
International Journal of Biological Macromolecules 181 (2021) 672–682

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

j ourna l homepage: ht tp : / /www.e lsev ie r .com/ locate / i j b iomac
Characterization of a polysaccharide from the medicinal lichen, Usnea
longissima, and its immunostimulating effect in vivo
Teng Wang, Chen Shen, Feng Guo, Yuqin Zhao, Jie Wang, Kunlai Sun, Bin Wang, Yan Chen ⁎, Yin Chen ⁎
College of Food and Pharmacy, Zhejiang Ocean University, Zhoushan, Zhejiang 316000, China
⁎ Corresponding authors.
E-mail addresses: cyancy@zjou.edu.cn (Y. Chen), mojo

https://doi.org/10.1016/j.ijbiomac.2021.03.183
0141-8130/© 2021 Published by Elsevier B.V.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 7 December 2020
Received in revised form 26 March 2021
Accepted 26 March 2021
Available online 30 March 2021

Keywords:
Polysaccharides
Lichen
Immune system balance
Immunomodulation
Antioxidant
Usnea longissima
A polysaccharide, CSL-0.1, was isolated from the medicinal lichen, Usnea longissima. CSL-0.1 was a neutral
rhamnose-containing glucogalactomannan with a molecular weight of 7.86 × 104 Da. The polysaccharide had a
core mannan structure with (1→ 6)-α-D-Manp units as themain chain and was substituted at the O-2 positions
with side chains containing (1→ 2)-α-D-Manp residue, [3)-α-Glcp(1→ 4)-α-Glcp(1→] and 6-O-substituted β-D-
Galf units. 2-O- and 2,3-di-O-substituted Rhap units. The effects of CSL-0.1 on intestinal immunity and antioxi-
dant activity were evaluated. CSL-0.1 increased the spleen and thymus indices in a dose-dependent manner
and conferred immunomodulation on reversing the Th1/Th2-related cytokine imbalance in cyclophosphamide
(CP)-induced immunosuppressed mice. CSL-0.1 could also enhance the levels of secretory immunoglobulin A
in CP-injected mice. Additionally, the antioxidant levels in the liver and intestine of the mice were increased
20%–50% after intragastric injection by CSL-0.1.

© 2021 Published by Elsevier B.V.
1. Introduction

Usnea longissima is a filamentous lichen found in foggy regions,
which especially adheres to pine trees. It is mainly distributed in the
northeast, Shaanxi, Zhejiang, and other provinces of China. As a tradi-
tional Chinese medicine, U. longissima has been used as an expectorant
for thousands of years [1] and has also been widely used for pain relief,
fever control, and the treatment of ulcers owing to its heat-clearing and
detoxifying properties [2]. Moreover, U. longissima is the preferred food
for the snub-nosed monkey in winter because of its nutritional proper-
ties, which helps regulate their intestinal flora and provides energy to
sustain thewinters [3]. Previous studies have indicated that the extracts
or prescriptions of U. longissima have several biological activities, in-
cluding antiplatelet [4], antithrombotic, anti-inflammatory, analgesic,
antipyretic, anti-tumor, anti-cholesterol, and nematocidal effects [5].

It has been found that polysaccharides, especially their glycosylated
derivates, are crucial in modulating the biological response in the im-
mune system. In addition, most naturally occurring polysaccharides
have some level of immunostimulating activity [6]. Apart from the me-
dicinal properties and the high nutritional value of U. longissima, it has
been reported that the polysaccharides extracted from U. longissima
are one of the main bioactive ingredients that can scavenge oxygen
free radicals, prevent lipid peroxidation, and enhance immunological
function [7]. However, to date, limited information is available on the
structural characteristics of the polysaccharides from U. longissima, as
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well as its immunostimulating and antioxidant effects in immunosup-
pressed mice. To better understand and evaluate its therapeutic effects,
we aimed to characterize the structure of U. longissima and determine
its immunostimulating effects.

2. Materials and methods

2.1. Materials and reagents

U. longissima was obtained from Qinling Mountain, Shaanxi
Province, China. Female ICR mice (aged 6–8 weeks, body weight of 20
± 0.2 g) were purchased from Zhejiang Academy of Medical Sciences.
Cytokine as well as Ig detecting ELISA kits were purchased from
Langdun Biochemical Technology (Shanghai, China). The assay kits for
T-AOC, SOD, GSH-Px, CAT and MDA were obtained from solarbio
Biochemical Technology (Shanghai, China). Trifluoroacetate (TFA),
1-phenyl-3-methyl-5-pyrazolone (PMP), sugar standards and other
chemical reagents were purchased from Aladdin Biochemical
Technology (Shanghai, China).

2.2. Isolation and purification of the polysaccharide

The plant material of U. longissima was air dried and then pow-
dered using a grinder. The dry powder was soaked in acetone and ex-
tracted for 12 h in a Soxhlet extractor. The crude polysaccharide from
the solution was extracted using 1% cellulase (w/v) at 50 °C for 4 h,
and the temperature was raised to 80 °C for 4 h. The supernatant of
the extract was concentrated to one-tenth the original volume.
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Four volumes of 95% ethanol were added to precipitate the polysac-
charide. The precipitate was redissolved inwater after centrifugation
(1800 ×g, 10 min) and dialyzed against running water for 48 h
(MwCO of dialysis bag, 3500). Lastly, the solution was lyophilized
to acquire the crude polysaccharide [8].

