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The structure-bioactivity relationship of Tremella fuciformis polysaccharides (TFPs) in anti-aging in vivo is rarely reported. In
the present study, a purified TFP, named HM, mainly composed of mannose, fucose, xylose, and glucose in a molar ratio
of 4.14:0.98:0.81:0.62, was obtained from the fruiting body of T. fuciformis. Subsequently, two differentially degraded TFPs,
named MM and LM, respectively, were prepared by a combined method of ultrasonic irradiation (US) and H,O, treatment.
Their structural properties, scavenging activities against free radicals in vitro, and anti-aging effects on p-galactose-induced
aging of mice were determined. The average molecular weight of HM, MM, and LM was 58.3x10°, 4.68x10% and 3.14x10° Da,
respectively. All three TFPs were devoid of triple helix conformation and exhibited concentration- and molecular weight-
-dependent scavenging activity against radicals. The TFPs markedly relieved skin aging, effectively attenuated oxidative
stress, and significantly decreased inflammation in p-galactose-induced aging mice. MM exhibited the best anti-aging effect
among the TFPs. Additionally, TFPs partially restored the alterations in pH and the total content of short-chain fatty acids
(SCFAs) in the colon but exhibited various impacts on the content of the individual SCFAs. These findings would provide
rational guidance for a better application of TFPs in anti-aging foods and expand our understanding of the structure-function
relationship of mushroom polysaccharides.

Key words: mushroom, polysaccharide purification, anti-oxidant activity, anti-aging activity, structure-function relationship,
anti-oxidant enzyme

INTRODUCTION

Mushrooms have been a part of human diet for centuries
and have been proven to confer a number of benefits against
human diseases, such as cancer, infection, atherosclerosis, dia-
betes, neurodegenerative conditions, etc., in addition to their
nutritional and culinary values [Venturella et al,, 2021]. Polysac-
charides in mushrooms are considered the main active compo-
nents responsible for their health-promoting benefits [Huang &
Nie, 2015]. Numerous studies have documented the structural
properties of polysaccharides, such as monosaccharide com-
position, molecular weight, and conformation, to be closely

associated with their bioactivities [Ferreira et al, 2015]. For ex-
ample, the anti-tumor activity of B-glucan derived from Lenti-
nula edodes strongly depends on its triple-helical conformation
[Zhangetal, 2005]. Degraded polysaccharides from Ganoderma
lucidum with a lower molecular weight (13.6 kDa) have higher
hypolipidemic and antioxidant activities in high-fat diet-induced
obese mice than the original polysaccharides (3,060 kDa) [Xu
etal,2019].Thus, exploring the structure-bioactivity relationship
of mushroom polysaccharides contributes to a better develop-
ment and application of polysaccharides for the prevention and/
or management of human diseases.
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Tremella fuciformis, commonly named snow ear, has been
consumed as food and used in traditional Chinese medicine for
hundreds of years for its nutritional and health beneficial value
[Wuetal, 2019]. T. fuciformis polysaccharides (TFPs) exhibit a va-
riety of bioactivities, including anti-tumor and immune modula-
tion, anti-oxidation and anti-aging, hypoglycemic and hypocho-
lesterolemic effects, neuroprotection, etc. [Wu et al,, 2019; Yang
etal,2019]. TFPs not only reduce the levels of free radicals in vitro
[Ge et al, 2020; Li et al,, 2020], but also show protective effects
of antioxidant enzymes in aging animal models in vivo [Zhang
etal, 2014], indicating their great potential in the management
of oxidative stress-induced health problems. To date, many dif-
ferent structures of TFPs have been reported, which vary greatly
depending on the sources, extraction methods, and purification
processes [Wu et al, 2019]. For instance, the molecular weight
of TFPs reported in different studies ranges from 1.08x10°to
3.74x10°Da [Wuetal, 2019; Yang et al., 2019]. Previous research
indicated that TFPs with a low molecular weight showed high
anti-oxidant activity in vitro [Li et al., 2020]. However, the in vitro
model cannot simulate the internal conditions within cells [Hein-
rich et al, 2020]. Considering the great differences in the bio-
chemical circumstances between in vitro assays and within cells
in an organism, it is necessary to investigate the relationship
between the structure and bioactivity of TFPs from the view
of mammalian model to promote a better application of TFPs
in functional foods and nutraceuticals.

Inthe present study, to better focus our attention on the effect
of T fuciformis polysaccharides with different molecular weights
on anti-aging activities in vivo, a high-molecular-weight TFP was
first obtained from the fruiting body of T. fuciformis. Then, two
differentially degraded TFPs were prepared from the above TFP
using a combined method of ultrasonic irradiation (US) and H,O,
treatments. Subsequently, the structural properties of the three
TFPs and their anti-oxidant activities against 1,1-diphenyl-2-pic-
rylhydrazyl (DPPH) radical, hydroxyl radical, and superoxide anion
radical in vitro were examined. Finally, p-galactose-aged mice
were used to assess their anti-aging effects in vivo by measuring
the content of hydroxyproline and hyaluronic acid in the skin;
the activity of glutathione peroxidase (GSH-Px) and superoxide
dismutase (SOD); the content of malondialdehyde (MDA) in se-
rum, liver,and heart; the level of interleukin 13 (IL.-1(3) and tumor
necrosis factor a (TNF-a) in serum; and the alteration in pH
and production of short-chain fatty acids (SCFAs) in the gastro-
intestinal tract.

