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In this study, two polysaccharide fractions (RRP1: Mw = 5.5 kDa, and RRP2: Mw = 425.7 kDa) were isolated
from Rhodiola rosea to investigate their antioxidation and hepatoprotective effects. Physicochemical analysis
showed that RRP1 was composed of mannose, rhamnose, galacturonic acid, glucose, galactose and arabinose
with a relative molar ratio of 0.69:0.11:0.15:1:0.51:7.5 and RRP2 was consisted of mannose, rhamnose,
galacturonic acid, glucose, galactose and arabinose (relativemolar ratio= 0.15:0.19:1.01:0.18:0.47:1). Periodate
oxidation and Smith degradation analysis revealed that, in RRP1, part of the arabinose and glucose residueswere
1→ 3,6/1→ 3/1→ 2,3/1→ 3,4/1→ 2,4/1→ 2,3,4-linked, and themannose, rhamnose and galactose residueswere
1→ 2,6/1→ 6/1→ 2/1→/1→ 4,6/1→ 4-linked. In RRP2, the rhamnose, glucose and galactose residueswere linked
by 1 → 3,6/1 → 3/1 → 2,3/1→ 3,4/1 → 2,4/1 → 2,3,4 linkages, and the arabinose and mannose residues were 1
→ 2/1→ 6/1→ 4-linked. The methylation analysis confirmed the structure information of the two fractions. Im-
portantly, fraction RRP1 demonstrated stronger antioxidative activities than RRP2 by scavenging DPPH, hydroxyl
and superoxide anion radicals in vitro. Correspondently, RRP1 showedmore significant effects than RRP2 on de-
creasing the levels of ALT, AST and MDA, and increasing the GSH, SOD and CAT levels in the CCl4-treated mice.
These data demonstrated that the polysaccharide RRP1 could be developed as a promising candidate for
preventing and treating liver damage induced by toxic chemicals.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Liver is an extremely important organ responsible for the metabolism
of harmful and noxious substances from the human's metabolites and
some exogenous chemicals. Thus, liver is susceptible to the toxicity from
these agents hepatotoxic substances [1]. It iswidely accepted that free rad-
icals and reactive oxygen species (ROS) produced duringmetabolismmay
cause a series of pathological changes in the liver, such as lipid peroxida-
tion chain reaction and activation of some enzymes, which lead to oxida-
tive stress and eventually liver damage [2]. To date, supplementation of
antioxidants has become a well-recognized strategy to combat ROS-
mediated hepatic injury. Sayed-Ahmed et al. [3] showed that
thymoquinone (TQ), a Nigella sativa derived-compound with strong anti-
oxidative activities, could prevent thedevelopment of diethylnitrosamine-
induced initiation of liver cancer by decreasing oxidative stress.

In recent years, natural polysaccharides have received considerable
attention due to various pharmacological actions and negligible side ef-
fects [4]. Rhodiola rosea polysaccharide (RRP), one of the major
@ujs.edu.cn, (J. Yu),
components in the rhizome and roots of the Traditional Chinese Medi-
cine (TCM) Rhodiola rosea, has shown a variety of pharmacological ef-
fects including antioxidant, antiviral, antitumor activities, etc. [5].
However, it is unknown whether RRP has hepatoprotective effects
against toxic agents like CCl4 and the structure of polysaccharide from
Rhodiola rosea remains to be further investigated.

In the present study, two homogeneous polysaccharides named
RRP1 and RRP2 were isolated from the rhizome and roots of Rhodiola
rosea. A series of analysis, such as high-performance gel permeation
chromatography (HPGPC), Fourier transform infrared (FT-IR) spec-
trophotometry, nuclear magnetic resonance (NMR), periodate oxi-
dation analysis and smith degradation, methylation analysis, X-ray
diffraction (XRD), scanning electron microscopy (SEM), atomic
force microscope (AFM) and Congo red staining, have been per-
formed to analyze the two polysaccharide fractions (RRP1 and
RRP2). Importantly, this is the first time to investigate the hepato-
protective effect of Rhodiola rosea polysaccharide fractions (RRP1
and RRP2) on CCl4-induced hepatotoxicity in mice by assessing
their radical scavenging activity in vitro and hepatoprotective effect
in vivo. Taken together, these findings provide the first evidence of
the hepatoprotective effects of the Rhodiola rosea polysaccharide
owing to its antioxidative action.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2018.05.168&domain=pdf
https://doi.org/10.1016/j.ijbiomac.2018.05.168
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2. Material and methods

2.1. Materials

The rhizome and roots of Rhodiola roseawere purchased from Lin Chi
Pharmacy of Zhenjiang, (Jiangsu, China) and were identified according to
the identification standard of the Pharmacopoeia of the People's Republic
of China. Themonosaccharide standards (Arabinose, Rhamnose, D-Xylose,
D-Mannose, D-Galactose, D-Glucose) and D-Galacturonic acid were pro-
cured from Aladdin Industrial Corporation while the dextran Mw stan-
dards (Dextran 670,000 Da, 270,000 Da, 80,000 Da, 25,000 Da, and
5000 Da) were purchased from Sigma-Aldrich (Shanghai, China). 2, 2-
Diphenyl-1-picrylhydrazyl (DPPH) was purchased from Sigma Chemical
Co. (MO, USA). Congo red and other solvents/chemicals were purchased
from Sinopharm Chemical Reagent Co., Ltd. Test kits for aspartate amino-
transferase (ALT), alanine aminotransferase (AST), glutathione (GSH),
malonaldehyde (MDA), superoxide dismutase (SOD), catalase (CAT),
and bicinchoninic acid (BCA) were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