The crudepolysaccharide dissolved in distilledwater (5mg/mL)was
centrifuged to obtain the supernatant, whichwas loaded onto an anion-
exchangeQ Sepharose Fast Flow column (300×30mm) (GEHealthcare
Co., Sweden). The sample in the column was eluted sequentially using
distilled water and NaCl solutions with different concentrations (0.1–2
M). The fractions with high polysaccharide content were monitored
spectrophotometrically using the phenol‑sulfuric acid method [9]. The
polysaccharide-containing fractions were collected, dialyzed, and ly-
ophilized as described earlier. The main fraction eluted with 0.1 mol/L
NaCl solution was collected and named CSL-0.1 [10].

2.3. Monosaccharide composition

The polysaccharide was dissolved in 2 M trifluoroacetate (TFA),
completely hydrolyzed at 120 °C for 2 h, then the TFA were evicted by
ethanol through rotary evaporation. Monosaccharide composition was
measured by high performance liquid chromatography (HPLC) and UV
detector (Agilent Technologies with 1200 Series detector) [11] after
pre-column derivatization with 1-phenyl-3-methyl-5-pyrazolone
(PMP). The standards are composed of L-arabinose (Ara), L-fucose
(Fuc), D-galactose (Gal), D-galacturonic acid (GalUA), D-glucose (Glc),
N-acetyl-β-D-glucosamine (GlcNAc), D-glucuronic acid (GlcUA), D-
mannose (Man), L-rhamnose (Rha) and D-xylose (Xyl).Monosaccharide
composition was identified by comparing the peak time between CSL-
0.1 and standard sugars.

2.4. General properties and determination of the molecular weight

Total sugar content of CSL-0.1 was measured by the phenol-sulfuric
acid method using glucose as a standard. Protein contentwasmeasured
by the method of Bradford [12]. Uronic acid content was measured by
themethod of carbazole [13].Molecularweight of CSL-0.1was analyzed
by high performance gel permeation chromatography (HPGPC) coupled
with a TSKgel G3000PWXL column (7.8 mm × 30.0 cm, Tosoh, Japan)
with refractive index detector. The CSL-0.1 was applied to the column
at 35 °C and eluted with 0.2 mol/L Na2SO4 at a flow rate of 0.5 mL/
min. A series of dextran standards (Mw: 70.8, 34.4, 20.0, 10.7, 4.71,
2.11, 9.6 and 5.9 kD) were performed as column calibration. Then the
molecular weight of CSL-0.1 was estimated by GPC software [14].

2.5. IR spectroscopy

The sample of CSL-0.1 was ground with dried KBr powder and then
pressed into a 1 mm transparent pellet. The CSL-0.1 pellet was mea-
sured for FTIR on Nicolet Omnic software and the Nicolet Nexus 470 in-
strument in the frequency range of 4000–500 cm−1 at the resolution of
4.0 cm−1 with background scanning frequency of 32 [15].

2.6. Gradual acid hydrolysis

The polysaccharide sample was hydrolyzed using 0.05 mol/L TFA
at 100 °C for 2 h and then the hydrolysate was concentrated and
evaporated with methanol to remove the TFA. Next, four volumes
of ethanol were added to the hydrolysate and stored at 4 °C over-
night. The supernatant, S-1, and the precipitate, P-1, were separated
after centrifugation. P-1 was further hydrolyzed using 0.1 mol/L TFA
for 1 h at 100 °C. After the removal of TFA and the addition of ethanol
as described earlier, the supernatant that was obtained was named
S-2 and the precipitate, P-2. S-1, S-2, and P-2were completely hydro-
lyzed using 2 mol/L TFA for 3 h at 120 °C and the monosaccharide
composition was determined [6].
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2.7. Methylation analysis

The CSL-0.1 and the product after gradual acid hydrolysis P-2 were
methylated by the method of modified Hakomor using NaH in DMSO
and CH3I. Then the methylated sample was hydrolyzed as above to cut
the linkage of polysaccharide. The products were converted into par-
tially methylated alditol acetates after reduced with NaBH4 sodium.
The alditol acetates sample was analyzed by GC–MS on a HP6890II/
5973 instrument using a DB-5 ms fused silica capillary column
(0.25 mm × 30 m) (Agilent Technologies Co., Ltd., USA) [16].

2.8. NMR spectroscopy

100 mg CSL-0.1 was dissolved in 1 mL D2O, the sample solution was
freeze dried for three times to completely replace H2Owith D2O. The re-
placed sample was dissolved in D2O at room temperature and analyzed
using an Agilent DD2-600MHz nuclearmagnetic resonance spectrome-
ter (Agilent Technologies) [15].

