/
end)
Initial weight Final weight
Blank - 21.13+£0.90 33.75+0.85 12.62+0.98 10/10
Model - 20.91+1.08 31.86+0.87" 10.95+1.26%* 10/9
5-Fu 20 20.75+1.29 26.01+0.77* 5.26+1.43% 10/7
EFP 100 21.35+0.96 32.57+0.91 11.22+0.60 10/10
300 22.09+0.52 34.34+1.08" 12.25+1.12* 10/10

* p<0.05 compared to blank group
# p<0.05 compared to model group

caused by inflammatory cell infiltration. These phenomena
were similar to the results of the 5-Fu group.

As shown in Fig. 8(b), the liver cells of normal mice were
closely arranged, with a normal cell morphology and a clear
nuclear structure. However, in the model group, the mor-
phology of the cells was damaged, the nucleus shifted, and
the cytoplasmic space expanded. In the liver tissue, inflam-
matory cell infiltration, hepatocyte edema, and necrosis were
observed. Compared with the model group, the population
of necrotic cells in the EFP treatment group was reduced
in a dose-dependent manner. The liver cells of the high-
dose group were densely arranged with regular cell shape,

Model group 5-Fu group
ir [ Tumor weight
= s [__JTumor volume
£
<
25l
=
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- »*
= 2
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B *
Sl
Cl
=
£
) -
D
21}
=
S
£
=
=
0
Model 5-Fu 100 300
EFP (mg/kg)

EFP(100mg/kg) group

indicating that there was no obvious toxicity associated with
the high-dose EFP treatment. The sparsely arranged liver
tissues, incomplete cell membranes, karyopyknosis, frag-
mentation, and other hepatic necrosis phenomena in the 5-fu
treated group of mice, indicated that 5-Fu damaged the mice
liver, leading to a local necrosis of the liver tissue.

Detection of EFP-induced tumor cell apoptosis by Annexin
V-FITC/PI double staining

In normal cells, phosphatidylserine (PS) is located on the
inner side of the cells’ membrane. When cells are in the early

EFP(300mg/kg) group

(©)
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Blank group

L Model group
5-Fu group
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EFP(300mg/kg)

- W (-} ~ o
T T T

Organ indices/(mg/g)
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Fig.7 (a) Anatomical diagram of the tumors in each group. (b) Tumor weight and volume. (¢) Immune organ indices. #p <0.05 compared to the

blank group, “p <0.05 compared to model group
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Fig.8 H&E staining results of solid tumors and liver paraffin sections of tumor-bearing mice (X20)(a: H&E staining of mice solid tumors sec-

tions, b: H&E staining of mice liver sections)

stage of apoptosis, PS can transfer from inside the cell mem-
brane to surface. As a Ca’*-dependent phospholipid binding
protein, Annexin V can combine with PS and has a better
affinity. Propidium iodide (PI) is a nucleic acid dye, that can
penetrate the membranes of cells at apoptotic metaphase,
later phase and necrotic cells, resulting in a red staining of the
nucleus [48]. Therefore, Annexin V-FITC/PI apoptosis detec-
tion kit is capable to distinguish cells in the early and late
stages of apoptosis. As shown in the Fig. 9, 84% of normal
cells in the model group demonstrated that the tumor tissue
was in good condition. After 100 mg/kg EFP treatment, the
apoptosis rate increased from 12.37% to 30.3%. With 300 mg/
kg EFP treatment, the apoptotic rate increased to 42%, and

( 3) 3 Model group " i

FL3-H
FL3-H

5-Fu group.

L T T L | T
3 0 2 3
10 10’ 10 10’ 0

FLI-N FLI-H
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FL3-H
FL3-H

PI

EFP(300mg/kg)

FLI-H FLI-H

Annexin V-FITC

the degree of tumor cell necrosis after EFP treatment also
showed a dose-dependent increase. Meanwhile, significant
apoptosis and necrosis were observed in the 5-Fu group.