MATERIAL AND METHODS

= TFPs extraction and purification

Dried T. fuciformis fruiting bodies were purchased from a local
agricultural market in Gutian, Fujian province, China. They were
dried by heat air in an electrically-heated oven under normal
pressure. First, the T. fuciformis fruiting bodies were crushed
and sifted through 40 mesh for use. TFPs were extracted using
boiling tap water (1:60, w/v) for 6 h. The extract solution was
then centrifuged (3,000xg, 5 min) and the supernatant was
concentrated to a quarter of the original weight under vacuum
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at 70°C. Subsequently, deproteination was performed by ad-
justing the solution pH to pH 4.0 with citric acid and kept at 4°C
for 4 days to enable the complete precipitation of the proteins
by the isoelectric precipitation method [Oliveira et al., 1999].
The supernatant was collected and three equivalent volumes
of 95% ethanol were added to precipitate polysaccharides
at 4°C overnight. The precipitate was collected by centrifu-
gation (5,000xg, 5 min) and re-dissolved in distilled water
(0.2 g/100 g). Ultra-filtration of the solution with a 50 nm
pore size membrane was performed using an ultrafiltration
system LDS-L1 (AITESEN Co., Ltd, Suzhou, China). The retained
fluid was collected and dialyzed using a dialysis bag (cut-off
of 3,000 Da) against distilled water for 4 days. The dialysis
solution was freeze-dried to obtain white TFPs powder. No
apparent absorption was observed at 260 and 280 nm by
ultraviolet scanning (data not shown), suggesting the absence
of protein and nucleic acid in the TFPs.

=  Preparation of differentially degraded TFPs

Degraded TFPs were prepared by a combined method of US
and H,0, treatment [Li et al, 2020] with slight modifications.
Briefly, the original TFPs was dissolved in distilled water to ob-
taina 0.2 g/100 g solution. H,O, solution was added to the TFPs
solution with a final concentration of 0.5 g/100 g. The degrada-
tion processes were then conducted in an ultrasonic processor
(KQ-250DE, Kunshan Ultrasonic Instrument Co., Ltd, Kunshan,
China) by setting the amplitude of 50% on the controller panel.
The degradation degree of TFPs was determined by measuring
the viscosity of the TFPs solution with a viscometer (DV2T, Brook-
field, Middleboro, MA, USA) at 25+0.5°C. The viscosity of the orig-
inal TFPs solution was 106.7 mPaxs. The viscosity of the mod-
erately degraded TFPs solution and the highly degraded TFPs
solutionwas 22.4 and 5.7 mPaxs, respectively. The degraded TFPs
were obtained by dialysis (cut-off of 1,000 Da) and lyophilization.
The original TFPs with high molecular weight, moderately de-
graded TFPs, and highly degraded TFPs were named HM, MM,
and LM, respectively.

B Structure characterization
B Carbohydrate contentand monosaccharide composition
analysis

The carbohydrate content of all samples was detected by phe-
nol sulfuric acid analysis with mannose as a standard [Liu et al.,
2019]. The monosaccharide composition of HM was detected
according to a previous method [Huang et al, 2011] with slight
modifications. In brief, 10 mg HM was dissolved with 4 mL of 2 M
trifluoroacetic acid in a glass tube, sealed, and hydrolyzed at
121°C for 4 h. Acetylation was performed with 10 mg hydrox-
ylamine hydrochloride and 0.5 mL pyridine for 30 min at 90°C,
and next the mixture was cooled to room temperature. Then,
1 mL of acetic anhydride was added to the solution and reacted
at 90°C for 30 min to obtain alditol acetate derivative. The aldi-
tol acetate derivative was analyzed using a 6890N Agilent gas
chromatograph (Agilent, Santa Clara, CA, USA) with a DB-1701
capillary column (30 mx0.25 mm, Agilent). The chromatography
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conditions were as follows: nitrogen flow rate: T mL/min; inlet
temperature: 250°C; evaporation chamber temperature: 250°C;
detector temperature: 300°C; injection volume: 1 pL; split ratio:
20:1. Glucose, fucose, mannose, galactose, arabinose, xylose, glu-
curonic acid, rhamnose were chosen as standards (Sigma-Aldrich,
Saint Louis, MO, USA).

®  Nuclear magnetic resonance (NMR) and Fourier transform
infrared spectroscopy (FT-IR) analysis

Thirty mg of HM sample were dissolved in 1.5 mL 99% D,O
and then lyophilized. This process was repeated two times. The ly-
ophilized HM was dissolved with 0.8 mL of D,O, and transferred
to an NMR tube. 'H and "*C NMR spectra were obtained on
a Bruker AVANCE Il HD 600 NMR spectrometer (Bruker, Billerica,
MA, USA). FT-IR spectra of the TFPs samples were measured
in the range of 4,000-400 cm™" by KBr-disk method using an FT-IR
spectrometer (Nicolet 1S50-Nicolet Continuum, Thermo Fisher
Scientific, Waltham, MA, USA) [Li et al., 2020]. OMNIC software
(Thermo Fisher Scientific) was used for spectroscopy analysis.