2.9. Evaluation of the immunostimulating and antioxidant effects of CSL-0.1

2.9.1. Animal experiments
Female ICRmice (6–8-week-old, body weight 20± 0.2 g) were pur-

chased from the Zhejiang Academy of Medical Sciences. The mice were
allowed to acclimatize to an SPF environment. They were housed at a
room temperature of 23 ± 2 °C and a relative humidity of 50 ± 5%,
and subjected to a 12:12-h light:dark cycle for one week before experi-
ments. All animal experiments adhered to the strict guidelines of the
Animal Ethics Committee of the School of Medicine and Pharmacy,
Zhejiang Ocean University, regarding the humane use and care of
animals.

For in vivo studies, mice were randomly divided into six groups (six
mice for every group). The animals in the normal control group (NC)
were administered physiological saline (0.9%) once daily for 10 days.
The remaining mice received an intraperitoneal injection of 80 mg/kg
cyclophosphamide (CP), once daily, for three consecutive days. The an-
imals in themodel control group (MC) received an intragastric injection
of physiological saline for seven days and comprised mice that received
the intraperitoneal CP injection. The animals in the positive control
group (PC) were selected from the CP-injected mice, and received an
intragastric injection of 40 mg/kg levamisole for seven days. The mice
in the CSL-L, CSL-M, and CSL-H groups received an intragastric injection
of 50 mg/kg, 100 mg/kg, and 200 mg/kg CSL-0.1, respectively for seven
days. Similar to the other groups, these three groups comprised mice
that had received the intraperitoneal injection of CP.

Animals in each group were sacrificed using an ethical procedure
after fasting for 24 h. Blood from the mice eyeballs was collected and
the serumwas separated by centrifugation. The small intestine, spleen,
thymus, and liver were collected, weighed, and stored at −80 °C until
subsequent experiments [17].

2.9.2. Measurement of the spleen and thymus indices
The mice were weighed daily during the experiment. The spleens

and thymi of mice were collected and weighed after the mice were
sacrificed using cervical dislocation. The spleen and thymus indices
were measured using the following equation [18]:

spleen=thymus index
¼ the weight of spleen=thymus mgð Þ= the weight of mice gð Þ⁎10½ �

2.9.3. Detection of secretory immunoglobulins A (Sig A) and serum
cytokines

The intestinal fluid of experimental mice was collected and purified
using cryogenic centrifugation. Sig A levelsweremeasured using the su-
pernatant of intestinal fluid by using an ELISA assay kit according to the
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manufacturer's instructions. Blood samples were acquired by the enu-
cleation of themice eyeballs. Next, the serumwas collected from the su-
pernatant by centrifuging the blood samples at 1006 ×g for 10 min.
Serum cytokine levels (IL-2, IL-4, IL-10, IFN-γ, and TNF-α) were mea-
sured using ELISA kits.

2.9.4. Determination of T-AOC, SOD, GSH-Px, CAT, and MDA levels
The intestinal fluid and liver homogenate were collected and the

samples were purified using centrifugation at 1006 ×g for 10 min. The
supernatants were used to determine the levels of T-AOC, SOD, GSH-
Px, CAT, and MDA using assay kits per manufacturer's instructions.

2.9.5. Statistical analysis
Data obtained in this study were processed statistically and diver-

gences are presented as mean ± SD. SPSS 16.0 for Windows was used
and P < 0.05 indicated differences that were statistically significant.
3. Results and discussion

3.1. Extraction, purification, and characterization of the polysaccharide

The yield of the crude polysaccharide from U. longissima extracted
using hot water and enzyme treatment was 7%. The crude polysaccha-
ride was purified using Q Sepharose Fast Flow column to obtain the
CSL-0.1 fraction after eluting with 0.1 M NaCl (Fig. 1a) and the yield
was 28.9%. The molecular weight of CSL-0.1 was determined using
high-performance gel permeation chromatography (HPGPC) (Fig. 1b).
A single symmetrical peak obtained using HPGPC indicated that the
polysaccharide was adequately pure to be used for structure elucida-
tion. Based on the calibration curve constructed using standard dextran
Fig. 1. Isolation, purification, HPGPC, and monosaccharide composition of CSL-0.1 extracted fr
elution with 0.1 mol/L NaCl. (b) HPGPC chromatograms of CSL-0.1 on TSKgel G3000PWXL co
monosaccharide mix. (d) HPLC chromatogram indicating the monosaccharide composition of
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solutions, the molecular weight of CSL-0.1 was determined to be 7.86 ×
104 Da.

The monosaccharide composition of CSL-0.1 was identified by
matching the relative retention time (Fig. 1c)with their respective stan-
dards. It can be seen in Fig. 1d that CSL-0.1 is composed of mannose
(Man), rhamnose (Rha), glucose (Glc), and galactose (Gal) in a ratio of
3.5:0.35:3.1:5 ratio. The total carbohydrate content was determined to
be 80%, whereas the protein content was 6.7%. No uronic acid was de-
tected. Thesefindings correspondedwith themonosaccharide composi-
tion of CSL-0.1.

3.2. IR spectroscopy

The FT-IR spectrum of CSL-0.1 is shown in Fig. 2. The absorption
band at 3413 cm−1 is characteristic of\\OH. The absorption peaks at
2930 cm−1 are associated with the C\\H antisymmetric stretching vi-
bration. The signal peak at 1642 cm−1 is attributed to the O\\H
stretching vibration. The absorption peaks at 1417 cm−1 and 1387
cm−1 can be ascribed to the C\\H bending vibration. The two absorp-
tion bands at 1077 cm−1 and 1040 cm−1 are assigned to the stretching
vibration of the C\\O\\C linkages indicating the characteristic feature of
carbohydrates. The absorption band at 814 cm−1 is suggestive of the
presence of mannose [19].

