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In this work, we exploited an efficient method to release hemicellulosic polysaccharides
(BLHP) from bamboo (Phyllostachys pubescens Mazel) leaves assisted by a small
amount of phosphotungstic acid. Structural unit analysis proved that BLHP-A1 and
BLHP-B1 samples possessed abundant low-branch chains in →4)-β-D-Xylp-(1→
skeleton mainly consisting of Xylp, Manp, Glcp, Galp, and Araf residues. According
to the results of the antioxidant activity assays in vitro, both of the two fractions
demonstrated the activity for scavenging DPPH· and ABTS+ radicals and exhibited
relatively a high reducing ability compared to the recently reported polysaccharides.
Moreover, the antioxidant activities of purified polysaccharides were evaluated against
H2O2-induced oxidative stress damage in HepG2 cells. BLHP-B1 showed more
activity for preventing damages from H2O2 in HepG2 cells by improving the enzyme
activities of SOD, CAT, and GSH-Px and decreasing the production of MDA as well as
suppressing reactive oxygen species (ROS) formation. This study implied that BLHP
could demonstrate its attenuation ability for oxidative stress in HepG2 cells.

Keywords: bamboo leaves, hetero-polysaccharides, oxidative stress, HepG2 cells, phosphotungstic acid

INTRODUCTION

Free radicals [reactive oxygen species (ROS) and nitrogen species are included] act as essential
active species in living tissues to maintain cellular homeostasis in organisms. The accumulation of
radicals can lead to some serious diseases including Alzheimer’s disease, Parkinson’s disease, and
even tumors (1–3). On the other hand, the activity of the antioxidant enzyme system, including
catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px), will be
motivated to scavenge the active radicals, protecting cells from the invasion of ROS. Oxidative stress
from ROS has been widely regarded as a significant factor in cell aging and immune injuries, and
H2O2 is one of the general contributors to cause oxidative damage in model cells or animal tissue
evaluation (4, 5). Recently, quite a few natural products from terrestrial and aquatic organisms,
including peptides, glycoproteins, terpenoids, and polysaccharides, have been elucidated to possess
promising antioxidant activity due to a particular structure (6–8). Polysaccharides, a polymer
widely found in organisms, are rich in hydroxyl groups and functional side chains, exhibiting
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excellent antioxidant activity (9). A quintessential example
should be cited that distinct antioxidant, antitumor, and
antimicrobial activities of polysaccharides extracted from
Ganoderma have been reported previously (10). The type
of glycosidic linkages, branching patterns, and linkages to
proteins in Ganoderma polysaccharides are all concerning its
antioxidant activity.

Bamboo, one of the agricultural and forestry cash crops,
is widely cultivated in southeast Asia. Through the ages,
the bamboo stem has been used as a resource for paper
manufacturing due to its 40–48% of cellulose (11). Likewise, the
contents of cellulose and hemicellulose in bamboo leaves are 20–
40% and 35–45%, respectively (12). Particularly, the content of
hemicellulose is more in the bamboo stem, which is suggestive
of the occurrence of structural carbohydrate polymers with
various branches. Bamboos encompass 1,250 species within 75
genera and share the desirable characteristics of high productivity
and are fast-growing, and could be recognized as renewable
resources to extract functional hetero-polysaccharides because
of their abundant hemicelluloses (13). However, the extraction
methods of plant-based polysaccharides were adopted as a
physical process assisted by ultrasonic (14), microwave (15), and
even hot water (16) directly, which proved to show low selectivity
for specific components releasing. The crude hemicelluloses
extracted from plant sources probably contain D-galactose, D-
mannose, L-rhamnose, L-fucose, and even peptides, implying
that it is a challenge to analyze the characteristic structure
of polysaccharides after extraction using different physical
methods. Phosphotungstic acid (HPW, H3PW12O40), one of
the heteropolyacids with Keggin structure, is a strong Brønsted
acid. According to our previous study, a certain amount of
HPW demonstrated high selectivity for xylose recovery (17).
Hence, it is reasonable to apply phosphotungstic acid in the
selective extraction of hemicellulosic polysaccharides. On the
other hand, numerous publications elaborate that multitudinous
polysaccharides extracted from plants exhibit strong free radicals
scavenging ability as well as an excellent protective effect
on oxidative damage of ROS in induced cells in vitro (18–
20). Moreover, cancer cells with rapid proliferation capacity
demonstrate a high utilization rate of inspired oxygen. It is
believed that these cells are subjected to the influence of
oxidative stress. Coupled with their easy culturing, we plan
to employ H2O2-induced HepG2 cells damage in vitro as a
model to evaluate their protective effects on the oxidative injury.
The structure of the extracted polysaccharides samples will
also be analyzed.

MATERIALS AND METHODS

Materials and Chemicals
One-year-old bamboo (Phyllostachys pubescens Mazel) leaves
were collected from a mountain in Xihu District, Hangzhou,
Zhejiang Province of China. All the raw materials were smashed
into about 200 µm (all the particle sizes were measured on
a Topsizer Plus laser particle size analyzer, Zhuhai OMEC
Instruments Co., Ltd., Zhuhai, China) after oven drying.
Dimethyl sulfoxide (DMSO), 1,1-diphenyl-2-picrylhydrazyl

radical (DPPH), 2,2-azinobis-3 ethyl benzothiazoline-6-
sulphonic acid (ABTS), standard monosaccharides including
D-glucose, D-galactose, L-arabinose, L-rhamnose and D-mannose,
potassium ferricyanide were purchased from Sigma-Aldrich in
China mainland. H2O2, FeSO4, and phosphotungstic acid
were from Sinopharm Chemical Reagent Co. Ltd., China.
DEAE-Sepharose R© fast flow column (2.0 cm × 40 cm, Cl−
form) is purchased from Sigma-Aldrich, Shanghai, China.
Commercial assay kits for the determination of SOD, catalase
(CAT), GSH-Px, and methylenedioxyamphetamine, (MDA)
including Cell Counting Kit-8 (CCK-8), and BCA Protein
Assay Kit, Radio Immunoprecipitation Assay (RIPA) lysis
buffer, and Minimum Eagle’s medium (MEM) were purchased
from Beyotime Biotechnology Co. Ltd., Shanghai, China.
Reactive Oxygen Species Assay Kit (DCFH-DA) was from
MedChemExpress (Shanghai).