B Molecular weight analysis

The molecular weight distribution was determined by high-per-
formance gel permeation chromatography (HPGPC) analysis [Liu
etal, 2019]. In brief, TFPs were dissolved to 2 mg/mL in mobile
phase (0.02 M KH,PO, solution, pH 6), then the TFP solutions
were filtered through a 045 um membrane filter, followed by
injection into an HPGPC system (Ultimate 3000, Thermo Fisher
Scientific) equipped with Ultrahydrogel 1000 (7.8x300 mm)
and Ultrahydrogel 500 (7.8x300 mm) columns (Thermo Fisher
Scientific). The flow rate was 0.8 mL/min. A calibration curve
was plotted by measuring a series of dextran standards. Each
run was recorded for 35 min. Additionally, the conformational
characteristic of TFPs in solution was measured using the Congo
red approach reported previously [Lee et al, 2009]. Yeast 3-glucan
(Tokyo Chemical Industry Co,, Ltd, Tokyo, Japan) was chosen as
a positive control.

= Anti-oxidation activity analysis in vitro

®  Determination of DPPH radical scavenging activity
DPPH radical (DPPH") scavenging activity of TFPs was deter-
mined according to the previous method [Ye et al, 2012] with
slight modifications. Briefly, 2.0 mL of the TFP solution (150
and 300 pg/mlL, respectively) were mixed with 2.0 mL of DPPH*
(Sigma-Aldrich) dissolved in ethanol (0.02 mg/mL). Subsequently,
the mixture was kept in a lucifugal cabinet at room temperature
for 30 min. The absorbance of supernatant was measured at
517 nm using an ultraviolet-visible (UV-Vis) spectrophotometer
(752N, Shanghai Jingke Scientific Instrument Co,, Ltd, Shanghai,
China) after centrifugation at 5,000xg for 10 min. Ascorbic acid
(AA) was chosen as a positive control. The absorbance of the mix-
ture was measured in triplicate and the test of DPPH" scavenging
activity was repeated three times. The DPPH" scavenging activity
was calculated using Equation (1).

A-A

—T)XWO

DPPH® scavenging activity (%) = (1 )
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where: A; is the absorbance of the solution containing TFPs
and DPPH"; A, is the absorbance of the solution containing TFPs
and ethanol;and Ay is the absorbance of the solution containing
only deionized water and DPPH".

B Determination of hydroxyl radical scavenging activity
The hydroxyl radical (‘OH) scavenging activity was measured
by the previously reported method [Liu et al, 2009] with slight
modification. Briefly, the hydroxyl radical was produced by mix-
ing 0.4 mL of 0.2 M sodium phosphate buffer (pH 7.4), 0.6 mL
of 5mM 1,10-phenanthroline, 0.6 mL of 5 mM FeSO,, and 0.8 mL
of H,0,(0.1 /100 g). After adding 0.6 mL of the TFPs solution (150
and 300 pg/mL, respectively) or deionized water, the mixture was
incubated at 37°C for 60 min. The absorbance was determined
at 536 nm using a 752N UV-Vis spectrophotometer (Shanghai
Jingke Scientific Instrument Co,, Ltd) in triplicate. The *OH scav-
enging activity was calculated according to Equation (2).

*OH scavenging activity (%) = (AS—X?‘m) x 100 @

~Msample
where: A'is the absorbance of the deionized water instead
of H,0,; Acmple IS the absorbance of TFPs solution, and A is
the absorbance of the deionized solution instead of TFPs solution.
AA was used as a positive control. Test was repeated three times.

®  Determination of superoxide anion radical scavenging
activity

The superoxide anion radical (O,™) scavenging activity was
determined following the previously described method [Cao
et al, 2007] with some modifications. Briefly, 3.0 mL of the TFPs
solution (150 and 300 pg/mL, respectively) or dejonized water
as a blank were added to 3.0 mL of 0.05 M Tris-HCI buffer (pH
8.2). The mixture was shaken thoroughly and incubated at 25°C
for 20 min. Then, 100 uL of 5 mM pyrogallol (1,2,3-trihydroxy-
benzene) were added to the mixture and incubated at 25°C for
5 min. The absorbance was recorded at 325 nm using a 752N
UV-Vis spectrophotometer (Shanghai Jingke Scientific Instru-
ment Co,, Ltd). Test was repeated three times. AA was chosen
as a positive control. The O, scavenging activity was estimated
using Equation (3).

_ Asamg\e) % 100
blank

0, scavenging activity (%) = (1 3)
where: Agmple is the absorbance of the TFP solution, and Apjsnk is
the absorbance of deionized water.