3.3. Partial acid hydrolysis

CSL-0.1 was found to be composed of Man, Rha, Glc, and Gal based
on the monosaccharide composition. However, the monosaccharide
distribution of CSL-0.1 was uncertain and variable. CSL-0.1 was gradu-
ally hydrolyzed using TFA to characterize the distribution of the mono-
saccharides in the molecule. In general, the side chains are easier to
om Usnea longissima. (a) CSL-0.1 was obtained using Q Sepharose Fast Flow column after
lumn and the standard curve of molecular weights. (c) HPLC chromatogram of standard
CSL-0.1.

Image of Fig. 1


Fig. 2. IR spectroscopy of CSL-0.1.
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hydrolyze than the mother chain. The structure of the backbone and
side chains can be elucidated by analyzing the monosaccharide compo-
sition of CSL-0.1 after gradual hydrolysis [20].

The three fractions that were obtained after gradual acid hydrolysis
were named S-1, S-2, and P-2. The monosaccharide composition of
these three products is shown in Table 1. S-1 was found to be mainly
composed of Glc and Gal, indicating that Glc and Gal were the major
constituents of peripheral chains and are sensitive to acid hydrolysis.
After the second hydrolysis with an increased acid concentration, the
Glc and Gal content decreased, while that of Man and Rha increased, in-
dicating themonosaccharide composition of S-2. In P-2, the amounts of
Glc and Galwas reduced to 22.9% and 11.6%, respectively. BothMan and
Rha content increased rapidly. Man was the major constituent of P-2
and accounted for 53.3% of the total sugars, indicating that it wasmainly
distributed in themother chain. Rhawas also located in the backbone to
a lesser extent, whereas Glc and Gal were mainly present in the side
chains [21].
3.4. Methylation analysis

CSL-0.1 and P-2 were permethylated, hydrolyzed, reduced, and fi-
nally acetylated for GC–MS to determine the linkage information of
the polysaccharides. The linkage patterns of CSL-0.1 and its core struc-
ture P-2 are shown in Table 2. CSL-0.1 predominantly contained ten dif-
ferent glycosidic linkages; the Gal part of CSL-0.1 contained terminal
Galf, 1,6-linked Galf, the MS spectrum of which were typical and very
different from any of Galp linkages; the linkages of Glc included 1,3-
linked Glcp and 1,4-linked Glcp; the Man in CSL-0.1 was composed of
1,2-linked Manp, 1,6-linked Manp, 1,2,6-linked Manp, and 1,3,6-linked
Manp. All the Rha sugars in CSL-0.1 had 1,2,3-linked Rhap linkages.
1,2-linked Rhap, 1,6-linked Manp, and 1,2,6-linked Manp constituted
the primary composition of P-2, compared to Gal and Glc. The ratio of
1,2-linked Rhap, 1,6-linked Manp, and 1,2,6-linked Manp in P-2 was
higher than that in CSL-0.1, which proves that 1,2,3-linked Rhap, 1,6-
linked Manp, and 1,2,6-linked Manp were the primary linkages in the
CSL-0.1 backbone. The increased distribution of 1,2-linked Rhap in P-2
indicated that side chains of CSL-0.1 were linked to the O-3 position of
Rha. The distribution of the glycosidic bond patterns in the side chains
consisted of terminal β-Galf, 1,6-linked Galf, 1,3-linked Glcp, and 1,4-
linked Glcp.
Table 1
Monosaccharide composition of CSL-0.1, S-1, S-2, and P-2.

Sample Monosaccharide composition (% m/m)

Man Rha Glc Gal

CSL-0.1 29.3 2.9 25.9 41.9
S-1 7.8 0.9 52.6 38.7
S-2 34.3 9.5 42.2 14
P-2 53.3 12.2 22.9 11.6
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3.5. NMR spectroscopy

NMR was used to characterize CSL-0.1. In 1H NMR (Fig. 3a) com-
bined with 2D-NMR (COSY, HSQC, HMBC, NOESY, and TOCSY spectra),
a peak at 5.27 ppm was observed as two overlapped anomeric protons,
which are labeledA1 andA2. In addition, seven dominant anomeric pro-
ton signals were observed at 5.21, 5.07, 5.05, 5.00, 4.89, 4.82, and 4.28
ppm, which were designated as residues B, C, D, E, F, G, and H, respec-
tively. In the 13C NMR spectrum (Fig. 3b), the anomeric carbons at
99.9, 101.33, 99.47, 98.1, 107.1, 101.35, 107.99, 100.2, and 103.16 ppm
were attributed to the residuesA1,A2, B, C,D, E, F,G, andH, respectively,
based on the direct connection of carbons to protons in the HSQC spec-
trum (Fig. 3e) [22]. The signals at 107.1 and 107.99 ppmwere attributed
to the anomeric carbons of the β-galactofuranose units based on their
extraordinary low-field resonances.