Bamboo Leaves Hetero-Polysaccharides
Extraction and Purification
Bamboo leaves powder (BLP) was further ball-milled for 3.0 h
to obtain tinnier particles in nearly 50 µm diameter (particle
size analyzer measured). The milled powder was then dewaxed
with 95% ethanol at 60◦C before extraction. To measure the
yield of polysaccharides, the dewaxed BLP was oven-dried till the
moisture was nearly 4.0%. In a typical extracting process, briefly,
5.0 g BLP mixed with 0.1 g phosphotungstic acid was employed in
the Teflon-lined ultrasonic reactor (100 ml, Yanzheng Instrument
Co., Ltd., China) at 50 W and 60.0 ml deionized water was
injected as the extracting medium. This weak hydrolysis occurred
at 80◦C for 2.0 h under N2 atmosphere. After extraction, the
liquid was filtrated, and the trace phosphotungstic acid was
removed by dialysis (3,000 molecular cutoff by regenerated
cellulose membrane from CMEC Biochemical Co. Ltd., China).
The neutral filtrate was then concentrated by 95% alcohol
precipitation and then centrifuged at 8,000 rpm for 20 min to
yield crude bamboo leaves polysaccharides (CBLP). Successively,
CBLP precipitates were freeze-dried to obtain CBLP powder.
DEAE-Sepharose fast-flow column (2.0 cm × 40 cm, Cl− form)
was applied to the isolation of components. The concentrated
NaCl solutions (0.1, 0.2, 0.4, 0.6, 1.0, and 2.0 mol/L) were added
as the eluent at the rate of 1.0 ml/min after 500.0 ml deionized
water elution. The concentration of isolated polysaccharides
was measured according to the absorbance at 498 nm by the
phenol-sulfuric acid method (21, 22). The tubes containing target
components were then collected and evaporated to concentrate
the polysaccharides solutions accordingly. The samples were
further purified by the DEAE Sephacryl S-300 column to
obtain purified bamboo leaves hetero-polysaccharides (BLHP).
Finally, these concentrated solutions were freeze-dried at –60◦C
(nominated as BLHP-A1 and BLHP-B1).

Chemical Analysis and Physical
Characterizations of Bamboo Leaves
Hetero-Polysaccharides
The monosaccharides were detected by high-performance anion-
exchange chromatography with pulsed amperometric detection
(HPAEC-PAD, Dionex ICS-5000+, Thermo Fisher Scientific,
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United States). The hydrolysate was determined by an ED
detector with a picomole level resolution. The analytical column
was Carbo PACTM PA10 (4 mm × 250 mm) protected by
PACTM PA10 (4 mm × 50 mm) column. The chromatographic
pure sugars, including D-glucose, D-galactose, L-arabinose, L-
rhamnose, D-mannose, and the hydrolysate samples were
injected into the detector with 200 mM NaOH eluent at
1.0 ml/min for 40 min. The column temperature was 40◦C.

Fourier Transform Infrared Spectrometer
The characteristic covalent bonds and groups of BLHP fractions
were analyzed on a Bruker V70 IR Spectrometer (Bruker,
Germany) in 4,000–400 cm−1. Before the performance, trace
quantities of the sample were grounded with spectrographic
grade potassium bromide and then pressed into a pellet under
12.0 MPa pressure.

Ultraviolet Analysis
The polysaccharides (1.0 mg) were dissolved into 1.0 ml ultrapure
water, and then scanned and analyzed on a Ultraviolet (UV)-vis
spectrophotometer (UV-5500PC, Metash Instruments Co. Ltd.,
Shanghai, China) within the wavelength range of 200–400 nm.

Scanning Electron Microscopy Characterization
To observe the morphologies of polysaccharides after freeze-
drying, Scanning Electron Microscopy (SEM) analysis was
performed on a HITACHI S 4800 SEM (HITACHI, Japan) with
an accelerating voltage of 15.0 kV. The samples were coated with
gold atoms to strengthen the conductivity.

Methylation Analysis
First, polysaccharides samples were vacuum dried for 24 h in
a dryer with P2O5; 10.0 mg of sample was dissolved in 6.0 ml
of DMSO and stirred for 15 h at 45◦C. Then 30.0 mg NaOH
was added to the solution above and stirred for 4.0 h at room
temperature. Successively, 3.6 ml of methyl iodide was added
into the solution under nitrogen protection in a dark place.
After stirring for 1.0 h at 25◦C, 6.0 ml of deionized water
was introduced to terminate the reaction. The obtained mixture
was extracted by trichloromethane and the water phase was
removed. The residual organic phase was further extracted by
deionized water five times. Then the organic phase was distilled
to obtain methylated samples. This methylation procedure was
repeated three times to ensure complete methylation. Afterward,
the methylated samples were hydrolyzed with 2 M of TFA
(2 ml) for 2 h at 120◦C, and then reduced by NaBD4 (60 mg)
overnight at room temperature. The dry reduced samples were
then acetylated by acetic anhydride (0.5 ml) in pyridine (0.5 ml)
at 100◦C for 2 h to gain their partially methylated alditol
acetates, which were analyzed by gas chromatography-mass
spectrometry (GC–MS).

Gas Chromatography-Mass Spectrometry Analysis
The methylated alditol acetates were analyzed on an
Agilent 7890A-5975C (Agilent Technology, Palo Alto,
CA, United States) with an Rtx-5 quartz capillary column
(0.25 mm × 0.25 mm × 30 m, Shimadzu Technology, Kyoto,
Japan). The derived sample (1.0 µl) was injected with a He flow

of 1.0 ml/min. The temperature program was set as follows: (1)
initially 120◦C for 5.0 min and then to 200◦C at 5◦C/min; (2)
continuously increased to 215◦C/min at 2◦C/min; (3) increased
to 270◦C at 20◦C/min and then maintained for 5 min. Mass
spectra were recorded at a range of 40–500 m/z.

NMR Analysis
A total of 20.0 mg of polysaccharides powder was dissolved into
0.5 ml HDO in an NMR tube. The filtrates were recorded on a
600 MHz Digital spectrometer (AVANCE III 600 MHz, Bruker
Corporation, New Castle, DE, United States) to obtain 1H and
13C spectra, and two-dimensional (2D) NMR spectra (COSY,
HSQC, and HMBC).