Cell cycle analysis

Double-stranded DNA can combine with pyridine iodide (PI)
and produce fluorescence. Moreover, the fluorescence inten-
sity and the content of double-stranded DNA are directly pro-
portional [49]. After PI staining, the cell cycle can be tested
by flow cytometry based on the distribution of DNA content.
As shown in Fig. 10, after EFP treatment, the percentage of
cells in the S phase increased from 16% to 29.67% (100 mg/

()
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100

Necrosis
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Model 5-Fu 100 300
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Fig.9 (a) Cell apoptosis results of solid tumor detected by the flow cytometer. (b) The proportion of apoptotic and necrotic cells in different

treatment groups
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Fig. 10 (a) Flow cytometry detection of the cell cycle of solid tumor cells. (b) Histogram of cell proportions in different periods. “p <0.05 com-

pared to the model group

kg) and 40.8% (300 mg/kg) compared with that of the model
group. Meanwhile, the ratio of GO/G1 cells was also signifi-
cantly decreased. This indicated that EFP can delay the cell
cycle in the S phase following treatment through affecting
DNA replication and proliferation of tumor cells.

Effects of EFP on tumor cells’ mitochondrial membrane
potential

A decrease in mitochondrial membrane potential can be
determined by detecting the conversion of JC-1 from red

@
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Model group

EFP(100mg/kg) * TEFP(300mg/kg)

M

Cell counts

FLI-H

fluorescence to green fluorescence [30]. This is an indica-
tive event in early stages of apoptosis. As shown in Fig. 11,
after EFP treatment, the signal peak shifted to the left. The
low-dose group (EFP, 100 mg/kg) was contrasted with
the model group, and the proportion of strong fluorescent
cells decreased from 87.3% to 73.9%, while the proportion
of strong fluorescent cells in the high-dose group (EFP,
300 mg/kg) decreased to 59.2%, indicating that EFP causes
a decrease in mitochondrial membrane potential in a dose-
dependent manner. The decrease indicated mitochondrial
damage, which is an irreversible step of cell apoptosis, and
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Model
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Fig. 11 (a) JC-1 staining results were detected by flow cytometry. (b) Histogram of changes in mitochondrial membrane potential in different

groups. “p <0.05 compared to the model group
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thus provides evidence that EFP can induce apoptosis of
tumor cells.

Conclusion

To date, there are few studies on Eucommia folium polysac-
charides. Xu et al. [19] analyzed the molecular weight (Mw)
of polysaccharides from Eucommia ulmoides Oliver leaf
(EULP) and found that it is 38830 g/mol. This may be due
to different methods of extraction and purification. Glucose
was the dominant sugar component (38.2-39.1%) of EULP
that belongs to a structure of B-type acidic heteropolysac-
charides. In this study, a water-soluble acidic polysaccharide
(EFP) was extracted and purified. HPGPC verified that the
average molecular weight of EFP is 9.98 X 103 Da. It has
been shown that high molecular weight polysaccharides may
be related to their anti-tumor activity [50, 51]. We also found
that arabinose, galactose, and glucose were the main EFP
monosaccharides. The results of infrared spectrum analysis
confirmed that EFP is a heteropolysaccharide, containing
pyranose with both a-glycosidic and p-glycosidic bonds.
When combining these results with NMR spectroscopy, EFP
was mainly composed of a-L-Araf-(1 —,— 3,5)-a-Araf-
(1—-,—3)-p-Galp-(1 —»,—3,6)--Glcp-(1 —, — 2)-a-D-
Manp-(1 —,—4)-a-GalpA-(1 — and — 2,4)-a-Rhap-(1 —.
In addition, through the analysis of EFP antitumoral
activity in mice, we showed that EFP can effectively inhibit
the growth of tumors, block the proliferation of tumor cells
at the S phase, destroy cell mitochondria and induce the
apoptosis of H22 carcinoma cells. Although few, the stud-
ies on the biological activity of Eucommia folium polysac-
charides were more focused on its antioxidant and immune
activities. According to the relevant information, this is
the first study that analyzed the anti-hepatoma activity of
Eucommia folium polysaccharide. Previous studies [18] con-
firmed that Eucommia ulmoides polysaccharide (EUPS) can
significantly enhance lymphocyte proliferation and cytokine
production in vitro. In vivo experiments, EUPS can signifi-
cantly improve specific antibody titers and T cell prolifera-
tion. These results suggest that EUPS is a potent immune
stimulator. In conclusion, EFP can be regarded as a potential
medicine for the prevention and primary treatment of liver
cancer, which provides a new possibility for the develop-
ment of anticancer drugs based on the above research. Fur-
thermore, EFP higher structure characterization and in vivo
antitumoral mechanism are worthy of further studies.
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