For residue A1, the anomeric proton signal and its correlating
anomeric carbon signal appeared at δ 5.27/99.9. The signals of the
other protons, H2, H3, H4, and H5, were identified as 3.55, 4.0, 3.69,
and 3.98 ppm, respectively, based on the COSY (Fig. 3c) and TOCSY
spectra (Fig. 3d). The corresponding carbons peaks at 71.7, 79.77, 71,
and 73.2 ppm were assigned to C2, C3, C4, and C5, respectively [23],
based on the C\\H coupling seen in the HSQC spectrum. In general,
most of the α-anomeric signals occur in the 5–6 ppm range while the
β-anomeric proton was at 4–5 ppm regions [24]. Based on the results
from the methylation analysis and reported literature, the downfield
shift of C3 at 79.77 ppm suggested that residue A1 was a (1 → 3)-α-D-
Glcp [25]. Similarly, the residues A2-H were determined to be (1 →
2,3)-α-L-Rhap [26], (1 → 4)-α-D-Glcp [27], (1 → 2,6)-α-D-Manp,
terminal β-D-Galf [26], (1 → 2)-α-D-Manp, (1 → 6)-α-D-Galf, (1 → 6)-
α-D-Manp [28] and (1 → 4)-β-D-Glcp [23], respectively. Based on
these results, the assignment of residues is summarized in Table 3.

The sequence of the linkage of the glycosidic residues was further
deduced based on the HMBC (Fig. 3f) and NOESY spectra (Fig. 3g). In
the HMBC spectrum, the H1 of residue Cwas related to C6 of residue
G, which indicated that the (1 → 2,6)-α-D-Manp residue was linked
to the O-6 position of (1 → 6)-α-D-Manp. The NOESY spectrum indi-
cated that the H1 of residue Ewas related to H2 of residue C suggest-
ing that (1→ 2)-α-D-Manpwas connected to the O-2 position of (1→
2,6)-α-D-Manp. These findings suggested that the Man of the poly-
saccharide could have a backbone consisting of (1 → 6)-α-D-Manp,
in which the branch points were at the O-2 position and substituted
by (1→ 2)-α-D-Manp as the side chains [29]. The HMBC spectrum re-
vealed that the H1 of residue A1 was correlated with C4 of residue B,
suggesting that the residue (1→ 3)-α-D-Glcpwas linked to the O-4 of
residue (1 → 4)-α-D-Glcp, and the existence of the faction, [3)-α-
Glcp(1 → 4)-α-Glcp(1→]. Based on the NOESY spectrum, it was de-
duced that H1 of residues D and F corresponded to H4 of residue B,
suggesting that the terminal β-D-Galf(1 → and (1 → 6)-α-D-Galf
were also linked to the O-4 of residue (1 → 4)-α-D-Glcp. Further-
more, based on the NOESY spectrum, residue F correlated with the
H3 of residue A2, suggesting that (1 → 6)-α-D-Galf was linked at
the O-3 of residue (1 → 2,3)-α-L-Rhap. These findings, along
with the results from the partial acid hydrolysis and methylation
analysis, revealed that CSL-0.1 is likely a branched neutral
heteropolysaccharide. It has a core structure with a (1 → 6)-α-D-
Manp backbone and 60% of the residues in the backbone branched
mainly at the O-2 position. (1 → 2)-α-L-Rhap could also be located
in the backbone. The side chains were composed of (1 → 2)-α-D-
Manp and (1 → 4)-α-D-Glcp. (1 → 3)-α-D-Glcp and terminal β-D-
Galf(1 → and (1 → 6)-α-D-Galf, which were located at the end of
the Man core were mostly linked to (1 → 4)-α-D-Glcp. Some of the
(1 → 6)-α-D-Galf residues could be linked to the O-3 of residue (1
→ 2)-α-L-Rhap. Based on these analyses, a likely primary structure
for CSL-0.1 was proposed (Fig. 4).

Lichens have been used asmedicine and animal food for decades and
their polysaccharide content is correlated to their beneficial effects to

Image of Fig. 2


Table 2
GC–MS analysis of CSL-0.1 and P-2.

Methylation product Linkage type Main MS (m/z) Molar ratio (100%)