The Chemical Antioxidant Activity
Evaluation in vitro of Bamboo Leaves
Hetero-Polysaccharides
DPPH· and ABTS+ Free Radicals Scavenging
DPPH· free radical scavenging tests were performed according to
the standard DPPH· assay method developed by Jiang (23) with a
slight modification. A total of 4.0 ml of DPPH· solution (0.1 mM
in 95% MeOH) was mixed with a specific volume of concentrated
BLHP filtrate. A total of 45 µl of Tris-HCl buffer (450 mM,
pH = 7.4) was injected into the mixture and then incubated in the
dark for 30 min at 30◦C after being vibrated well. The absorbance
of the liquid was read at 517 nm. The radical scavenging activity
was then calculated by Eq. (1):

DPPH scavenging rate(%) = [1− (A1 − A2)/A0] × 100%

The ABTS+ radical scavenging of BLHP was evaluated using
the method developed by Ma (24).

Reducing Ability Test
The reducing ability of BLHP was measured according to our
previous method (25) with minor modification. Briefly, 1.0 ml
of concentrated BLHP solution was mixed with 2.5 ml of 0.2 M
phosphate buffer (pH = 6.6) and 2.0 ml of K3Fe(CN)6 solution
(1%, w/v). The mixture was centrifuged for 10 min after reacting
for 20 min in a 50◦C water bath. A total of 2.0 ml of supernatant
and 2.0 ml of deionized water were then mixed before 0.4 ml
FeCl3 solution (1%, w/v) was added. This solution was stewed for
10 min at 25◦C. Finally, the absorbance was recorded at 700 nm,
and vitamin C (VC) was used as the positive control.

Bamboo Leaves Hetero-Polysaccharides
Attenuation in Oxidative Stress Induced
by H2O2 in HepG2 Cells
Cell Lines and Culture Conditions
The human hepatocellular carcinomas (HepG2, CL-0103) cell
line was purchased from Procell Life Science and Technology
Co. Ltd. (Wuhan, China), authenticated by Short Tandem Repeat
(STR). After thawing, the cells were cultured in minimum Eagle’s
medium (MEM) with 10% FBS, 1% non-essential amino acids
(NEAA), and 1 mM sodium pyruvate (NaP) and then incubated
at 37◦C under a 5% CO2 atmosphere. In this work, HepG2
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FIGURE 1 | Purification of the BLHP samples: (A) the crude polysaccharides were applied to DEAE-Sepharose fast flow column (2.0 cm × 40 cm, Cl− form) to
produce BLHP-A and BLHP-B fractions; (B) DEAE Sephacryl S-300 column (2.0 cm × 40 cm) was applied to purify BLHP-A sample; (C) DEAE Sephacryl S-300
column (2.0 cm × 40 cm) was applied to purify BLHP-B sample; (D) chromatogram of the molar mass distribution of BLHP-A1 and BLHP-B1 detected by GPC.

FIGURE 2 | The monosaccharide content in crude polysaccharides, BLHP-A1 and BLHP-B1 samples. (A) The relative molar ratios of monosaccharides among
three samples based on the molar of arabinose. (B) HPACE spectrum for monosaccharide detection. All the samples were prepared at concentrations of 1.0 mg/ml.
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cells were cultured for the measurement of the protective effect
on H2O2-induced oxidative damage. The differentiation method
was conducted according to previous studies (26). Cells were
subcultured every 5 days by trypsinization with 0.05% trypsin-
EDTA solution.

Cytotoxicity Assay
The toxicity of polysaccharides samples (BLHP-A1 and BLHP-
B1) toward natural HepG2 cells was evaluated by the MTT
method (27); 5 × 105 cells/well were plated in a flat-bottom
(96-well microtiter plate) and incubated under the culturing
condition for 24 h. Then the cells were treated with appropriate
solutions of BLHP-A1 and BLHP-B1 (250, 500, 750, 1,000,
2,000, and 3,000 µg/ml) and incubated for 24 h at 37◦C

under a 5% CO2 atmosphere. After that, the medium was
replaced with a fresh medium and then 100 µl MTT (3-(4,5-
dimethylthiazol-2)-2,5-diphenyltetrazolium bromide, 1.0 mg/ml
in PBS buffer) was added (28). The plates were incubated for
1.0 h at 37◦C. Successively, the medium was removed carefully
and 200 µl DMSO (dimethyl sulfoxide) was introduced to
dissolve the formazan crystals. After oscillating for 10 min
in the dark, the absorbance at 570 nm was recorded in
an ELISA instrument (SpectraMax iD3, Molecular Devices
Co. Ltd., Shanghai, China).

H2O2-Induced Oxidative Damage of HepG2 Cells
Generally, H2O2 could react with metallic cations in low valence
such as Fe2+ and Cu+, and some hydroxyl radicals generated

FIGURE 3 | The morphologies of polysaccharides extracted from bamboo leaves. (A,B) Represent BLHP-A1 fraction after being purified by DEAE-Sepharose
fast-flow column. (D,E) Illustrate purified BLHP-B1 fraction by DEAE-Sepharose fast-flow column. (C,F) Are the morphologies of BLHP before further purification.

FIGURE 4 | FT-IR spectra analysis (A) and UV full scanning (B) of BLHP-A1 and BLHP-B1 fractions.
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during the reaction would lead to oxidative damage in cells. The
HepG2 cells were cultured under the same condition described
before. For a typical H2O2-induced cell oxidative damage assay,
briefly, the different concentrations (100–1,300 µmol/ml) of
H2O2 were employed to treat the cultured HepG2 cells for 4.0 h.
The absorbance at 540 nm was determined. MTT was introduced

to each well. The blank group was treated with MEM in the
absence of H2O2.

Reactive Oxygen Species Measurement
The intracellular ROS were measured by ROS assay kit with a
modification of Ma’s method (29). The cells in the logarithmic

FIGURE 5 | 1H (A) and 13C (B) NMR spectra and HSQC for BLHP-A1 and BLHP-B1 samples (C1,C2) after deduction of some weak signal.
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phase were inoculated in a 96-well microtiter plat with 1 × 106

cells/well and then incubated for 24 h at 37◦C under a 5% CO2
atmosphere. After being treated with the low, medium, and high
concentrations of BLHP, 10 µmol/L of DCFH-DA fluorescent
probe was introduced to the cell suspension. The intensity of
ROS was determined on flow cytometry (CytoFLEX, Beckman
Coulter Co. Ltd., Brea, CA, United States) with the analysis
software of CytExpert.