2.2. Isolation and purification of polysaccharides

The dried rhizome and roots of Rhodiola rosea was extracted with
distilled water with a ratio of material to solvent of 1:10 (weight/vol-
ume, w/v), at 90 °C for 2 h. Subsequently, the extracts were collected,
concentrated and precipitated by adding 95% ethanol to yield a final
concentration of 80% (v/v). The precipitate was kept at 4 °C overnight
and deproteinized via the Savage method (chloroform: n-butyl
alcohol = 5:1, repeat 5–8 times). The deproteinized solution was dia-
lyzed in a dialysis bag (cut-off molecular weight, 3500 Da) against run-
ning water for 48 h. The crude polysaccharide, named as RRP, was
obtained after lyophilization.

The lyophilized products (2 g) dissolved in double-distilled water
(40 mL). The polysaccharide solution was then applied to a D315
macroreticular resin column (Φ4.0 cm × 50 cm) and eluted with dis-
tilled water for decoloration. The elution was concentrated to 30 mL
and applied to a DEAE-52 column (Φ3.0 cm×45 cm) and eluted succes-
sively with distilled water, 0.1 M, 0.3 M and 0.5 M NaCl solution
(1 mL/min), respectively. The eluents were collected into centrifuge
tubes (10 mL/tube) and monitored for polysaccharide content using
the phenol sulfuric acid method. The elution curve was drawn with
the tube number as the abscissa and the value of absorbance (at
490 nm) as the vertical coordinate. Tubes in the same elution peak
were combined, concentrated, dialyzed and lyophilized. The first frac-
tion eluted as a single peak by the distilled water was named RRP1
(Fig. 1A). The eluent from 0.1 M NaCl solution contained multiple
peaks, which was further purified on a Sephadex G-100 gel column
(Φ3.0 cm × 45 cm) and eluted in sequence with distilled water, 0.1 M,
0.2 M NaCl solution at a flow rate of 0.5 mL/min. The eluents were col-
lected into centrifuge tubes (5 mL/tube). The elution curve was drawn
as mentioned above. A single peak was obtained from the distilled
water elution. This fraction was named RRP2 (Fig. 1B).

2.3. Characterization of RRP1 and RRP2

2.3.1. Chemical composition determination
As previously reported, the carbohydrate content was quantified

using the phenol sulfuric acid colorimetric method [6]. The protein con-
tent was measured according to the Coomassie brilliant blue method
[7]. The uronic acid content was determined by sulfuric acid-carbazole
method [8].

2.3.2. Molecular weight analysis
The molecular weights of RRP1and RRP2 were determined by

HPGPC [9], equipped with a high-performance liquid chromatography
instrument (Agilent 1260), a TSKgel G4000PWxL (7.8 mm × 300 mm)
and an evaporative light scattering detector (ELSD 1260). The mobile
phase was 20 mM ammonium acetate at a flow rate of 0.6 mL/min. 20
μL of polysaccharide solution (1 mg/mL) was injected with the column
temperature at 35 °C. The molecular weight was calculated by the cali-
bration curve obtained using standard dextrans with a series of molec-
ular weights (Dextran 670,000 Da, 270,000 Da, 80,000 Da, 25,000 Da
and 5000 Da).

2.3.3. Monosaccharide composition analysis
Monosaccharide composition was analyzed by 1-phenyl-3-

methyl-5-pyrazolone (PMP) precolumn derivation HPLC [10]. Each
polysaccharide fraction (3 mg) was hydrolyzed with 1 mL of
2 mol/L trifluoroacetic acid (TFA) at 110 °C for 6 h. The excess acid
was neutralized using NaOH (0.3 M). Subsequently, 500 μL of meth-
anolic solution of 1-phenyl-3-methyl-5-pyrazolone (PMP)
(0.5 mol/L), 30 μL of lactose (10 mg/mL) and 250 μL NaOH solution
(0.3 mol/L) were added and mixed using a vortex mixer, and the fol-
lowing reaction occurred under the alkaline condition at 70 °C for
30 min. The lactose was used as an internal standard. The solution
was neutralized with HCl (0.3 mol/L), and extracted with
trichloromethane three times. After that, the organic phase was
discarded, and the water phase was collected for HPLC. The standard
monosaccharides (arabinose, rhamnose, D-xylose, D-mannose, D-ga-
lactose, D-glucose) and D-galacturonic acid were processed with the
same method. The standards and polysaccharide fractions were ana-
lyzed using HPLC equipped with an Agilent Eclipse XDB-C18 column
(Φ4.6 mm × 150 mm). The mobile phase consisted of three solu-
tions: (A) a mixture of ammonium acetate solution (50 mmol/L)-
0.1% formic acid; (B) a 0.1% formic acid solution; (C) acetonitrile.
The gradient elution was programmed as indicated in Table S1.

2.3.4. FT-IR analysis
Each polysaccharide component (1mg) was thoroughlymixed with

the KBr powder (100 mg) and pressed into a KBr-polysaccharide pellet
for the measurement by a Fourier transform infrared (FT-IR) spectro-
photometer (Nicolet 170SX, Thermal Fisher Scientific, USA) in range of
400–4000 cm−1.