= Invivo experiment

B  Animal and experiment procedure
Specific-pathogen-free (SPF) grade 4-week-old male Kunming
mice (body weight, BW, 18+2 g) were purchased from Guang-
dong Medical Experimental Animal Center and raised in the Lab-
oratory Animals Center at Guangzhou University of Chinese
Medicine, Guangzhou, China. The animals were kept under SPF
laboratory conditions: the room temperature was kept at 22+2°C
under 60~80% relative humidity with a 12 h light/dark cycle.
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Food and water were freely available to mice. Experimental
procedures were consistent with the Health Guide for the Care
and Use of Laboratory Animals of National Institutes and the Chi-
na legislation concerning the use and care of laboratory animals
and approved by the Ethical Committee of Guangzhou University
of Chinese Medicine. After two weeks of adaption to the SPF
environment, a total of 40 male mice were randomly assigned to
five groups: Normal group, Model group, HM group, MM group,
and LM group. Mice in the Normal group were intraperitoneally
injected daily with physiological saline, while those in other
groups were injected with p-galactose (Macklin Biochemical Co.,
Shanghai, China) at a dosage of 120 mg/kg of body weight (BW)
instead [Zhao et al,, 2019]. Mice in the HM, MM, and LM groups
were additionally administered orally with HM, MM, and LM,
respectively, at a dosage of 100 mg/kg of BW per day. The treat-
ment lasted for eight weeks. During the period of the experiment,
trained and skilled animal technicians undertaken monitoring
observations at least twice daily to minimize the pain in mice.
At the end of the experiment, all mice were fasted for 12 h but
had free access to water and then euthanized. Blood samples
were collected and centrifuged to obtain serum at 5,000xg
for 15 min at 4°C. The liver and heart tissues were immediately
removed and washed with pre-cooled phosphate buffer saline
(PBS) (Gibco, Thermo Fisher Scientific, Grand Island, NY, USA).
A 1x1 cm?dorsal skin was collected from each mouse after hair
removal. The contents of the small intestine and colon were
collected separately on ice. All samples were stored at -80°C
until further analysis within two months.

® Determination of the content of hydroxyproline
and hyaluronic acid in the skin

The skin sample was cut into about 2x2 mm? pieces and then
ground into powder using a mortar under liquid nitrogen. Subse-
quently, the skin sample was treated with acetone-diethyl ether
(1:1,v/V) to remove lipids. After drying, a 20 mg tissue sample was
collected and then the content of hydroxyproline and hyaluronic
acid was determined using a mouse hydroxyproline ELISA kit
and a mouse hyaluronic acid ELISA kit, respectively, according
to the manufacturer’s instructions (Jiangsu Meimian Biotech.,
Yancheng, China).

B Anti-oxidant enzyme activity and MDA content assays
The activities of SOD, GSH-Px, and the level of MDA in serum were
determined using a SOD assay kit (WST-1 method), a GSH-PX
assay kit (colorimetric method), and an MDA assay kit (thiobar-
bituric acid method), respectively, according to the manufac-
turer’sinstructions (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). Additionally, 10% (w/V) liver and heart tissue PBS
homogenates were prepared by tissue grinder (Tissuelyser LT,
QIAGEN, Hilden, Germany), and then supernatants were obtained
by centrifugation (5,000xg for 15 min at 4°C), respectively. After
protein quantification in supernatants by BCA kit (Cowin Bio-
sciences, Beijing, China), the activities of SOD, GSH-Px and the lev-
els of MDA were determined according to the kit manufacturer’s
instructions (Nanjing Jiancheng Bioengineering Institute).
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m  Cytokine concentration assay in serum

The concentration of IL-13 and TNF-a in serum was measured
according to the instructions of mouse IL-1f and TNF-a ELISA
kits (Jiangsu Meimian Biotech.).

B  Measurement of pH and determination of the content
of short-chain fatty acids in the gastrointestinal tract
The samples of the contents of the small intestine and colon were
thawed and then diluted with pure neutral water in a ratio of 1:1
(W/v). The pH of the solution was measured with a pH meter (FE28,
Mettler Toledo, Columbus, OH, USA). SCFAs contents in the small
intestine and colon contents were determined using gas chroma-
tography mass spectrometry (GC-MS) as previously reported [Zhao
et al, 2018] with slight modification. Briefly, 100 mg of intestinal
contents were homogenized with 1.5 mL of phosphate buffer
(pH 7.4) and centrifuged. One mL of supernatant was acidified by
adding 0.5 mL of 50% (v/v) sulfuric acid. Then, organic extraction
was performed by adding 2 mL of diethyl ether, followed by
vortexing and centrifugation at 5,000xg for 5 min. The superna-
tants, after filtering by 0.22 um membrane, were analyzed using
the GC-MS system (GC-2010PLUS, Shimadzu, Kyoto, Japan) with
a DB-FATWAX capillary column (30 mx0.25 mm, Agilent). Acetic,
propionic, isobutyric, n-butyric, isovaleric, and n-valeric acids were
used as standards (Macklin Biochemical Co., Shanghai, China). GC
conditions: initial temperature 120°C maintained for 2 min, then
heating up to 140°C at 5°C/min, held for 3 min, finally enhanced
to 170°C at 10°C/min, kept for 5 min; the detector temperature
was set at 250°C, the split ratio was 25:1, and the flow rate was

1.8 mL/min.

= Statistical analysis

Data were expressed as mean + standard deviation. The statistical
differences between the groups of in vivo experiment were cal-
culated using one-way analysis of variance (ANOVA) with Tukey's
test using SPSS 22.0 (IBM Corp., Armonk, NY, USA). The differences
were considered significant at p<0.05.