Protective Measurement of Bamboo Leaves
Hetero-Polysaccharides on H2O2-Induced Oxidative
Damage in HepG2 Cells
In the previous description, the model of H2O2-induced HepG2
cells oxidative stress was established. To explore the protective
effect of BLHP on damaged cells, HepG2 cells were cultured
under the conditions described in the “Cell Lines and Culture
Conditions” and “Cytotoxicity Assay” sections. After incubation
for 24 h, the evaluations were conducted, respectively, as follows:
(1) The final setting concentrations of BLHP samples (250, 1,000,
and 3,000 µg/ml) were employed in the protected groups. (2) The
damage group was treated with 600 µmoL/ml H2O2 without any
BLHP in MEM. (3) The cells in the control group (NC) were
cultured in MEM and then treated without any other agents.
After 48 h treatment with the BLHP samples, the protected
groups and damage groups were challenged with 600 µmoL/ml
H2O2 for another 4.0 h to induce oxidative stress and the control
group was treated with MEM at the same condition. After lysing
of cells, the system was centrifuged for 5 min at 12,000 g at
4◦C to separate solids and liquid. The liquid supernatant was
collected for the assays of enzyme activities and the measurement

of some characteristic products in cells. In detail, the activities
of SOD, CAT, and GSH-Px enzymes were evaluated. Moreover,
since MDA was the indicator for lipid oxidation degree, from this
view, the content of MDA was determined by assay kits.

Statistical Analysis
All the data were expressed as the means ± standard error of
the mean (n = 3). SPSS 2.0 was used for the statistical analysis of
experimental data and the one-way ANOVA test was applied for
the analysis of the statistically significant difference. A P-value of
less than 0.05 was represented as significantly different.

RESULTS AND DISCUSSION

Isolation and Purification of Bamboo
Leave Hetero-Polysaccharides
The crude hemicellulosic polysaccharides from bamboo
leaves were purified by a DEAE-Sepharose fast-flow column
(2.0 cm × 40 cm, Cl− form). According to absorbance statistics
at 490 nm in Figure 1A, two fractions were obtained and
denominated as BLHP-A and BLHP-B. The two fractions were
from the elution of deionized water and 0.1 M NaCl solution,
respectively. All assigned tubes were collected, concentrated,
and freeze-dried to achieve BLHP-A and BLHP-B powder.
Successively, the two samples were re-dissolved and further
purified by DEAE Sephacryl S-300 column separately and the
results are illustrated in Figures 1B,C. Interestingly, only one
fraction was isolated from BLHP-A or BLHP-B despite BLHP-B1
showing wide molecular weight distribution in Figure 1D. This
result indicated that BLHP-A and BLHP-B were homogeneous

TABLE 1 | The signal chemical shifts (ppm) of the major structures detected by NMR spectra of BLHP-A1 and BLHP-B1 samples.

Major units Chemical shifts (δC/δH)/ppm -CH3

C1/H1 C2/H2 C3/H3 C4/H4 C5/H5 C6/H6

BLHP-A1

β-D-Manp-(1→ 100.1/4.60 70.3/3.71 71.6/3.93 73.5/3.64 75.9/3.36 63.4/3.20

α-D-Glcp-(1→ 98.6/5.17 71.2/3.63 73.9/3.80 73.2/3.86 72.8/3.92 60.7/3.75

β-D-Galp-(1→ 103.9/4.81 72.5/3.62 73.8/3.79 73.2/3.61 74.2/4.93 62.4/3.75[1

→5)-β-D-Manp-(1→ 101.1/4.52 76.3/3.90 76.3.0/3.70 76.8/3.37 82.5/4.15 69.7/3.30

→3)-β-D-Galp-(1→ 101.9/4.41 72.7/3.55 78.1/4.04 68.2/3.91 75.6/3.72 65.3/3.70

→4)-β-D-Xylp-(1→ 101.7/4.46 74.0/3.21 74.9/3.48 76.4/3.71 63.0/4.04

→5)-α-L-Araf-(1→ a 105.1/5.23 81.6/4.06 78.2/3.62 85.9/3.97 66.8/3.67

2-O-acetyl group 20.07/2.08

BLHP-B1

β-D-Manp-(1→ 100.1/4.60 70.3/3.71 71.6/3.93 73.5/3.64 75.9/3.36 63.4/3.20

α-D-Glcp-(1→ 98.6/5.18 71.2/3.65 73.8/3.77 73.2/3.82 72.7/3.90 60.7/3.71

β-D-Galp-(1→ 103.9/4.81 72.5/3.62 73.8/3.79 73.2/3.61 74.2/4.93 62.4/3.75[1

→5)-β-D-Manp-(1→ 101.1/4.52 76.3/3.90 76.3.0/3.70 76.8/3.37 82.5/4.15 69.7/3.30

→6)-α-D-Glcp-(1→ 96.6/5.03 74.4/3.4 75.9/3.5 74.6/3.2 75.5/3.6 69.3/3.9[1

→6)-β-D-Galp-(1→ 102.4/4.48 73.6/3.74 68.6/3.58 72.1/3.39 63.9/3.79 73.6/3.19

→4)-β-D-Xylp-(1→ 101.7/4.42 73.7/3.25 74.9/3.52 76.4/3.73 67.0/3.38

→5)-α-L-Araf-(1→ a 110.5/5.17 82.6/4.12 77.6/3.83 81.9/4.07 67.8/3.92

2-O-acetyl group 20.01/2.10

3-O-acetyl group 22.30/2.18

a
→5)-α-L-Araf-(1→ was determined by reported literature and NMR analysis while it was trace in methylation analysis.