2.3.5. NMR analysis
Two polysaccharide fractions (40 mg each) were individually dis-

solved in D2O (0.5 mL) at 25 °C. The 1H and 13C NMR spectra were re-
corded on a Bruker AvanceII spectrometer (400 MHz) at 30 °C
(30 min for 1H NMR and 6 h for 13C NMR).

2.3.6. Periodate oxidation and smith degradation analysis
The glycosidic linkage position of RRP1 and RRP2 was evaluated via

the previous method [11] with slight modifications. Each sample
(10 mg) was dissolved in distilled water (b25 mL) and diluted to
25 mL with potassium periodate solution (15 mM), respectively. The
mixture was kept in the dark at room temperature for 8 days. A
0.1 mL of reaction solution was collected every 12 h, which was diluted
to 25 mL with distilled water. The aliquots were measured using a UV
spectrophotometer at a wavelength of 223 nm, until the optical density
value became stable. Glycol (2 mL) was added to end the periodate ox-
idation. The amount of periodate consumptionwas calculated according
to the standard curve equation (y = 0.0086x − 0.0039, R2 = 0.9994,
where x represents the concentration of potassium periodate solution
and y is the absorption value at 223 nm). The oxidative solution
(10mL)was titrated with NaOH standard (0.01M) to calculate the pro-
duction content of formic acid.

The periodate product solution was dialyzed against distilled
water for 48 h. The dialysis retentate was reduced with sodium boro-
hydride (NaBH4) for 24 h at 25 °C. The excess sodium borohydride
was neutralized by acetic acid. The reaction solution was then dia-
lyzed and lyophilized to obtain the resultant polyalcohol. The



Fig. 1. (A) Elution curve of crude polysaccharide RRP onDEAE-52 chromatography column; (B) Elution curve of 0.1MNaCl collection further purified via Sephadex G100 chromatography;
(C) The HPGPC chromatogram of RRP1; (D) The HPGPC chromatogram of RRP2; (E) Chromatograms of monosaccharide compositions of the standard substance mixture, RRP1 and RRP2,
respectively.
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polyalcohol was hydrolyzed with 2 M TFA, acetylated, and analyzed
by gas chromatography (GC) using an Agilent 7890A instrument
equipped with an HP-5 capillary column (30 m × 0.32 mm × 0.25
μm) and a flame-ionization detector (FID). Nitrogen was used as
the carrier gas. The temperature program was as follows: increasing
from 100 °C (1 min) to 220 °C at 20 °C/min and holding at 220 °C for
11 min. The temperatures of both injector and detector were set at
250 °C.
2.3.7. Methylation analysis
Methylation analysis is one of the most important methods to study

monosaccharide composition and glycosidic linkages in polysaccha-
rides. Prior to methylation, the uronic acid of RRP1 and RRP2 was re-
duced twice with CMC-NaBH4 [11] to obtain two corresponding
neutral polysaccharides. Then these samples were then dialyzed and ly-
ophilized for the subsequent methylation analysis according to the re-
ported method [12]. Briefly, two dried polysaccharides were
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completely dissolved in 3 mL DMSO at room temperature. The pow-
dered dry NaOH (180 mg) was added to the solution and stirred for
1 h under the protection of N2. CH3I (1.5 mL) was added dropwise in
dark and ice bath, and then the mixture was stirred for 30 min at
room temperature. This procedure was repeated once and the reaction
was terminated by adding 2mL of distilled water. Themethylated poly-
saccharides were extracted with dichloromethane three times and
dried under N2. Themethylated product was hydrolyzed, reduced, acet-
ylated, and analyzed by GC–MS (Agilent 7890A-5975C, USA)with a DB-
5MS capillary column (30 m × 0.25 mm × 0.25 μm).

2.3.8. X-ray diffraction spectrum
The X-ray diffractograms were acquired at room temperature (20±

1 °C) on an X-ray diffractometer (Bruker; Type: D8 ADVANCE;
Germany; Type RX: Copper). The patterns were collected in the 2θ
ranges of 5–60° with 5°/min of the scan rate.

2.3.9. Congo red assay
The triple-helix structure of each purified polysaccharide fraction

was determined via the Congo red method [13]. 2.0 mL of the polysac-
charide solution (1 mg/mL) was mixed thoroughly with 2.0 mL of
Congo red reagent (100 μM). Themixturewas gradually adjusted to dif-
ferent NaOH concentrations (0.05, 0.1, 0.2, 0.3, 0.4, 0.5M) by adding the
NaOH solution (2 M). At each NaOH concentration, the maximum ab-
sorption wavelength of the mixture was measured with the
ultraviolet-visible scanning (200–600 nm). The distilled water was
used as control.

2.3.10. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM, S-3400N, Hitachi) of the sam-

ples was conducted. In brief, the polysaccharide powder was placed
on the sample stage with the help of double-sided adhesive tapes and
coated with the gold powder by using vacuum coating apparatus.

2.3.11. Atomic force microscope (AFM)
The topographies of samples were obtained using an atomic force

microscope (AFM, MicroNaho D3000). The sample in ultrapure water
at 5 μg/mL was magnetically stirred for 10 min. Subsequently, 5 μL of
this solution was dropped onto freshly cleaved mica substrate and
allowed to air-dry under ambient pressure, temperature and humidity.
The atomic force microscope (AFM) was operated in the tapping mode
at room temperature.

2.4. In vitro antioxidant activity

The scavenging activities of RRP1 and RRP2 against the DPPH, hy-
droxyl and superoxide anion radicals were measured.

