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Tremella fuciformis polysaccharide suppresses
hydrogen peroxide-triggered injury of human
skin fibroblasts via upregulation of SIRT1
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Abstract. Tremella fuciformis polysaccharide (TFPS), which
is the extract of Tremella fuciformis Berk, has previously been
demonstrated to exhibit potent anti-oxidative, anti-inflam-
matory and anti-aging effects. However, the mechanisms
underlying these protective and therapeutic effects remain to
be elucidated. The aim of the present study was to investigate
the protective effects of TFPS on hydrogen peroxide-induced
injury of human skin fibroblasts and to elucidate the aforemen-
tioned underlying mechanisms. A hydrogen peroxide-induced
human skin fibroblast injury model was firstly established.
MTT and reactive oxygen species (ROS) production assays,
in addition to terminal deoxynucleotidyl transferase dUTP
nick end labeling, reverse transcription-quantitative poly-
merase chain reaction and western blotting, were performed to
investigate the protective effects of TFPS. Hydrogen peroxide
decreased human skin fibroblast viability with a concurrent
increase in ROS generation and cell apoptosis. Treatment with
0-400 pug/ml TFPS alone for up to 48 h did not result in altera-
tion in cell viability. Notably, TFPS pre-treatment reduced
oxidative stress and cell apoptosis in hydrogen peroxide-treated
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skin fibroblasts. In addition, there was profound inhibition
of pl6, p21, p53 and caspase-3 expression, and activation of
extracellular-signal regulated kinase and Akt serine/threonine
kinase 1, following TFPS pre-treatment. Furthermore, it was
revealed that TFPS additionally protected fibroblasts via the
upregulation of SIRT1 expression, and this was abrogated by
the SIRT1 inhibitor niacinamide. These results indicated that
TFPS alleviated hydrogen peroxide-induced oxidative stress
and apoptosis in skin fibroblasts via upregulation of SIRT1
expression, indicating that TFPS may act as a potential thera-
peutic agent for oxidative-stress-associated skin diseases and

aging.
Introduction

Oxidative stress induced by free radicals, which are produced
in response to redox reactions, radiation and chemical reac-
tions, can cause DNA and protein damage. Such stress is
associated with the development of many diseases, such
as atherosclerosis, diabetes mellitus, articular gout, and
cancer (1,2). Hydrogen peroxide (H,0,) is one of type of
reactive oxygen species (ROS) produced in normal cells
during cell respiration and metabolism (3). However, many
studies have indicated that a high concentration of H,0,,
present under pathological conditions, may induce various
human degenerative diseases and aging. Furthermore, H,0,
also interacts with intracellular ions such as iron and copper,
leading to a chain reaction that produces more reactive radi-
cals and amplifies the damage, thereby causing DNA and
protein damage (4). Therefore, antioxidants are very impor-
tant for the treatment of oxidative-stress-related diseases and
aging.

Antioxidants in food, including vitamin C, poly-
phenols, tocopherols and flavonoids, may prevent
free-radical-induced cell damage (5). They also may atten-
uate oxidative-stress-induced inflammatory reactions and
apoptosis. Many natural plants and fungi contain antioxidant
compounds, such as various phenolic compounds, that can
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be used as antioxidants to alleviate the damage caused by
oxidative stress, inflammation, and energy expenditure (6-9).
Polyphenols are natural compounds that can be found in
fruits, vegetables, red wine and cereals. Epidemiological
studies have found a negative correlation between the risk
of chronic human diseases and the consumption of a poly-
phenol-rich diet (10-14).

Tremella fuciformis Berk, belonging to the order
Tremellales and the family Tremellaceae, is an edible
mushroom that has been a traditional Chinese medicine
for centuries. Recently, many studies have revealed that
the soluble extract of the polysaccharide fraction puri-
fied from Tremella fuciformis polysaccharide (TFPS) has
several pharmacological activities, including anti-oxidant,
anti-inflammatory, anti-diabetic, antitumor, and anti-aging
effects (10,15). TFPS has also been used clinically for cancer
and anti-aging treatments in China (16). However, the protec-
tive mechanism of TFPS is not clear.