Frontiers in Nutrition | www.frontiersin.org 7 June 2022 | Volume 9 | Article 917432

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-917432 June 6, 2022 Time: 16:43 # 8

Xiao et al. Hemicellulosic Polysaccharides From Bamboo Leaves

polysaccharides prepared by phosphotungstic acid hydrolysis.
Moreover, according to gel permeation chromatography (GPC)
analysis, the average molecular weights of BLHP-A1 and BLHP-
B1 were 8.53 and 6.37 kDa, respectively. From these views,
the addition of phosphotungstic acid during polysaccharides
extraction will contribute significantly to controlling molecular
weight to obtain polysaccharides in lower molecular weight
(<10 kD). The trace phosphotungstic acid could be removed by
dialysis easily. GPC analysis also exhibited two specific peaks
in the BLHP-B fraction, probably implying the occurrence of
oligosaccharides.

Chemical Compositions and Physical
Characterizations of Bamboo Leaves
Hetero-Polysaccharides
The monosaccharide compositions of BLHP-A1 and BLHP-B1
were detected quantitatively by HPAEC-PAD and the results
are shown in Figure 2A. All the samples extracted from
bamboo leaves seemingly demonstrated similar monosaccharide
distributions, including D-glucose, D-xylose, L-arabinose, and
D-galactose despite other trace monomers being detected in
a specific sample. On the other hand, according to the high
resolutions among monomers in Figure 2B, HPAEC could be
an effective equipment for the separation of sugars. Especially,
the relative contents of specific monosaccharides were different
in samples. D-Xylose was the dominating component in all
samples, implying our extracting method mainly facilitated the
disassembly of hemicelluloses from bamboo leaves, which was
the reason for hetero-polysaccharides definition in this work.
Considering the content of xylose and similar distribution of
monosaccharides, BLHP-A1 and BLHP-B1 could be defined as
hemicellulosic polysaccharides, discriminating from cellulosic
polysaccharides.

The morphologies of BLHP are shown in Figure 3.
The polysaccharides exhibited different surface structures
before and after column purification. BLHP-A1 showed some
irregular filaments at the margin of tiny flaps. BLHP-B1
analogously manifested a rough surface including sheet-
like, rod-like, and lump-like structures. These parallel results
were probably indicative of a filamentous structure formed
by cross-linked chains, consistent with the structure of the
purified polysaccharides extracted from auriculariales (30). It
was universally acknowledged that the polysaccharides would
recrystallize during freeze-dried and interpreted with inter- and
intra-molecular hydrogen bonds. In contrast, polysaccharides
exhibited uniform structures like granular aggregates and there
was no significant discrepancy between BLHP-A and BLHP-B.

Ultraviolet and Fourier Transform
Infrared Analysis
Fourier transform infrared (FT-IR) analysis in Figure 4A
demonstrated significant differences between BLHP-A1 and
BLHP-B1 according to the infrared absorption. Concretely,
both samples gave the characteristic absorbance at 3,418 cm−1

for O–H, 2,920 and 2,855 cm−1 for C–H (asymmetrical
stretching) structures (31). These bonds were indispensable in

polysaccharides. The absorbance at 1,730 cm−1 was assigned
to the stretching vibration of carbonyl groups. The peak at
1,634 cm−1 was relevant to the flexural vibration of O–H (32)
since no considerable content of protein was characterized in
Figure 4B. The occurrence of a characteristic peak at 1,380 cm−1

might be attributed to trace amide (33). The bending vibration of
O–H was observed at about 1,250 cm−1. The peak at 897 cm−1

was assigned to the stretching vibration of C–O–C and C–O–
H, originating from pyranoid monosaccharides. On the other
hand, the bands at 897 cm−1 were the characteristic absorption
of β-configuration (22), which was consistent with NMR analysis.
The absorbance at 1,045 cm−1 was suggestive of the presence
of pyranose mainly from the cellulose fraction (34). The UV
spectrum (Figure 4B) demonstrated no obvious absorbance peak
at 260 and 290 nm approximately, which was indicative of the
absence of free or combinative protein and nucleic acids in the
two samples (35).

Methylation Analysis
The glycosidic linkage types of BLHP-A1 and BLHP-B1
were explored by methylation analysis. The methylated
products of the two samples were hydrolyzed and detected
by GC–MS. As a result, there were five alditol acetates in
BLHP-A1, including 2,3,4,6-Me4-Manp, 2,3,4,6-Me4-Glcp,
2,3-Me2-Xlyp, 2,3,4,6-Me4-Galp, 3,4,6-Me3-Manp and 2,4,6-
Me3-Galp. Comparatively, 2,3,4,6-Me4-Manp, 2,3,4,6-Me4-Glcp,
2,3-Me2-Xlyp, 2,3,4,6-Me4-Galp, 3,4,6-Me3-Manp, 2,3,4-Me3-
Glcp and 2,3,4-Me3-Galp derivative alditol acetates were
detected in BLHP-B1. In addition, the linkage types of the
two samples represented some differences; 1,6-linked-Glap
and 1,6)-linked-Glcp fragments were only present in BLHP-B1
while 1,3)-linked-Galp was absent in BLHP-B1. However, the
methylated alditol acetate about arabinose was absent in both
polysaccharides despite a small quantity of arabinose being
determined by HPAEC analysis probably due to incomplete
methylation and isomerization during the derivatization process.
Some extra groups including O-acetyl groups and terminal sugar
needed confirmation by the NMR spectrum.

NMR Analysis
NMR analysis was the key technology in this work to provide
sugar residue linkage sequence and anomeric configurations. 1H
and 13C NMR spectra are shown in Figure 5. In the 1H-NMR
spectra, lower field resonance in the chemical shift range of
1.9 to 6.0 ppm indicated the presence of polysaccharides (36,
37). The chemical shifts about anomeric protons in branched
polysaccharides were observed from 4.3 to 5.5 ppm. The chemical
shifts in protons correlating with C2,3 in sugar units varied
from 3.2 to 4.2 ppm. Hence, the main monosaccharides were
attributed to β-configuration since the signal peaks at 4.3–
4.8 ppm demonstrated strong signals while the chemical shifts
for α-configurations were near 5.0 ppm and lower chemical
shifts. Notably, the main monosaccharide in both BLHP-A1
and BLHP-B1 was xylose according to the HPAEC analysis.
Therefore, D-Xylp linkage was attributed to β-configuration.
According to 1H spectrum in Figure 5A, six anomeric proton
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signals (5.17, 4.81, 4.60, 4.52, 4.46, and 4.41 ppm) appeared
in BLHP-A1. And seven anomeric proton signals (5.18, 5.03,
4.81, 4.60, 4.52, 4.48, and 4.42 ppm), were observed in BLHP-
B1. The chemical shift at δ 4.70 ppm was HDO. In 13C
spectrum in Figure 5B, the anomeric carbon signals were
difficult to be determined because of the overlaps and trace
amount. Still, we could also discriminate the main anomeric
carbon signals, which delivered the structural information about
hetero-branches in polysaccharides. The chemical shift at about
177 ppm was attributed to trace uronic acid in agreement
with FT-IR analysis (38). The specific 1H and 13C cross
assignments for chemical shifts of BLHP-A1 and BLHP-B1 are
illustrated in Table 1 accompanying a comparison with reported
polysaccharide structures.