2.4.1. DPPH radical scavenging activity
The DPPH radical scavenging activity of RRP1 and RRP2 was mea-

sured according to the reported method [14] with modest modifica-
tions. In brief, appropriate volume of each sample solution (1 mg/mL)
was added to the anhydrous ethanol to reach a final volume of 1 mL.
The solutionwas thenmixed thoroughlywith 2mLofDPPHworking so-
lution (0.1mM in anhydrous ethanol). Themixturewas kept in the dark
room for 30 min. The absorbance of the resultant solution was mea-
sured at 517 nm. The scavenging activity of DPPH radicals was calcu-
lated by the following equation:

DPPH radical scavenging rate %ð Þ ¼ 1− Ai−Ajð Þ=A0½ � � 100

where A0 was the absorbance of the control (deionizedwater instead of
sample), Ai was the absorbance of themixture of DPPH solution and the
polysaccharide samples (or the positive control vitamin C, Vc), and Aj

was the absorbance of background solution.
2.4.2. Hydroxyl radical scavenging activity
The hydroxyl radical scavenging activity was assessed by the

method of Fenton reaction [15] with some modifications. In short,
1 mL of 1.5 mM FeSO4, 1 mL of 0.75 mmol/L 1,10-phenanthroline,
1.5 mL of 0.15 mol/L sodium phosphate buffer (pH 7.4), and 1 mL of
0.1% (v/v) H2O2 were added to 1 mL of polysaccharide solution at vari-
ous concentrations (0.06–2mg/mL). After incubation for 30min at 37 °C
in the dark room, the absorbance of the mixture was measured at
536 nm using a UV spectrophotometer reader (Shimadzu, Japan). The
scavenging activity of hydroxyl radical was calculated using the follow-
ing equation:

Hydroxyl radical scavenging rate %ð Þ ¼ 1− Ai−Ajð Þ=A0½ � � 100

where A0 was the absorbance of the control (deionizedwater instead of
sample), Ai was the absorbance of the reaction solution of polysaccha-
ride samples (or Vc) and the hydroxyl radicals, and Aj was the absor-
bance of background solution.

2.4.3. Superoxide anion radical (•O2
−) scavenging activity

The superoxide anion radical scavenging activity assay of RRP1 and
RRP2 was determined with the method described by Peng et al. with
slight alteration [16]. Briefly, 0.5 mL of the polysaccharide solution
with different concentrations was mixed with 5 mL of 50 mM Tris-HCl
buffer (pH 8.2). Then, 0.5 mL of 5 mM pyrogallic acid was added to
the mixture with a rapid shaking. After an incubation at 25 °C for
10 min, 0.1 mL of 0.1 M HCl was dripped into the mixture promptly to
terminate the reaction. In this study, deionized water and Vc were
used as blank and positive controls, respectively. The absorbance of
themixturewas determined at 420 nm. The scavenging ability of the su-
peroxide anion radical was calculated using the equation:

Superoxide anion radical scavenging rate %ð Þ
¼ 1− Ai−Ajð Þ=A0½ � � 100

where A0 was the absorbance of the sample blank (deionized water in-
stead of sample), Aiwas the absorbance of the tested samples, and theAj

was the absorbance of the blank reagent (Tris-HCl buffer instead of
pyrogallic acid).

2.5. In vivo hepatoprotective activity

2.5.1. Animals
Male ICR mice weighing (20 ± 2) g were obtained from the Labora-

tory Animal Centre of Jiangsu University (Zhenjiang, China). Animals
were kept under controlled conditions (room temperature 22–25 °C)
and were allowed free access to drinking water and feed before experi-
ments. All animals were humanly cared, and the experimental protocol
was approved by the University Ethics Committee for the use of exper-
imental animals and conformed to the Guide for Care and Use of Labo-
ratory Animals.

2.5.2. Experimental design
72micewere divided into 9 groups with 8 animals in each group. As

shown in Fig. S1, the groupswere named as normal control group (NC),
model control group (MC), positive control group (PC), and six sample
groups in which the mice were treated intragastrically with RRP1
(200, 300 and 400 mg/kg bodyweight) and RRP2 (200, 300 and
400 mg/kg bodyweight), respectively. Mice in the positive control
group received silybin (100 mg/kg/d) by intragastric administration.
Normal control group and model control group were administered
with the same volume of distilled water in the sameway. All the groups
were administered once a day for 7 consecutive days. Five hours after
thefinal administration, themice in NC groupwere injected intraperito-
neallywith olive oil 10mL/kg,while animals in other groupswere intra-
peritoneally injected 10 mL/kg body weight of 2% CCl4. All the mice



Fig. 2. Spectra analysis. (A) FTIR spectrum of RRP1 and RRP2; (B–C) 1H NMR spectra of RRP1 (B) and RRP2 (C) in D2O; (D–E) 13C NMR spectra of RRP1 (D) and RRP2 (E) in D2O.
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Table 2
Methylation analysis by the GC–MS of Rhodiola rosea polysaccharides.