RESULTS AND DISCUSSIONS

®  Structure analysis

The carbohydrate content of high molecular weight polysac-
charide (HM) of T. fuciformis fruiting body was 92.5 g/100 g dry
weight. The degraded HM (MM) and highly degraded HM (LM)
contained 93.1 and 93.5 g carbohydrates/100 g dry weight,
respectively. The GC chromatogram of HM after its acid hydro-
lysis is shown in Figure TA. The monosaccharide composition
of HM mainly consisted of mannose, fucose, xylose, and glucose
ina molar ratio of 4.14:0.98:0.81:0.62, which was estimated from
the peak areas. A small amount of glucuronic acid and arabinose
was also found in the HM sample. In the "H NMR spectrum
of HM, the peaks in the range of § 4.3-5.9 ppm (Figure 1 B) were
the chemical shifts of the anomeric hydrogen in the sugar ring
[Agrawal, 1992]. The peaks at & 5.57, 541, 5.20, and 5.13 ppm
demonstrated a-configuration in the polysaccharide mole-
cules, while the peaks at 6 4.53, 4.51, and 4.40 ppm indicat-
ed B-configuration. In the *C NMR spectrum, multiple peaks
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Figure 1. Results of structure analysis of high molecular weight Tremella fuciformis polysaccharide (HM), degraded HM (MM) and highly degraded HM (LM).
(A) Gas chromatography separation of monosaccharides of HM after its hydrolysis; (B) "H NMR spectrum of HM; (C) 3C NMR spectrum of HM; (D) Fourier-transform
infrared spectra of HM, MM, and LM. GIuA, glucuronic acid; Rha, rhamnose; Fuc, fucose; Ara, arabinose; Xyl, xylose; Man, mannose; Gal, galactose; Glu, glucose.

in the range of 95.00-110.00 ppm belonged to anomeric car-
bon signals [Agrawal, 1992], indicating that HM was composed
of several monosaccharides (Figure 1C). Specifically, four peaks at
6102.98(C1),102.03(C1), 100.67(C1),and 97.20(C1) ppm suggest-
ed the presence of four types of monosaccharides in the back-
bone chain of HM [Hu et al,, 2016], which was consistent with
the results of GC-MS.

The FT-IR spectra of the HM, MM and LM samples showed
similar infrared absorption profiles (Figure 1D). Characteristic
peaks of the FT-IR spectra were presented at approximately
3,400; 2,938; 1,606; 1,411; 1,142; 1,064; 915, and 809 cm". Ab-
sorption peaks were observed at 3,400 and 2,938 cm™ due to
the stretching vibration of O-H [Chen et al,, 2020] and C-H [Jeong
etal, 2019], respectively. The peak at 1,606 cm™ is attributed to
the bound water in the samples [Velazquezetal., 2003]. Absorp-
tion bands in the region of 1,200-1,000 cm™ are typical for poly-
saccharide molecules due to the stretching vibration of C-O, C-C,
and the angular vibration of C-O-H [Barker et al,, 1954]. The peak
at 915 cm'indicates the presence of b-glucopyranosy! [Zhang
et al, 2013], and the peak at 809 cm™ suggests the presence
of a-p-mannopyranose in molecules [Wang et al, 2015; Zhang
etal, 2013]. These results indicated that US/H,O, treatment did
not affect the major functional groups of TFPs.

In the HPGPC chromatograms of HM, MM and LM
(Figure 2A-C), the large peak before the retention time of 20 min
belongs to TFPs, and the small peak after 25 min is attributed to

167

the used solvent. HM exhibited a narrow peak, while both MM
and LM showed wide peaks, suggesting that US/H,O, treatment
reduced the uniformity of polysaccharide molecules. The re-
tention time of the peak for HM, MM, and LM was 13.26, 14.59,
and 18.91 min, respectively, corresponding to a molecular weight
of 58.3x10°, 468x10° and 3.14x10° Da, elucidating a gradual
approximately 10-fold reduction in the average molecular weight
for the three TFPs. Further, the conformation was measured by
Congo red method. The maximum absorption wavelength (\a,)
of all TFPs solutions gradually declined with increasing NaOH
concentration (0-0.5 M), similar to the feature of the Congo
red solution (Figure 2D). There was no noticeable shift of Ay
in TFPs solutions, demonstrating the absence of triple helix
conformation in all TFPs samples. On the contrary, the obvious
shift of Apax in yeast B-glucan solution demonstrated that triple
helix 3-glucan-Congo red complexes formed in the solution.
As aresult, HM was found to be novel heteropolysaccharide
derived from the fruiting body of T. fuciformis based on the mono-
saccharide composition and the molecular weight distribution,
which exhibited a larger molecular weight than previously re-
ported ones [Wuetal,2019;Yangetal,2019]. The possible reason
for this, besides the resource and purification method, might be
the differences in the drying process of the fruiting body of T. fuci-
formis [Lin & Tsai, 2019]. By a combined method of US/H,0,
treatment, two TFPs with gradient-decreased molecular weight
were prepared successfully. Because US/H20, treatment did not
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change the primary structures of TFPs, such as monosaccharide
composition and glycosidic linkages in the main backbone [Li
et al, 2020], therefore, the following anti-oxidant and anti-ag-
ing experiments using the three TFPs could mainly focus on
the effects of polysaccharides with different molecular weights
on bioactivity.