The 101.7/4.46 ppm was assigned to →4)-β-D-Xylp-(1→
due to strong β-configuration at 4.46 ppm in BLHP-A1 (39).
On the other hand, HPAEC analysis also indicated xylose was
the dominant sugar in hydrolysate. The other 1H and 13C
cross assignments for this structure were confirmed according
to the HSQC spectrum. In addition, the 1H signals at about

2.1 ppm were attributed to O-acetyl groups linked as the
terminal branches in the xylan skeleton (39). The trace and
sporadic anomeric carbon signals at 109.1/5.32 ppm (in BLHP-
A1) and 110.5/5.17 ppm (in BLHP-B1) in the HSQC spectrum
(Figures 5C1,C2) were assigned to→5)-α-L-Araf -(1→structure
(40, 41). According to previous literature and NMR spectrum,
the anomeric carbon signals near 102 ppm were attributed to C1
in Galp relevant units (36, 42). The cross-peaks at 99.7/5.12 and
100.5/5.12 ppm were ascribed to δC1/δH1 of→4)-α-D-Glcp-(1→
units in BLHP-A1 and BLHP-B1, respectively, as well as 98.6/5.17
and 98.6/5.18 ppm, were determined as α-D-Glcp-(1→ (35, 43).
Additionally, 59.7/3.36 ppm was attributed to OCH3 (44), which
implied that monosaccharides residues in both of the fractions
might be methylated naturally and partially.

The Chemical Antioxidant Activities of
Bamboo Leaves Hetero-Polysaccharides
To evaluate the chemical antioxidant activity, DPPH· and ABTS+
radicals scavenging activities and reducing ability were measured

FIGURE 6 | The measurements of antioxidant activities of BLHP-A1 and BLHP-B1 in chemical view, compared with relevant abilities of VC. (A) DPPH· radicals
scavenging of BLHP-A1 and BLHP-B1 samples in the concentration range of 100–1,000 µg/ml. (B) ABTS+ radicals scavenging of BLHP-A1 and BLHP-B1 samples
in the concentration range of 0.1–1.0 mg/ml. (C) Reducing ability of BLHP-A1 and BLHP-B1 samples. The absorbances were recorded at 700 nm.
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TABLE 2 | A mini summary for DPPH· and ABTS+ radical scavenging with molecular weight (MW) of some recent reported polysaccharides.

Polysaccharides source Molar ratio of monosaccharides MW/kDa DPPH· scavenging
activity (IC50)/(mg/ml)

ABTS+ scavenging
activity (IC50)/(mg/ml)

References

Mung bean skin Rhaa, Ara, Gal, Glc, Xyl, fructose (Fru), and GalA 208 0.47 0.37 (23)

Auriculariales Man(85.0), GlcA(0.6), GalA(0.03), Glc(0.03),
Gal(10.0), Xyl(0.1), Ara(3.6) and Fuc(0.6)

1260 1.0 None (30)

Sagittaria sagittifolia L.b L-Rha(8.47), D-Ara(2.09), D-Glu(75.01) and

D-Gal(14.43)
1984.0 ∼2.2 ∼1.4 (33)

Sagittaria sagittifolia L. L-Rha(1.24), D-Ara(0.22),D-Xly(0.49), D-Man(0.33),

D-Glu(96.9) and D-Gal(0.81)
294.9 ∼5.0c

∼4.5 (46)

Holothuria leucospilota Rha(39.08), Fucose (Fuc, 35.72), GlcA(10.72),
Gal(8.43), Glc(4.23) and Xly(1.83)

52.8 ∼0.2 ∼0.5 (47)

Sargassum tenerrimum Fuc(52.3), Gal(1.7), Man(3.8), Ara(4.1) 31.18 ∼0.1 > 0.125 (48)

Plantago ovata Forssk
seeds

L-Rha(15.9), D-Xly(57.3), L-Ara(0.4), D-Glc(26.0) and

D-Gal(0.4)
37.4 0.362 0.372 (49)

Oka Gal(33.8–38.6), Glc(12.4–17.9), Rha(13.7–17.5),
Ara(3.0–9.9) and GalA(19.0–21.2) and

GlcA(6.7–8.3)

129 None 2.34 (50)

Sargassum pallidum Fuc(14.93), Gal(26.63) and GalA(32.19) 510 ∼0.5 ∼0.5 (51)

Flaxseed hull Glc, Gal, Xly and Ara 1696 ∼0.5 ∼0.31 (52)

Bamboo (Phyllostachys
pubescens Mazel) leaves

L-Ara(1.00), D-Gal(2.44), D-Glu(0.18) and

D-Xly(5.82)
8.53 0.14 0.13 This work

aMolar ratio of monosaccharides was absent.
bExtracted by different methods.
cThe IC50 value was estimated.

and the results are illustrated in Figure 6. In this work, the
concentrations of BLHP samples from 100 to 1,000 µg/ml were
employed to explore the DPPH· and ABTS+ radical scavenging.
As depicted in Figure 6A, both BLHP-A1 and BLHP-B1 samples
showed the DPPH· radical scavenging activity increased as the
concentrations of BLHP rose while the same concentrations of
vitamin C (VC) exhibited higher activity of radical scavenging.
The scavenging rates of BLHP-A1 and BLHP-B1 for DPPH·
were 76.0 and 92.0%, respectively, when 1,000 µg/ml of samples
were introduced. Hence, both samples demonstrated antioxidant
activity for DPPH· radicals scavenging. Moreover, the dosage-
effect relationship was found between DPPH· radical scavenging
and the concentration of samples. IC50 of BLHP-A1 and BLHP-
B1 were 330 and 140 µg/ml, respectively. According to previous
studies, some polysaccharides extracted from plants or their
appurtenances showed similar antioxidant activities but different
intensities. Li’s group reported the polysaccharides from Gynura
procumbens leaves acquired DPPH· radical scavenging activity
with 2,070 µg/ml for IC50 value (45). The polysaccharides from
mung bean skin exhibited relatively high antioxidant activity,
indicating a moderate effect on DPPH· scavenging with the IC50
of 470 µg/ml (23).