RT (min) PMAA Linkage pattern Molar ratio (%)

RRP1 11.703 3,4,6-Me3-Man 1,2-linked-Manp 12.37
13.213 4,6-Me2-Arab 1,2,3-linked-Arap 15.85
14.084 2,3-Me2-Gal 1,4,6-linked-Galp 11.47
14.240 3,4,6-Me3-Rha 1,2-linked-Rhap 6.24
14.678 2,4,6-Me3-Glc 1,3-linked-Glcp 5.28
15.696 2,3,4,6-Me4-Man T-Manp 5.51
16.543 6-Me-Glc 1,2,3,4-linked-Glcp 11.86
17.624 6-Me-Ara 1,2,3,4-linked-Arap 27.37
17.736 3,4,6-Me3-Gal 1,2-linked-Galp 4.05

RRP2 11.703 3,4,6-Me3-Man 1,2-linked-Manp 19.02
12.823 2,3,4,6-Me4-Glc T-Glcp 2.23
13.217 3,4,6-Me3-Arab 1,2-linked-Arap 29.86
14.084 2,3-Me2-Gal 1,4,6-linked-Galp 14.05
14.240 3,4,6-Me3-Rha 1,2-linked-Rhap 5.31
14.615 6-Me-Glc 1,2,3,4-linked-Glcp 7.60
14.678 2,3,6-Me3-Glc 1,4-linked-Glcp 2.32
15.788 2,3,4,6-Me4-Arab T-Arap 3.38
16.538 3,4,6-Me3-Arab 1,2-linked-Arap 8.46
17.823 6-Me-Gal 1,2,3,4-linked-Galp 7.77

Table 1
Periodate oxidation and glycosidic linkages position of RRP1 and RRP2.

Samples HIO4 consumption/mol hexose HCOOH production/mol hexose 1 → 6 or 1 → (%) 1 → 3 (%) 1 → 2 or 1 → 4 (%)

RRP1 1.270 0.506 50.63 23.47 25.9
RRP2 1.070 0.235 23.5 16.5 60.0
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were then fasted, but allowed free access to water. After 12 h, the ani-
mals were anesthetized and blood samples were collected for determi-
nation of the serum biochemical indices alongside antioxidative
markers using liver homogenate; meanwhile, the histopathological
change in liver was also observed.

2.5.3. Serum biochemical indexes assay
The blood samples were collected by removalling eyeballs. After

that, themice were sacrificed by cervical dislocation. The blood samples
were centrifuged to separate the serum. The contents of ALT and AST in
serum were determined with the kits (Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China).

2.5.4. Liver homogenate biochemical indices assay
The liver tissue samples (0.5 g)were added into the physiological sa-

line and pounded to pieces to obtain the tissue homogenate. After cen-
trifugation at 3500 rpm for 15min at 4 °C, the supernatantwas collected
for determination ofMDA, GSH, CAT and SOD levels according to the kit
instructions. The protein content of the liver homogenate was deter-
mined using BCA test kits.

2.5.5. Histopathological observation of liver
The liver tissues from the same location were taken after sacrificing

the mice and washed twice with saline to remove the residual blood.
Then the hepatic tissues were fixed in 4% paraformaldehyde at 4 °C for
24 h and embedded with paraffin and. 5-μm-thick slices (leica-
RM2235,Wetzlar, Germany)were prepared and stainedwith hematox-
ylin and eosin (H&E; Beyotime Institute of Biology, China). The stained
slices were observed using a Nikon Eclipse 90i microscope at 200×
magnification.

2.6. Statistical analysis

Data were expressed as the mean ± standard deviation (S.D.).
Data in all the bioassays were statistically evaluated using one-way
ANOVA variance followed by Tukey's post-hoc test and P b 0.05
was considered to be statistically significant. Data were analyzed
using Statistical Package for Social Sciences (SPSS), version 19.0
(Chicago, IL, USA).

3. Results and discussion

3.1. Isolation and purification of the Rhodiola rosea polysaccharide frac-
tions RRP1 and RRP2

In this study, the crude polysaccharide was obtained from rhi-
zome and roots of Rhodiola rosea by hot water, followed by
deproteinization and decoloration. The deproteinization rate via
Savage method was about 81.07 ± 1.86%. The total yield of crude
polysaccharide (RRP) was 3.8% of the dried material. The RRP was
then purified by DEAE-52 chromatographic column, resulting in
two main peaks: RRP1 (Fig. 1A, the fraction eluted by the distilled
water), and RRP2 (Fig. 1B, the fraction eluted by 0.1 M NaCl solution,
which was further subjected to a Sephadex G-100 gel column and
eluted by the distilled water).

According to the results of phenol sulfuric acid colorimetric
method, the total carbohydrate content of RRP1 and RRP2 were
(89.31 ± 1.18) % and (80.19 ± 1.68) %, respectively. The results of
Coomassie brilliant blue assay showed that the protein content of
RRP1 and RRP2 were (4.97 ± 0.54) % and (2.12 ± 0.37) %, respec-
tively. The results of sulfuric acid-carbazole analysis demonstrated
that RRP1 and RRP2 contained (0.90 ± 0.21) % and (14.26 ± 0.59)
% of uronic acids, respectively.

3.2. Structural analysis of RRP1 and RRP2

Both RRP1 and RRP2 were recorded as a single, symmetrical chro-
matographic peak by HPGPC (Fig. 1C and D). The average molecular
weights of RRP1 and RRP2 were estimated as 5.5 kDa and 425.7 kDa,
respectively.

The monosaccharide composition of RRP1 and RRP2 was analyzed
by comparing the retention time against standards using PMP-HPLC.
As shown in Fig. 1E, HPLC analysis suggested that RRP1 was composed
of mannose, rhamnose, galacturonic acid, glucose, galactose and arabi-
nose with a molar ratio of 0.69:0.11:0.15:1:0.51:7.5, and the RRP2 frac-
tion contained mannose, rhamnose, galacturonic acid, glucose,
galactose and arabinose with a molar ratio of
0.15:0.19:1.01:0.18:0.47:1.