In this study, we investigated the protective effect of a
water extract of TFPS against hydrogen peroxide-induced
injury to human skin fibroblasts. Because TFPS has several
biological functions in cells, we also investigated its
downstream target molecule and the underlying signaling
pathways.

Materials and methods

Reagents. Tremella fuciformis was purchased from Gutian
County Yishengyuan fruit and vegetable planting coopera-
tives. Antibodies against p16, p21, p53, Bax, Caspase-3, ERK,
phosphorylated ERK, Akt, phosphorylated Akt, SIRT1 and
GAPDH were purchased from Cell Signaling Technology,
Inc. (Danvers, MA, USA); anti-rabbit secondary antibodies
were also purchased from Cell Signaling Technology, Inc.
Unless otherwise indicated, all chemicals were purchased
from Sigma (St. Louis, MO, USA).

Preparation of hot water extract of TFPS. The dry fruiting
body of Tremella fuciformis was ground into powder
(40 mesh) using a food mixer. Optimal extraction conditions
were obtained as follows: Solid-liquid ratio, 1:60 g/ml; extrac-
tion time, 6 h; extraction temperature, 97°C. The mixture was
placed in a water bath shaker at 120 rpm for hot water extrac-
tion and cooling to room temperature and then centrifuged at
4,000 rpm at 4°C for 20 min. The supernatant was precipi-
tated with 98% ethanol, deproteinized by the Sevag method,
purified through a dialysis membrane, and freeze-dried to
obtain pure TFPS, as reported previously (17).

Cell culture. Human Dermal Fibroblasts-neonatal (HDF-n)
(cat. no. 2310) were obtained from Sciencell Research
Laboratories (Carlsbad, CA, USA). The cells were cultured in
Fibroblast Medium (cat. no. 2301), which contains 10% FBS
and fibroblast growth supplement, under 10% CO, at 37°C.

Terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) and Hoechst 33342 staining. Nuclear
fragmentation was detected by TUNEL staining with an
apoptosis detection kit (Roche Diagnostics, Indianapolis, IN,
USA) and 10 mM Hoechst 33342 as previously described (17).
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Each data point indicates the results from 1,600 to 2,000 cells
from 4 independent experiments.

Cell viability assay. Cell viability was analyzed by MTT
assay (Roche Diagnostics) according to the manufacturer's
instructions. Human skin fibroblasts (5,000 cells/well) were
plated onto 24-well plates, pretreated with TFPS for 1 h and
then treated with hydrogen peroxide for 24 h. All assays
were performed in triplicate. The cells were incubated with
0.5 mg/ml 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylterazo-
lium bromide for 4 h, and the absorbance was measured at
490 nm, as described previously (18,19).

In situ detection of reactive oxygen species (ROS). For ROS
production to be evaluated in situ, human skin fibroblasts were
stained with 10 gmol/l DHE (Sigma) for 30 min in a dark,
humidified chamber at 37°C. ROS were indicated by red fluo-
rescence, visualized by fluorescence microscopy and analyzed
with ImagelJ software.

Western blotting analysis. Cell lysates were analyzed by
SDS-PAGE and electrotransferred to PVDF membranes.
Membranes were then blocked with 5% skim milk for 2 h and
incubated with specific antibodies overnight. After five washes
in TBST (containing 0.1% Tween-20 in TBS), the membranes
were incubated with horseradish peroxidase-conjugated
secondary antibodies in TBST at room temperature for 1 h.
The bands were detected by chemiluminescence detection
agents and analyzed with ImageJ software.

Statistical analysis. All of the statistical calculations were
performed using the GraphPad Prism 5 software program
(GraphPad Prism, San Diego, CA, USA). The data are
expressed as the mean + SEM. One-way ANOVA with
Bonferroni correction was used for multiple comparisons.
P<0.05 was considered to indicate a statistically significant
difference.