ABTS+ radical scavenging activity of BLHP samples
(Figure 6B) demonstrated a similar dosage-effect relationship.
Unlike DPPH· radical scavenging, the lower concentrations
(300–700 µg/ml) of samples showed a relatively higher
scavenging rate. When the concentration of BLHP was
700 µg/ml, ABTS+ radical scavenging rates of BLHP-A1 and
BLHP-B1 were up to 96.6 and 100%, implying BLHP exhibited
significant scavenging ability on ABTS+ in a concentration-
dependent manner. IC50 of BLHP-A1 and BLHP-B1 for ABTS+

scavenging were 270 µg/ml and 130 µg/ml, respectively.
A similar scavenging rate for ABTS+ by the polysaccharides
from Sagittaria sagittifolia L needed 5,000 µg/ml which was
significantly higher than that of BLHP (33). On the other hand,
both DPPH· and ABTS+ radical scavenging demonstrated
that BLHP-B1 exhibited stronger activity than that of BLHP-
A1. Probably, this promotion of the antioxidant activity was
relevant to the linkage type in the structure of BLHP-B1.
Moreover, high radical scavenging activities could be obtained
as high concentrations of BLHP samples were employed
(>700 µg/ml). From these views, the BLHP indicated moderate
radical scavenging activities compared to positive control by
concentrated VC.

The reducing ability was also regarded as a significant
indicator of antioxidant activity. During the transformation of
Fe3+ or ferricyanide complex to Fe2+, the electron-donating
ability of polysaccharides could be occupied. The absorbance
served as the indicator was measured at 700 nm (Figure 6C). The
absorbances of BLHP-A1 and BLHP-B1 improved as the sample
concentrations increased, while the reducing ability of BLHP was
lower than that of VC at the same concentration.

To have a macroscopical knowledge of the antioxidant activity,
we gave a comparison with recently reported polysaccharides
in Table 2. The polysaccharides extracted from diverse sources
showed various free radical scavenging, indicated by IC50
values of DPPH· and ABTS+ radical scavenging. According
to the published results, the polysaccharides in this work
demonstrated relatively higher DPPH· and ABTS+ radical
scavenging, inspiring some potential applications in antioxidant
materials manufacturing. Moreover, different extraction methods
brought distinct molecular weights and chemical compositions
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FIGURE 7 | The effects of BLHP and H2O2 concentrations on HepG2 cells viability. (A) The HepG2 cells were incubated with BLHP samples at different
concentrations (0, 250, 500, 750, 1,000, 2,000, and 3,000 µg/ml). (B) The HepG2 cells were treated with H2O2 at different concentrations (0, 100, 300, 500, 600,
700, 900, 1,100, and 1,300 µmol/ml). (C) The treated concentrations of H2O2, BLHP samples in the oxidative stress model. (D) Variations in relative ROS levels
compared to that of NC group. The selected concentration of H2O2 was 600 µmoL/ml. The selected concentrations of BLHP samples were 250, 1,000 and
3,000 µg/ml. (∗p < 0.05, ∗∗p < 0.01 compared with the control group; #p < 0.05, ##p < 0.01 compared with the H2O2 group).

which were regarded as one of the main factors to affect its
functions. However, up to now, efficient extraction methods
to produce polysaccharides with uniform molecular weight
have not been well developed yet. But, it was certain that
all reported active polysaccharides possessed heterogeneous
monosaccharides constituted by abundant branches.

Bamboo Leaves Hetero-Polysaccharides
Attenuation in Oxidative Stress Induced
by H2O2 in HepG2 Cells
Effect of Bamboo Leaves Hetero-Polysaccharides
and H2O2 on the Viability of HepG2 Cells
The cytotoxicity of HepG2 cells affected by different
concentrations of polysaccharides and H2O2 solutions was
evaluated by the MTT method and the results are illustrated in

Figure 7. Fortunately, the viability of the cells in BLHP solutions
was more than 90% and near 98% in the concentration range
of 250–3,000 µg/ml (Figure 7A), implying the toxicities of
BLHP-A1 and BLHP-B1 were exceedingly weak. Comparatively,
H2O2-induced cells exhibited apoptosis intensively depending
on the H2O2 concentration from 100 to 1,300 µmoL/ml
(Figure 7B). To be noted, 600 µmoL/ml of H2O2 could result
in 52.72% of cell viability, close to half of the cell viability. These
results inferred that the model of H2O2−induced HepG2 cells
was established employing 600 µmoL/ml of H2O2. Moreover,
250, 1,000, and 3,000 µg/ml of BLHP samples should be
introduced on behalf of low, medium, and high dosages as
concluded in Figure 7C. What was worth mentioning was the
practically 100% viability of HepG2 cells in the negative control
(NC) group. Furthermore, H2O2 caused the production of larger
quantities of ROS in HepG2 cells, indicating 2.5-folds higher
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FIGURE 8 | The morphologies of HepG2 cells in different situations. (A,B) Were treated with 300 and 600 µmol/ml H2O2, respectively. (C) Represented natural cells
in MEM without any treatment or protection. (D–F) Illustrated the protection effects in H2O2-induced cells by various concentrations (250, 1,000, and 3,000 µg/ml)
of BLHP-A1. (G–I) Indicated the protection effects in H2O2-induced cells by various concentrations (250, 1,000, and 3,000 µg/ml) of BLHP-B1.

than that in non-induced cells (Figure 7D). The addition of
BLHP samples inhibited the relative ROS level in H2O2-induced
cells, implying BLHP possessed a potential protective function
for oxidative damage.