= Anti-oxidant activity in vitro

As shown in Figure 3, the scavenging activity against DPPH
radical, hydroxyl radical, and superoxide anion radical exhibited
a concentration-dependent manner and ranged from 5.86 to
14.67% for HM, 2.75 to 11.52% for MM, and 4.75 to 18.95% for
LM, respectively, although significantly higher values were deter-
mined for AA. Notably, the radical scavenging activity of the three
samples also displayed a molecular weight-dependent manner,
except for superoxide anion radical when TFPs were applied at
a concentration of 150 ug/mL. Specifically, the radical scavenging
activity decreased in a sequence of LM, MM, and HM. Unsur-
prisingly, LM showed the best anti-oxidant activities among
the three TFPs. This was consistent with the previous findings
that polysaccharides with low molecular weight have higher
anti-oxidant activity than those with high molecular weight [Li
etal, 2020; Ogutu & Mu, 2017]. Possible reasons might be that
polysaccharides with lower molecular weight contained more
polysaccharide fractions under the same concentration, which
resulted in more hydroxyl groups in molecules being exposed to
free radicals in solutions, leading to a higher scavenging activity
against radicals [Li et al,, 2020; Wu et al., 2018].

m  Effects of TFPs on p-galactose-induced aging mice

®m  Skin anti-aging activity

During the experimental period, the mice in the Normal group
moved flexibly with shiny fur. In contrast, the mice in the Mod-
el group were inactive, with fur dull and messy. The behavior
and the fur color of the mice improved obviously in the TFPs-
-treated groups, compared with the Model group. The body
weight of the mice in all groups increased gradually and no statis-
tically significant differences were observed between the groups
(data not shown).To assess the degree of skin aging, the content
of hydroxyproline and hyaluronic acid was evaluated in five
groups. As presented in Figure 4, the content of hydroxyproline
and hyaluronic acid was extremely lower in the Model group
than in the Normal group (p<0.01), demonstrating that eight-
-week treatment with p-galactose substantially accelerated
skin aging in mice. Treatments with HM, MM, and LM obvi-
ously increased the content of hydroxyproline in the skin by
91.9, 1014, and 94.6%, respectively, compared with the Model
group (p<0.01). Similarly, administrations of HM, MM, and LM
also greatly improved the content of hyaluronic acid by 34.3,
103.3,and 73.4%, respectively, compared with the Model group
(p<0.01). These results further confirmed the anti-aging effects
of TFPs reported in previous studies [Wen et al, 2016; Zhang
et al, 2014]. In particular, MM displayed the best performance
in ameliorating the loss of hydroxyproline and hyaluronic acid
induced by p-galactose treatment among the three samples.
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with the HM at the same concentration.

B Anti-oxidative stress parameters

In comparison with the Normal group, as shown in Figure 5,
treatment with p-galactose substantially decreased the activi-
ties of SOD and GSH-Px (p<0.01) and dramatically promoted
the production of MDA (p<0.01) in serum, liver, and heart
tissues in mice in the Model group. These results further
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Figure 4. The contents of hydroxyproline (A) and hyaluronic acid (B)
in the skin of p-galactose-induced aging mice treated with high molecular
weight Tremella fuciformis polysaccharide (HM), degraded HM (MM)
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elucidated that the aging mouse model was established suc-
cessfully. Notably, three TFPs samples significantly improved
the activities of SOD and GSH-Px in serum, liver, and heart tis-
sues in p-galactose-treated mice (p<0.05 or p<0.01), except for
the activity of SOD in heart in the HM group and the activity
of GSH-Px in serum in the HM and LM groups. Correspond-
ingly, the level of MDA obviously decreased in serum, liver,
and heart tissues in three groups (p<0.05 or p<0.01) except
for liver tissue in the HM group. These results demonstrated
that all tested TFPs could mitigate oxidative stress in p-galac-
tose-induced aging mice. Particularly, MM showed the highest
efficacy in relieving oxidative stress among the three TFPs.
Notably, the degree of amelioration of skin aging, evidenced
by the increased contents of hydroxyproline and hyaluronic
acid in the skin, was consistent with the reduction of oxidative
stress induced by the three TFPs. This further demonstrated that
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Figure 5.The activities of superoxide dismutase (SOD) (A), glutathione peroxidase (GSH-Px) (B), and the level of malondialdehyde (MDA) (C) in serum, liver, and heart
in p-galactose-induced aging mice treated with high molecular weight Tremella fuciformis polysaccharide (HM), degraded HM (MM) and highly degraded HM
(LM). %, ** represent p<0.05, p<0.01, respectively, compared with the Normal group; #, ## represent p<0.05, p<0.01, respectively, compared with the Model group.

the ameliorating effect of TFPs on skin aging could be partially the molecular mechanism and the correlation between the mo-
attributed to the improvement in the activity of anti-oxidant lecular weight of polysaccharides and the expression profiles
enzymes [Wen et al, 2016]. Antioxidants (e.g., polyphenols) pro- of anti-oxidant genes in the mammalian model.

vide anti-oxidant protection against oxidative damage in vivo by

regulating complicated intracellular signals for induction of anti- ®  Anti-inflammatory activity