FT-IR spectroscopywas used to characterize and identify the organic
functional groups in RRP1 and RRP2 [17], as depicted in Fig.2A. The
strong and broad bands at 3403 cm−1 and 3437 cm−1 of RRP1 and
RRP2, respectively, correspond to the O\\H stretching vibrations. The
weak peaks at 2945 cm−1 (RRP1) and 2930 cm−1 (RRP2) depicted
C\\H stretching vibrations, and the peaks at 1407 cm−1 (RRP1) and
1440 cm−1 (RRP2) indicated C\\H bending vibrations. Meanwhile, the
absorption bands at 1618 cm−1 (RRP1) and 1612 cm−1 (RRP2) repre-
sented C_O asymmetric stretching vibrations. The characteristic
bands at 1020–1100 cm−1 indicated the stretching vibrations of pyra-
nose ring [18]. Moreover, the two fractions showed weak characteristic
peaks at 1741 cm−1 (RRP1) and 1734 cm−1 (RRP2), indicating the pres-
ence of uronic acids in both RRP1 and RRP2 [19]. Absorption at
824 cm−1 and 895 cm−1 showed RRP1 possessed both α-type and β-
type configurations, while signals at 823 cm−1 depicted the existence
of α-type glycosidic linkage in RRP2 [20].
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The 1H NMR spectrum of RRP1 (Fig. 2B) showed six peaks at δ 5.29,
5.13, 5.05, 5.02, 4.99 and 4.96 ppm in the anomeric region, indicating
the existence of both α-type and β-type configurations [21]. The 1H
NMR spectrum of the RRP2 (Fig. 2C) depicted that another batch of
peaks at δ 5.14, 5.07, 5.04, 5.00 and 4.98 ppm, indicating that these
glucosyl residues were ofα-type configuration, in linewith the analysis
of FT-IR spectrum. In addition, the 13C NMR spectrum of RRP1 showed
Fig. 3. Conformation and morphology analysis. (A) XRD of RRP1 (blue) and RRP2 (red); (B)T
+ RRP2 at various concentrations (0–0.5 mol/L) of NaOH solution; (C–D) Scanning electron
for RRP1 and F for RRP2) and cubic (G for RRP1 and H for RRP2) images.
five signals at δ 105–109 ppm (Fig. 2D), which could be attributed
to the anomeric carbon atoms of α-Manp, α-Rhap, α-Galp, α-Arap
and β-Glcp, respectively [22]. In the 13C NMR spectrum of RRP2,
there were five anomeric peaks at δ 107.5, 104.5, 103.7, 100.4, and
99.8 ppm (Fig. 2E), which could be attributed to the presence of
mannose, rhamnose, glucose, galactose and arabinose, respectively,
in RRP2 [23].
he maximum absorption wavelengths of Congo red, Congo red + RRP1 and Congo red
microscopy (500×) of RRP1 (C) and RRP2 (D); (E-H) Atomic force microscopy planar (E
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3.2.1. Periodate oxidation and smith degradation analysis
The glycosidic linkage position of the two fractions (RRP1 and RRP2)

was examined via periodate oxidation method. As shown in Table 1,
RRP1 consumed 1.270mol periodic acid and produced 0.506mol formic
acid according to eachmole of anhydroglucose unit. Therefore, the RRP1
were composed of 1→ 6 or 1→ (50.63%), 1→ 2 or 1→ 4 (25.9%) and 1
→ 3 (23.47%) glycosidic linkages. Similarly, RRP2 contained 1→ 6 or 1→
(23.5%), 1 → 2 or 1 → 4 (60.0%) and 1 → 3 glycosidic linkages (16.5%).
These findings showed that RRP1 contained a higher ratio of non-
reducing glycosidic linkages (1 → 3 glycosidic linkages) as compared
to RRP2.

After the oxidized products of RRP1 and RRP2 were reduced, hydro-
lyzed, and analyzed by GC. Four compounds of RRP1were detected in-
clude glycerin, erythritol, arabinose and glucose (Fig. S2). The
presence of arabinose and glucose suggests that at least part of the arab-
inose and glucose residues were 1 → 3,6/1 → 3/1 → 2,3/1 → 3,4/1
→ 2,4/1 → 2,3,4-linked [24]. Furthermore, mannose, rhamnose and ga-
lactose residues were absent, and massive glycerin and erythritol were
produced. This result demonstrated that these three glycoside residues
were 1→ 2,6/1 → 6/1 → 2/1→/1→ 4,6/1→ 4-linked in RRP1. Similarly,
the presence of rhamnose, glucose and galactose in RRP2 revealed some
residues of these glycoside residues were linked by 1 → 3,6/1 → 3/1
→ 2,3/1 → 3,4/1 → 2,4/1 → 2,3,4 glycosidic linkages (Fig. S2). Mean-
while, a small amount of glycerin and erythritol generated during
Fig. 4.DPPH radical scavenging activity (A), hydroxyl radical scavenging activity (B) and superox
(n = 3). *P b 0.05, compared to the RRP1.
oxidation indicated that arabinose and mannose residues were 1
→ 2/1 → 6/1→ 4-linked in RRP2 [25].