H2O2-Induced Oxidative Damage of HepG2 Cells
The growth morphologies of HepG2 cells in positive, negative,
and induced groups exhibited conspicuous differences. The cell
counts in induced groups (Figures 8A,B) reduced significantly
compared with the NC group (Figure 8C), suggesting the
oxidative damage from H2O2 suppressed the cell viability.
Notably, the normal HepG2 cells were epithelial-like growing
as monolayers (adherent growth) in small aggregates. From the
cell morphologies in positive groups (Figures 8D–I), we could
easily conclude that BLHP was rewarding for protection against
oxidative damage. Merely from the number of morphological

mutants, BLHP-B1 seemingly possessed a more substantial
protective effect than that of BLHP-A1 on oxidative damage,
especially in low dosage (250 µg/ml). More adhered cells were
observed in the BLHP-B1-treated group. Furthermore, with the
increase of BLHP concentrations, the growing shapes of HepG2
cells dramatically changed along with natural orientation nearly
in a concentration-dependent manner. The cells emerged as
typical morphologies on the verge of that in the NC group as the
concentration of BLHP-B1 was 3,000 µ g/ml.

Protective Measurement of Bamboo Leaves
Hetero-Polysaccharides on H2O2-Induced Oxidative
Damage in HepG2 Cells
According to the chemical antioxidant activities and the
morphologies of HepG2 cells in positive groups, we might
harbor the idea that BLHP, especially BLHP-B1, demonstrated
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FIGURE 9 | The effects of BLHP samples on the concentrations of antioxidant enzymes CAT (A), SOD (B), GSH-Px (C) and MDA (D) product. NC, normal control;
H2O2: H2O2 (600 µmoL/ml) induced group. (∗p < 0.05, ∗∗p < 0.01 compared with the control group; #p < 0.05, ##p < 0.01 compared with the H2O2 group).

the promising ability to scavenge free radicals and prosperity
of cell viability. These results captured our attention to further
explore the protective effect on H2O2-induced oxidative damage
in HepG2 cells. Hence, some indicators, including the activities
of SOD, CAT, and GSH-Px enzymes, MDA products in oxidative
stress, were evaluated and measured. Many polysaccharides could
enhance enzyme activity or restore the antioxidant enzymes
system to scavenge the accumulating free radicals in the
body for retarding aging (53, 54). H2O2 was a quintessential
inductive agent which could result in the accumulation of
free radicals and damage the antioxidant enzymes (55, 56).
In this study, we established H2O2-induced damaged HepG2
cells to investigate the protective effect of BLHP on oxidative
stress. Figure 9 illustrates the activities of CAT, SOD, and
GSH-Px in H2O2-treated groups. In detail, the activities of
CAT, SOD, and GSH-Px were decreased to 41.3, 27.8, and
20.8%, respectively, compared to that in the negative control
group as illustrated in Figures 9A–C. Interestingly, the BLHP-
treated groups overwhelmingly gave rise to the activities of
CAT, SOD, and GSH-Px in H2O2-treated cells, even reverting

or exceeding them to baselines. The activity of the SOD
enzyme compared to that in the control group was even
slightly enhanced when 3,000 µg/ml of BLHP-B1 was employed
(Figure 9B). Furthermore, there was another phenomenon that
fascinated us. BLHP-B1 sample expressed stronger protection
even promoting the ability to the activities of CAT, SOD,
and GSH-Px than those of BLHP-A1. Hence, the different
structure fragments including →6)-β-D-Galp-(1→ and 3-O-
acetyl group, might play an essential role in the attenuation of
oxidative stress in HepG2 cells. Probably, the advanced structure
of polysaccharides played a greater role in determining their
bioactivities. However, we had enough advanced technologies
to parse the secondary or even tertiary structure of these
polysaccharides. Moreover, the enhancements for the enzyme
system were all performed in a dosage-dependent manner in
low, medium, and high concentrations of BLHP. A significant
increase to 5.34 nmol/L of the MDA previously exposed to
600 µmol/ml H2O2 for 4.0 h (Figure 9D) while the negative
control group showed trace concentrations of MDA. The MDA
content in the BLHP-treated groups was extremely decreased
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coinciding with the dosage effect. These findings elucidated
that the H2O2-injured cells were remarkably attenuated after
treatment with 250, 1,000, and 3,000 µ g/ml of BLHP.

Some endogenous antioxidant enzymes including catalase
(CAT), SOD, and GSH-Px constituted a self-defense system
against oxidative stress (57). The BLHP treatment increased
the CAT activity, implying the cells possessed the capacity to
purge H2O2 conversion directly to oxygen and water while H2O2
decreased the activity of the CAT enzyme. During the H2O2
treatment, some free radicals would release successively resulting
in the accumulation of oxidizing species. Likewise, the SOD
enzyme activity reflected the loading of intracellular antioxidants,
further indicating the intracellular radical’s levels. BLHP acted as
a promoter of SOD activity besides scavenging free radicals as
proved in Figure 9B. GSH-Px performed as one of the essential
components in the antioxidant defense system, serving as an
electron donor to insecure ROS. The metabolism of GSH was
deduced to be regulated by bamboo leaves polysaccharides to
avoid cell apoptosis. Previous studies of oxidative stress induced
by H2O2 had emphasized that the caspase enzyme system could
be inhibited by polysaccharides (58, 59). Besides, the expression
of other proteins promoting the apoptosis process would be
coincidentally inhibited by polysaccharides.

CONCLUSION

In this study, we extracted hetero-polysaccharides (BLHP) from
bamboo leaves assisted by a small amount of phosphotungstic
acid. Chemical and physical characterizations proved that BLHP-
A1 and BLHP-B1 fractions belonged to hetero-polysaccharides.
Successively, we evaluated the antioxidant activity of BLHP. As a
result, both the fractions demonstrated the potential to scavenge
DPPH· and ABTS+ radicals and exhibited relatively high
reducing ability in vitro antioxidant assays. Furthermore, BLHP-
B1 showed more activity to prevent H2O2-induced damages

in HepG2 cells. BLHP-B1 could suppress oxidant stress by
improving the enzyme activities of SOD, CAT, and GSH-Px as
well as decreasing the production of MDA. According to the
morphologies of damaged HepG2 cells and the enzyme activities,
it was proved that BLHP, especially BLHP-B1, could attenuate
injury in oxidative stress in HepG2 cells. These results hinted
that hemicellulosic polysaccharides extracted by heteropolyacid
from bamboo leaves possessed the potential to be used as an
antioxidant for the organism but further in vivo and mechanism
studies need lucubrating.
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