-oxidant enzymes [Forman et al, 2014; Forman & Zhang, 2021]. As shown in Figure 6, the levels of IL-13 and TNF-a substantially
The nuclear factor erythroid 2-like 2 (Nrf2) is a critical regulator increased in the Model group by 2.45 and 3.01 times, respectively,
of anti-oxidative responses in intracellular signaling pathways compared with the Normal group, indicating a high level
[Vomund et al, 2017]. Nrf2/antioxidant response element (ARE) of inflammation in p-galactose-induced aging mice. The levels
signaling pathway plays key roles in maintaining intracellular redox of IL-1B and TNF-a in all three TFPs-treated groups were lower
homeostasis [Saha et al,, 2020]. In a recent study, Grifola frondose- than those in the Model group (p<0.01), demonstrating the ex-
-derived polysaccharides elevated anti-oxidative capacity in an cellent anti-inflammatory activity of the samples tested. Spe-
acute liver injury mouse model by regulating the Nrf2/ARE signal- cifically, the order of the anti-inflammatory activity of the three
ing pathway [Mengetal, 2021]. These results provide new clues for TFPs samples was MM, LM, and HM. MM showed the best an-
revealing the molecular mechanisms underlying the anti-oxidant ti-inflammatory activity among the three TFPs, demonstrating
activities of TFPs in vivo. Further studies are needed to demonstrate an important role of molecular weight in influencing bioactivity
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Figure 6.The levels of interleukin 13 (IL-1B) (A) and tumor necrosis factor a (TNF-a) (B) in serum of p-galactose-induced aging mice treated with high molecular
weight Tremella fuciformis polysaccharide (HM), degraded HM (MM) and highly degraded HM (LM). ** represent p<0.01, compared with the Normal group;

## represent p<0.01, compared with the Model group.

for mushroom polysaccharides. Pretreatment with TFPs could
attenuate lipopolysaccharide (LPS)-induced oxidative stress
and inflammation by inhibiting nuclear factor kB (NF-kB) ac-
tivation through downregulating miR-155 expression, one
of the key small RNAs regulating NF-kB activation, in RAW264.7
macrophages [Ruan et al, 2018]. Numerous studies have docu-
mented that mushroom polysaccharides and their metabolites
produced by gut microbiota, such as SCFAs, display anti-in-
flammatory activities through multiple pathways, including
modulation of immune cell receptor-involved NF-kB signaling
pathway and promotion of the proliferation and differentiation
of Foxp3+ regulatory T-cells [Liu et al., 2022]. Given the diverse
structures of TFPs [Wu et al,, 2019], the low absorption rate of TFPs
through oral administration route (only 0.4% in rat) [Gao et al.,
2002], and the complexity of gut microbiota in the metabolism
of polysaccharides [Song et al, 2021], there remain complex
challenges in fully understanding the molecular mechanism
of anti-inflammatory activity of TFPs in vivo. However, efforts
need to be undertaken in future work.

Matrix metalloproteinases (MMPs) can degrade a variety
of components of the extracellular matrix (ECM), such as collagen
and hyaluronic acid [Chen et al, 2013]. Higher levels of MMPs
are observed in aged human skin, and MMPs play an important
role in the remodeling of ECM in skin aging [Shin et al, 2019].
Inflammation increases the levels of MMPs in the vascular wall
and plasma of obese women [Ozen et al., 2019], suggesting an
association between the level of inflammation and the level
of MMPs. Mechanically, the activation of activator protein 1
(AP-1) and NF-kB-related intracellular signaling pathways in-
creases the expression of MMPs [Shin et al., 2019], indicating
that overproduction of reactive oxygen species (ROS) and a high
level of pro-inflammatory cytokines would promote the levels
of MMPs. TFPs could inhibit NF-kB activation under inflamma-
tory status in cells [Ruan et al, 2018]. As a theoretical specu-
lation, TFPs might regulate the level of MMPs in aging mice
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via the inactivation of NF-kB-related signaling pathway, lead-
ing to a decreased level of MMPs in the skin. In the present
study, the degree of amelioration in the loss of hydroxyproline
and hyaluronic acid in the aging skin was positively associated
with the reduction of inflammatory cytokine levels. This further
indicated that the anti-skin aging effect of TFPs, evidenced by
amelioration in the loss of hydroxyproline and hyaluronic acid
in the skin, might be partially attributed to their anti-inflamma-
tory actions. Further animal experiments should be considered
in future studies to elucidate the molecular mechanism of TFPs
in modulating MMPs expression.

®  Alterations in pH and SCFAs production in the gut
To investigate the responses of the gastrointestinal environment
to TFPs treatment, the pH and content of SCFAs (acetic acid,
propionic acid, n-butyric acid, isobutyric acid, n-valeric acid,
and isovaleric acid) were determined. As shown in Figure 7A
and 7B, the pH in the small intestine was weakly alkaline, while
the pH in the colon was slightly acidic. There was no statisti-
cal difference (p=0.05) in pH in the small intestinal environ-
ment among the five groups. On the contrary, in the colon,
the pH in the Model group was lower than that in the Normal
group (p<0.01), suggesting alterations in microbial metabolites
in the colonic environment in p-galactose-treated mice. TFPs
treatments differentially reversed the decrease in pH in the co-
lon in p-galactose-treated mice. Interestingly, the pH in the HM
group increased significantly (6.50 vs. 5.92, p<0.01), compared
with the Model group. Notably, the pH was higher in the HM
group than in the LM group (p<0.05), suggesting the differential
impacts of the three TFPs on gut microbial metabolism.
Furthermore, almost no SCFAs were detected in the smallin-
testinal contentsin all mice. By contrast, acetic acid and propionic
acid were the predominant SCFAs in the colon, followed by n-
butyric acid (Figure 7D). An unexpected increase in the amount
of total SCFAs was observed in the Model group (p<0.01,
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Figure 7. Values of pH in the small intestine (A) and colon (B), and the total amount of short-chain fatty acids (SCFAs) (C) and the production of individual SCFAs
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the Model group.