CSL-0.1 P-2

1,2,5-Ac3-3,4-Me3-D-Rha →2)Rhap(1→ 131, 189 – 12.1
1,2,3,5-Ac4-4-Me2-D-Rha →2,3)Rhap(1→ 127, 131, 261 3 –
1,3,5-Ac3-2,4,6-Me3-D-Glc →3)Glcp(1→ 101, 117, 129, 161, 233 15.6 7.4
1,4,6-Ac2-2,3,5-Me4-D-Gal →6)Galf(1→ 101,117, 127, 233 1.4 –
1,4-Ac2-2,3,5,6-Me4-D-Gal Galf(1→ 101, 117, 161, 205, 277 40.1 6.6
1,4,5-Ac3-2,3,6-Me3-D-Glc →4)Glcp(1→ 101, 113, 117, 131, 161, 173, 233 10.5 22
1,2,5-Ac3-3,4,6-Me3-D-Man →2)Manp(1→ 129, 161, 189 4.4 –
1,5,6-Ac3-2,3,4-Me3-D-Man →6)Manp(1→ 101, 117, 129, 161, 189 10.5 26.9
1,3,5,6-Ac4-2,4-Me2-D-Man →3,6)Manp(1→ 117, 129, 189, 233 1.9 –
1,2,5,6-Ac4-3,4-Me2-D-Man →2,6)Manp(1→ 129, 189 12.6 25
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some extent. Among the identified lichens, the polysaccharides and
chemicals constituents of about 100 species have been studied [30].
Three classes of polysaccharides are found in lichens, namely, β-
glucans, α-glucans (linear or lightly substituted), and galactomannans
(branched). The galactoglucomannans isolated from the mycobiont of
Parmotrema species comprise (1 → 6)-α-D-Manp units as the main
chain, which are preferentially substituted at the O-2 by the side chains
containing a nonreducing end, 2-O- and 6-O-substitutedα-Manp units.
The galactomannan fractions from the lichen, Roccella decipiens, have a
similar α-D-Manp core structure, but with side chains containing
terminal-, 5-O-, 6-O-, and 5,6-di-O-substituted β-D-Galf units. The
heteropolysaccharide, xylorhamnogalactofuranan, isolated from
Cladina confuse consists of (1 → 3)-linked galactofuranosyl units with
side chains of 5-O- and 6-O-substituted Galf units, as well 2-O-, 3-O-,
and 2,3-di-O-substituted Rhap. A glucanwithα-(1→ 3) (1→ 4) linkage
has also been found in Evernia prunastri [31]. CSL-0.1 that was isolated
in our studywas found to have the combined characteristics of the poly-
saccharides described above. First, it shows a core mannan structure
with (1→ 6)-linked α-Manp units as the main chain as the mycobiont
of Parmotrema species. It shows the presence of terminal and 6-O-
substituted β-D-Galf units in the side chain, which is similar to the
galactomannan present in Roccella decipiens. 2-O- and 2,3-di-O-
substituted Rhap have also been reported to be present in the
xylorhamnogalactofuranan of Cladina confuse. Although CSL-0.1 has no
α-(1 → 3) (1 → 4) linked glucan in the main chain, it shows the pres-
ence of this component in the side chain. Thus, we can infer that the
polysaccharide in U. longissima is a typical lichen polysaccharide.
3.6. Immunostimulating effects of CSL-0.1

Many lichens are known to have immunostimulating, antitumor,
and antioxidant properties, which can mostly be attributed to the poly-
saccharides [32]. A study on the immunostimulating activities of an
aqueous extract of Cetraria islandica indicates its ability to upregulate
IL-10 secretion. Interestingly, only the polysaccharides among the sec-
ondary metabolites in the extract had anti-inflammatory effects [33].
It has been reported that a β-galactofuranose-containing polysaccha-
ride isolated from the lichen, Ramalina gracilis, has in vitro cell eliciting
activity on peritoneal macrophage [30]. A study on four lichen polysac-
charides (three heteroglycans and a galactofuranorhamnan) from
Thamnolia showed an immunostimulating effect on the human immune
system [34]. In particular, the unusual galactofuranorhamnanwas likely
responsible for the immunostimulating activity.

As a medicinal lichen, U. longissima has been reported to have
immunostimulating activity; however, the specific component respon-
sible for activity has not been reported. Therefore, we conducted an
in vivo study using a mouse model to determine if CSL-0.1 isolated
from our study had immunostimulating effects.
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3.6.1. Effect of CSL-0.1 on the spleen and thymus indices
Spleen and thymus are important immune organs. Their volume and

weight decrease with a decline in immune function; therefore, these
organ indices can reflect immune function and prognoses. An obvious
decrease in the spleen and thymus indices were observed in the
model group compared to that in the normal control group, indicating
that CP weakened the immune system in mice (Fig. 5). Treatment
with CSL-0.1 increased the spleen and thymus indices in a dose-
dependent manner, relative to the MC group (p < 0.05), indicating
that CSL-0.1 could alleviate the CP-induced shrinkage of immune or-
gans. Especially for the high dose group with CSL-0.1 (CSL-H), the
spleen and thymus indices increased by 35% and 50% compared to the
MC group.

3.6.2. Effect of CSL-0.1 on cytokine and Sig A levels
Cytokines are low-molecular-proteins secreted by the monocyte-

macrophages and lymphocytes and can regulate the immune system.
IL-2, IL-4, IL-10, IFN-γ, TNF-α are important cytokines that play a crucial
role in immunoregulation. In this study, we determined the changes in
IL-2, IL-4, IL-10, IFN-γ, TNF-α levels in mice (Fig. 6a–e). Our findings
showed that the expression of these cytokineswas significantly reduced
by CP; however, the changes were considerably reversed after CSL-0.1
treatment and levamisole administration. These results indicated that
CP treatment for three consecutive days destroyed the immune balance.
Treatmentwith CSL-0.1 increased the expression of IL-2, IL-4, IL-10, and
IFN-γ in a dose-dependentmanner (increased by 20%–30% compared to
the MC group). For the cytokine TNF-α, mice treated with CSL-0.1
showed an increase in TNF-α level compared to those in the CP group.
However, a decreasing trend was observed in the expression of TNF-α
with increasing CSL-0.1 concentrations. It meant CSL-0.1 could
remarkely increase the expression of TNF-α in a lower dose. Collec-
tively, these results indicated that CSL-0.1 could promote the secretion
of these cytokines, resulting in a reduction in the severity of immuno-
suppression [35].