3.2.2. Methylation analysis
The fully methylated RRP1 and RRP2 were hydrolyzed and analyzed

by GC–MS. The identification and proportions of the methylated alditol
acetates of RRP1 and RRP2 were listed in Table 2. The results demon-
strated that RRP1 contained 1, 2-Manp (12.37%), 1, 2, 3-Arap (15.85%),
1, 4, 6-Galp (11.47%), 1, 2-Rhap (6.24%), 1, 3-Glcp (5.28%), Terminal
(T)-Manp (5.51%), 1, 2, 3, 4-Glcp (11.86%), 1,2,3,4-Arap (27.37%) and
1, 2-Galp (4.05%). The RRP2 was composed of 1, 2-linked-Manp
(19.02%), T-Glcp (2.23%), 1, 2-linked-Arap (29.86%), 1, 4, 6-linked-Galp
(14.05%), 1, 2-linked-Rhap (5.31%), 1, 2, 3, 4-linked-Glcp (7.60%), 1, 4-
linked-Glcp (2.32%), T-Arap (3.38%), 1, 2-linked-Arap (8.46%) and 1, 2,
3, 4-linked-Galp (7.77%).

3.2.3. X-ray diffraction (XRD) spectrum
XRD is a widely used technique for the analysis of the crystalline

structure of polysaccharides [26]. In this study, the XRD patterns re-
corded for RRP1 and RRP2 were between 5° and 60° (Fig. 3A). The X-
ray diffraction curve of RRP1 contained only one “bun-shaped” peak at
the angel (2θ) about 13° and no sharp peaks, indicating that RRP1 was
semi-crystalline substance [27]. Compared with RRP1, RRP2 showed a
clearer diffraction peak when 2θ was about 14°, as well as a “bun-
ide radical scavenging activity (C) of RRP1 and RRP2. Valueswere presented asmean±SD
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shaped” peak at the angle (2θ) about 29° suggesting that RRP2 pos-
sessed a more ordered helical structure than RRP1 [28].

3.2.4. Congo red test
The complexation of Congo red with polysaccharides possessing a

helical conformation could result in a bathochromic shift of the maxi-
mum absorption λ of the complex, in comparison with pure Congo
red [28]. As shown in Fig. 3B, compared with Congo red, maximum ab-
sorption λ of the Congo red+RRP1 complex showed a distinct
bathochromic shift when the concentration of NaOH was increased to
0.1 M, followed by a slow decrease as the NaOH concentration contin-
ued to increase, indicating that RRP1 possessed a triple helical confor-
mation. By contrast, the visible absorbance of Congo red+RRP2
Fig. 5. Effects of RRP1 and RRP2 on serumALT, AST (A), and hepatic CAT (B), SOD (C), GSH (D) an
asmeans±SD (n=8).Micewere treated intragastricallywith RRP1 and RRP2 (200, 300 and 40
prior to the single administration of CCl4 (2%, intraperitoneally). ##P b 0.01, compared with the
complex was similar to that of the pure Congo red which decreased in
tandem with the increase of NaOH concentrations, suggesting that the
conformation of RRP2 in solution was not triple-helical. The RRP1 and
RRP2 possessed significantly different senior structures, which might
lead to varying bioactivities.
3.2.5. Scanning electron microscopy (SEM)
In this study, SEM assay was performed to analyze the surface mor-

phology of the polysaccharides [29]. As shown in Fig. 3C, the surface of
RRP1 showed a small lamellar or irregular dendritic structure. Fig. 3D
showed that RRP2 had a smooth surface topography with characteristic
large wrinkles and drop-shaped bulges on the edges. The results
dMDA (E) levels against acute CCl4-induced liver damage inmice. All values are expressed
0mg/kg bodyweight) or silybin (100mg/kg bodyweight) once daily for 7 consecutive days
normal control group. *P b 0.05, **P b 0.01, compared to the model control group.
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indicate the differences in morphological properties between RRP1 and
RRP2.

3.2.6. Atomic force microscopy (AFM)
AFM is a powerful and visual tool for directly observing themorpho-

logical structure at the molecular level [28,30]. As shown in Fig. 3E and
G, RRP1 showed irregular island-like structures, suggesting partial ag-
gregation of the polysaccharide chains in RRP1 [12]. Moreover, the
height of RRP1 chain structure recorded by AMF ranged from 1 to
3.5 nm, which was higher than that of the single polysaccharide chain
(0.1–1 nm) in previous reports [31], indicating that the molecular
chains in RRP1 were branched and entangled. By contrast, uniformly-
distributed dome/pyramid-like structures with the height ranging
from 1 to 4.5 nm were recorded in RRP2 at room temperature (Fig. 3F
and H), indicating that RRP2 had branches and no molecular
aggregations.

3.3. Antioxidant activities in vitro

In this study, in vitro antioxidant activity of RRP1 and RRP2was eval-
uated via assessing the scavenging effects on DPPH radical, hydroxyl
(·OH) radical and superoxide radical.

The DPPH radical scavenging determination is a common method
that has been widely used to assess the free radical scavenging activity
of natural antioxidants [32]. As shown in Fig. 4A, RRP1 displayed slightly
weaker scavenging activity than vitamin C (Vc), while RRP2 exhibited a
significantly (P b 0.05) decreased scavenging ability when compared to
both Vc and RRP1. This result indicated that RRP1 possessed a stronger
scavenging activity than RRP2 at the various tested concentrations.

·OH is one of the strongest oxidation potential among ROS. Excess
amount of free ·OH radicals could damage principal biomolecules
Fig. 6.Histopathological changes inmice livers, stainedwith H&E (200×). (A) Normal control gr
of 400, 300, 200 mg/kg, respectively, (G-I) RRP2 groups at 400, 300 and 200 mg/kg, respective
such as proteins, lipids, and nucleic acids, which could lead to carcino-
genesis, mutagenesis, cytotoxicity and other chronic diseases [33].
Fig. 4B revealed a dose-dependent manner in scavenging the ·OH radi-
cal by RRP1, RRP2 and the positive control Vc. However, the faction
RRP1 exhibited an excellent scavenging activity that was close to Vc
but significantly (P b 0.05) stronger than RRP2.