Figure 7C). Notably, the amount of total SCFAs in the HM and MM
groups decreased, compared with the Model group, whereas
the amount of total SCFAs in the LM group was equivalent to
thatin the Model group. These observations indicated that TFPs
with different molecular weights might preferentially be utilized
by different SCFAs-producing bacteria and, therefore, exert differ-
ential impacts on the colonic microbial metabolism. In previous
studies, a decrease in the contents of SCFAs in feces in mice, as
well as reduced richness and diversity of the gut microbiota, was
induced by p-galactose treatment [Zhang J.etal, 2017; Zhang Z.
etal., 2020]. The opposite results of SCFAs production in the cur-
rent study might be attributed to the differences in housing
environments and mouse species, since environmental factors
and genetic background strongly influence the composition
of gut microbiota [Ericsson et al,, 2018]. More investigations are
needed to clarify the relationship between the changes in SCFAs
production and the progress of aging.

In detail, among the individual SCFAs, the contents
of n-butyric acid and isobutyric acid in the Model group in-
creased significantly (p<0.05 and p<0.01), whereas the others
did not change obviously, compared with the Normal group
(Figure 7D). However, HM and MM treatments markedly reversed
the abnormal increases in n-butyric acid and isobutyric acid
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production in p-galactose-treated mice. In particular, the con-
tents of isobutyric acid in the MM group and n-valeric acid
in the HM group were dramatically decreased compared with
those of the Model and LM groups. The inconsistent profiles
of the SCFAs in three groups indicated the complicated impacts
of TFPs with different structures on microbial metabolism.
Generally, mushroom polysaccharides can modulate gut
microbial composition and increase SCFAs-producing bacte-
ria, leading to increased contents of SCFAs in the gut [Liet al,
2021]. Conversely, HM and MM treatments induced a decrease
in the amount of total SCFAs. These phenomena suggested that
the contents of SCFAs in the gut might vary in a physiological range
forahealthy host. For example, an increased total content of SCFAs
in the obese subjects was reported compared to the lean ones
[Schwiertz et al, 2010]. TFPs might modulate gut microbial com-
munity to maintain gut homeostasis through direct and indirect
routes.On the one hand, TFPs might reverse the abnormalincrease
in contents of SCFAs induced by p-galactose treatment through
directly modulating the intestinal microbiota due to the prebiotic
properties of mushroom polysaccharides [Lietal, 2021];0n the oth-
erhand, TFPs could stimulate intestinal mucosal immune responses
which, in turn, shape the intestinal microbial composition, result-
ing in a restoration of the contents of SCFAs. Recent experimental
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evidence revealed the bioactive properties of TFPs in the restora-
tion of the gut microbiota in dextran sodium sulfate (DSS)-induced
colitis model [Xiao et al, 2021; Xu et al,, 2021], as well as the direct
anti-inflammatory activity in vitro [Ruan et al, 2018; Xiaoetal,, 2021],
suggesting the dual roles of TFPs in modulating gut microbiota.
Additionally, oat 3-glucan with a lower average molecular weight
exhibited a higher production of SCFAs in the in vitro gut fermenta-
tion model [Dong et al, 2020], partially explaining that LM induced
the highest production of SCFAs in the gut among the three TFPs
samples. However, well-designed experiments, such as those us-
ing a germ-free mouse model and gut microbiota transplantation
technology, are urgently needed to reveal whether the alterations
in gut microbiota composition and metabolites are a consequence
of mushroom polysaccharide interventions or a cause of health
benefits of mushroom polysaccharides.

CONCLUSIONS

TFPs with high molecular weight, mainly consisting of mannose,
fucose, xylose, and glucose, and two differentially degraded TFPs
were obtained from the fruiting body of T. fuciformis. Three TFPs
with gradient-decreased molecular weight by approximately 10-
-times, 58.3x10°,4.68x10% and 3.14x10° Da, respectively, showed
concentration-and molecular weight-dependent activities in scav-
enging free radicals in vitro. Furthermore, three TFPs effectively
relieved aging features in p-galactose-induced aging mice, as
evidenced by amelioration of the loss of hydroxyproline and hya-
luronic acid in the skin, increased activities of GSH-Px and SOD,
and decreased levels of MDA in the serum, liver,and heart tissues,
reduced levels of inflammatory cytokines in the serum, and par-
tial restoration of the alterations in pH and SCFAs production
inthe colon. Particularly, TFPs with the medium molecular weight
exhibited the best performance in ameliorating skin aging, reduc-
ing oxidative stress, and anti-inflammation. These results not only
confirmed the antioxidant activity of TFPs, but more importantly
revealed a preliminary relationship between molecular weight
and anti-aging activity of TFPs in vivo.
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