The immune system functions based on complex cell-cell communi-
cation. T helper cells (Th1 and Th2) can lead to different functional
properties because of different patterns of lymphokine secretion. Th1
promote the secretion of IL-2, TNF-α, and IFN-γ, whereas IL-4 and IL-
10 release is governed by Th2; therefore, studying only the expression
of single Th1 or Th2 cytokines may be insufficient. To further study im-
munoregulation based on the dynamic balance and mutual adjustment
of Th1 and Th2, the following formula was selected as a reference of
Th1/Th2 balance to analyze the immunoregulatory effect of CSL-0.1
[18].

Th1=Th2 ¼ IFN−γþ TNF−αþ IL−2ð Þ= IL−4þ IL−10ð Þ

The Th1/Th2 ratio in the group with CP-injected mice was signifi-
cantly increased compared to those in the NC group (Table 4). The
Th1/Th2 ratio in the PC group was decreased to normal level. The



Fig. 3. NMR spectrum of CSL-0.1. (a) 1H NMR spectrum; (b) 13C NMR spectrum; (c) 1H\\1H COSY spectrum in the anomeric region (residues A1-H); (d) 1H\\1H TOCSY spectrum of the
anomeric residues; (e) HSQC spectrum of CSL-0.1; (f) 1H\\13C HMBC spectrum in the anomeric region; (g) 1H\\1H NOESY spectrum of the anomeric residues.
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Table 3
1H and 13C NMR chemical shifts (δ) for the residues A1-H of CSL-0.1.

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

A1

→3)-α-D-Glcp(1→
5.27 3.55 4 3.69 3.98 – C4 of B

99.9 71.7 79.77 71 73.2 –
A2

→2,3)-α-L-Rhap(1→
5.25 4.15 3.98 3.66 3.64 1.15

101.33 79.38 81.32 72.45 74.55 16.6
B
→4)-α-D-Glcp(1→

5.21 3.46 3.89 3.55 3.9 3.7
99.47 71.57 73.35 76.84 71.48 60.9

C
→2,6)-α-D-Manp(1→

5.07 3.87 3.8 3.68 3.75 3.55, 3.84 C6 of G
98.1 79.66 70.34 66.54 72.34 65.47

D
β-D-Galf(1→

5.05 4.14 4.05 3.88 3.76 3.54 H4 of B
107.1 80 81 82.12 82.29 62.84

E
→2)-α-D-Manp(1→

5 3.71 3.99 3.69 3.81 3.68 H2 of C
101.35 79.55 70.26 69.11 70.02 60.69

F
→6)-α-D-Galf(1→

4.89 3.99 3.9 3.6 3.51 3.78 H4 of B
H3 of A2107.99 81.52 83 72 69.7 69

G
→6)-α-D-Manp(1→

4.82 3.8 3.66 3.74 3.71 3.75, 3.85
100.2 70.14 70.88 72.1 66.52 68.85

H
→4)-β-D-Glcp(1→

4.28 3.4 3.5 3.8 3.61 3.68
103.16 71.3 71.69 76 – –
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CSL-treatment groups also showed the downregulation of Th1/Th2 in a
dose-dependent manner. For CSL-H, it almostly had the same effect as
PC group to decrease the Th1/Th2 ratio to normal level. Moreover, our
results indicated that CSL-0.1 exerted its immunostimulating effects
by reversing the Th1/Th2-related cytokine imbalance induced by CP
treatment. CSL-0.1 effectively enhanced intestinal immunity and regu-
lated the Th1/Th2 balance.

Sig A is the main antibody on the surface of human mucosa that
plays a crucial role in intestinal immunity. Sig A levels were 30% lower
in CP-treated mice compared to those in the NC group (Fig. 6f). This
change was alleviated after levamisole administration, as observed in
the PC group. A significant increase in Sig A level was observed in the
CSL treatment groups in a dose-dependent manner (about 20% in-
crease), indicating that CSL-0.1 could promote Sig A secretion and im-
prove intestinal immunity [36].

3.6.3. Effect of CSL on antioxidant enzymes in the liver and intestine
Oxidative damage is caused by the excessive generation of free rad-

icals and loss of antioxidant defense. SOD, GSH-Px, and CAT, as endoge-
nous antioxidant enzymes, play a vital role in antioxidant defense. MDA
is released during lipid peroxidation and is often used as an indicator of
antioxidant activity [37].

To determine the effect of CSL-0.1 on the antioxidant enzymes, first,
the activities of T-AOC, SOD, MDA, GSH-Px, and CAT in the liver and in-
testine were measured. CP injection in mice caused a remarkable de-
crease in the levels of T-AOC, SOD, GSH-Px, and CAT and an increase in
MDA levels. After the mice were treated with CSL-0.1, the T-AOC, SOD,
GSH-Px, and CAT levels in both the intestine (Fig. 7) and liver (Fig. 8)
Fig. 4. Proposed stru
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clearly increased by 20%–50%, while the level of MDA decreased to the
same as the NC group at high dose group CSL-H.