Furthermore, RRP1 and RRP2 showed similar effects on scavenging
the superoxide anion free radical to that on the ·OH radical (Fig. 4C).
These findings demonstrated that RRP1 had stronger radical scavenging
effects than RRP2.
3.4. Hepatoprotective activity in vivo

3.4.1. ALT and AST
The serumALT and AST levels can reflect the pathological changes

in liver. Hepatocytes damage could result in significantly elevated
ALT and AST levels [34]. As depicted in Fig. 5A, the serum levels of
ALT and AST in CCl4-induced model mice were remarkably increased
(P b 0.01) compared to the normal control group, indicating the suc-
cessful modeling. The animals treated with the Rhodiola rosea poly-
saccharides (both RRP1 and RRP2) showed drastically decreased
ALT and AST levels in serum (P b 0.05), which was comparable to
those treated with the positive control silybin (100 mg/kg). More-
over, RRP1 which showed effects on lowering ALT and AST levels in
a dose dependent manner had slightly greater ability to decrease
ALT and AST than RRP2. When treated with RRP1 at 400 mg/kg, the
lowest ALT and AST levels could be observed in the CCl4-induced
model mice. These data demonstrated that RRP1 and RRP2 had ex-
cellent ability in lowering serum ALT and AST levels in the CCl4-
induced model mice.
oup, (B) CCl4-inducedmodel group, (C) Positive control group, (D-F) RRP1 groups at doses
ly.
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3.4.2. CAT, SOD, GSH and MDA
Enzymatic antioxidant defenses including SOD and CAT are involved

in direct elimination of ROS. GSH is the most abundant low-molecular
weight endogenous antioxidant in maintaining the integrity of cells.
MDA reflects the degree of lipid peroxidation [35]. After the treatment
with CCl4, the model mice showed a significantly decreased levels of
CAT, SOD, GSH (P b 0.01) and markedly increased MDA (Fig. 5B, C, D
and E), indicating the CCl4-induced hepatotoxicity in mice. When
treated with the Rhodiola rosea polysaccharides (RRP1 and RRP2) with
various concentrations, the levels of CAT, SOD and GSH were increased
to different degrees, while the content of MDA were significantly de-
creased (P b 0.01) (Fig. 5B, C, D and E). Notably, RRP1 showed generally
greater effects than RRP2 on liver protection by increasing the levels of
CAT, SOD, GSH and loweringMDA.Moreover, the levels of CAT and SOD
increased markedly (P b 0.01) (Fig. 5B and C), while the level of MDA
decreased significantly (P b 0.01) (Fig. 5E), in a dose dependentmanner,
when treated with RRP1 at various concentrations. Encouragingly,
RRP1 at the dose of 400 mg/kg displayed hepatoprotective effects com-
parable, if not greater, to the positive control silybin. It's interesting that
both RRP1 and RRP2 exhibited the highest activity (close to that of
silybin) in increasing the GSH level at the concentration of 300 mg/kg
(Fig. 5D).
3.4.3. Liver histopathological examination
To further support the evidence of the biochemical analysis, the his-

topathological changes of livers in each group were illustrated in Fig. 6.
In the normal control group (Fig. 6A), the structure of liver lobule was
intact with the hepatic cord arranging neatly and regularly. The mor-
phology of liver cells was normal and radiating from central vein to
the periphery of the lobules. However, liver lobules of CCl4 treated
mice showed hepatocellular necrosis and the hepatic cord had extensive
infiltration of inflammatory cells (Fig. 6B). Compared with that in the
model group, the damage of liver cells was significantly alleviated in
RRP1 treated groups (Fig. 6D–F): the liver cells became neater and well
arranged, the appearance of liver lobule was close to that of the normal
control, and less inflammatory infiltration area could be observed. In
the positive control group (Fig. 6C) and RRP2 groups (Fig. 6G–I), the he-
patic damage ameliorated in different degrees with numbers of the ne-
crotic cells decreased, but there were still some infiltrative
inflammatory cells and the loss of cellular boundaries. Hence, the histo-
pathological observation was consistent with the biochemical results.
4. Conclusion

In this study, two different polysaccharide fractions (RRP1 and
RRP2) were isolated from rhizome and roots of Rhodiola rosea, for the
first time, to explore their antioxidant activity in vitro and hepatopro-
tective effects in vivo. The systematic characterization of two fractions
were performed in terms of their molecular weights, monosaccharide
composition, and the primary and senior structures. Importantly, the
fraction RRP1 had superior antioxidation than RRP2 as indicated by
their different scavenging effects on DPPH radical, superoxide radical
and hydroxyl radical. Furthermore, the RRP1 fraction exhibited more
prominent hepatoprotective prospect than RRP2 against CCl4 induced
liver injury in mice by decreasing ALT and AST levels in serum and
MDA in the liver tissue, as well as increasing the levels of CAT, SOD,
and GSH the liver tissue homogenates. Taken together, our findings
strongly proposed that the polysaccharide fraction RRP1 form the tradi-
tional Chinese medicine Rhodiola rosea could be developed as a poten-
tial therapeutic drug for hepatic disorders.
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