It is widely known that the excessive reactive oxygen species (ROS)
or reactive nitrogen species (RNS) induced oxidative stress will cause
significant damage to cell structure and biomolecular function, directly
or indirectly leading to a number of diseases [38]. 4-Hydroperoxy cyclo-
phosphamide is the active metabolite form of the prodrug Cyclophos-
phamide. It crosslinks DNA and induces T cell apoptosis independent
of death receptor activation, but activates mitochondrial death path-
ways through production of ROS, which has the potential for lympho-
mas and autoimmune disorders [39]. Accumulating evidence strongly
suggests that oxidative stress is related to immune system dysfunction
[40] and it is an important causative factor for immunodeficiency [41].
Polysaccharides are considered as effective free radical scavenger, re-
ducing agent. They could reduce ROS directly or affect antioxidant en-
zymes. Thus, antioxidant polysaccharides are used to balance the
oxidation condition of the body to reduce the toxicity of 4-
Hydroperoxy cyclophosphamide. Immunostimulating polysaccharides
play an important role in modulating the immune responses, of which
the crosstalk between different immune cells results in the potentiation
of cytokines and antibody production [42]. They can potentially modu-
late the host immune system to relieve the side reaction of Cyclophos-
phamide. Our results showed that CSL-0.1 possessed excellent
antioxidant activities and immunostimulating effect, which could po-
tentially be applied for the modulation of the host immune system.
The internal relations between antioxidant activities and
immunostimulating effect of CSL-0.1 may be partly due to the scaveng-
ing of the oxygen free radicals.
cture of CSL-0.1.

Image of Fig. 4


Fig. 5. Spleen and thymus indices after treatmentwith CP, levamisole, and CSL-0.1. (a) spleen index; (b) thymus index. The values are presented asmean± SD, n-6. Significant differences
with the NC group: *p < 0.05 and **p < 0.01; Significant differences with the MC group: #p < 0.05 and ##p < 0.01.

Fig. 6. Effect of CSL-0.1 on the secretion of immune factors in mice. (a) IL-2; (b) IL-4; (c) IL-10; (d) TNF-α; (e) IFN-γ; (f) Sig A. The values are presented as mean ± SD, n-6. Significant
differences with the NC group: *p < 0.05 and **p < 0.01; Significant differences with the MC group: #p < 0.05 and ##p < 0.01.
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Table 4
Effect of CSL-0.1 on Th1/Th2 in CP-treated mice.

Treatment NC MC PC CSL-L CSL-M CSL-H

Th1/Th2 3.11 ± 0.13 3.42⁎±0.08 3.18# ± 0.14 3.41⁎±0.16 3.29# ± 0.25 3.19# ± 0.09

⁎ p < 0.05 vs. control group.
# p < 0.05 vs. model group.
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4. Conclusions

In this study, we isolated a polysaccharide, CSL-0.1, from the lichen,
Usnea longissima. CSL-0.1was composed ofMan, Rha, Glc, and Gal in the
ratio of 3.5:0.35:3.1:5 and had a molecular weight of 7.86 × 104 Da. The
polysaccharide had a core mannan structure with (1 → 6)-α-D-Manp
units as the main chain and was substituted at the O-2 position with
side chains containing (1 → 2)-α-D-Manp residue, the faction, [3)-α-
Glcp(1 → 4)-α-Glcp(1→], a nonreducing end, and 6-O-substituted β-
D-Galf units. 2-O- and 2,3-di-O-substituted Rhap units were also found
to be components of the polysaccharide.
Fig. 7. Effects of CSL-0.1 on the antioxidant enzymes in the intestine of mice. (a) CAT; (b) GSH-
differences with the NC group: *p < 0.05 and **p < 0.01; Significant differences with the MC g
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Based on the spleen and thymus indices, we could infer that CSL-
0.1 alleviates the CP-induced shrinkage of immune organs by en-
hancing the immune function of mice. In addition, CSL-0.1 could re-
store the balance of the immune system via regulating cytokine
secretion. Besides, CSL-0.1 exerts antioxidant effects in the intestine
and liver of immunosuppressed mice. To summarize, our study pro-
vides a basis and serves as a starting point for further research of
U. longissima. The molecular mechanisms of immunostimulating ac-
tivity and the detailed correlation between the structure and activi-
ties of polysaccharides from U. longissima need be determined in
further study.
Px; (c) SOD; (d) MDA; (e) T-AOC. The values are presented as mean± SD, n-6. Significant
roup: #p < 0.05 and ##p < 0.01.

Image of Fig. 7


Fig. 8. Effects of CSL-0.1 on the antioxidant enzymes in the liver of mice. (a) CAT; (b) GSH-Px; (c) SOD; (d) MDA; (e) T-AOC. The values are presented as mean ± SD, n-6. Significant
differences with the NC group: *p < 0.05 and **p < 0.01; Significant differences with the MC group: #p < 0.05 and ##p < 0.01.
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