Results

TFPS alleviates hydrogen peroxide-triggered injury of
human skin fibroblasts. To assess the potential function of
TFPS, we performed cytotoxicity analysis by MTT assay
of cultured human skin fibroblasts treated with various
concentrations of TFPS. As shown in Fig. 1A, treatment with
0-300 pg/ml TFPS for up to 48 h did not change the cell
viability of human skin fibroblasts. The cell viability assay
was also performed on 0-500 M H,O,-treated human skin
fibroblasts. Hydrogen peroxide induced a significant (P<0.05)
concentration-dependent decrease in viability (Fig. 1B), from
the 200 uM H,0, treatment. Furthermore, treatment with
300 uM H,0, led to a decrease in skin fibroblast viability
to 59.5% of that of the control, which was a moderate
amount of cell injury in vitro. Therefore, we used 300 xM
H,0, to establish a human skin fibroblast injury model for
the remainder of the experiments. To analyze whether TFPS
can protect human skin fibroblasts from cell injury induced
by 300 uM hydrogen peroxide, we pre-treated the human
skin fibroblasts with 0-300 pg/ml TFPS for 1 h before H,O,
application. The cell viability results showed that TFPS



1342
A 144
1.2+ = 5
10 = - T
as |
og
2§ 08
"<
23 0.6
= =
=E
= g 0.4~
0.24
0.0- T T T T T T
0 10 20 50 100 200 300
TFPS concentration (pgiml)
B 1.2
1.0+ *
@
=
[
g -E 0.8+ kK
°3
2 £ 0.5 dedede
i3
=
EE‘ 0.4 dokedk
0.2+
0.0 ] L] ] L] L] 1
0 100 200 300 400 500 600
H;O; concentration (pM)
C 1.0
# #‘
0.5 # - T
=T=
8 e
0.6
£ T
k]
2
= 0.4
=
=
0.2
0.0 T T T T T
& e S S S s
& <? <2 <&
i & <& &
o% o o o

Figure 1. Tremella fuciformis polysaccharide (TFPS) alleviates hydrogen
peroxide-triggered human skin fibroblast injury. (A) Human skin fibro-
blasts were cultured in the presence of TFPS (0, 10, 20, 50, 100, 200, and
300 pug/ml), for 24 h, and cell viability was measured by MTT assay (n=3).
(B) Human skin fibroblasts were cultured in the presence of H,0, (100, 200,
300,400, 500, and 600 xM) for 24 h, and cell viability was analyzed by MTT
assay (n=3). (C) Human skin fibroblasts were pre-treated with TFPS (50, 100,
200, and 300 pg/ml) for 1 h, and then 300 M H,O, was applied for 24 h. Cell
viability was determined by MTT assay (n=4) (‘P<0.05 and ““P<0.001 vs. the
control group; "P<0.05 vs. the 300 M H,0, group).

had a concentration-dependent protective effect on human
skin fibroblasts and reached a peak protective effect at a
concentration of 200 pg/ml (Fig. 1C). Thus, these results
demonstrate that TFPS can protect human skin fibroblasts
from a hydrogen peroxide-induced decrease in cell viability.

TFPS relieves hydrogen peroxide-induced human skin fibro-
blast injury by attenuating oxidative stress and cell apoptosis.
The ROS level increased to nearly 30-fold in human skin
fibroblasts treated with hydrogen peroxide compared with in
the control. However, human skin fibroblasts pretreated with
200 ug/ml TFPS had attenuated H,O,-induced ROS generation,
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Figure 2. TFPS relieves hydrogen peroxide-induced human skin fibroblast
injury by attenuating oxidative stress and apoptosis. (A and B) DHE staining
was performed in control, H,O,-treated (300 M) and H,O,-treated, TFPS
pretreated (200 pg/ml) skin fibroblasts, and an average of the data is shown
(n=4, scale bar: 100 uM, ""P<0.001 vs. control, “P<0.01 vs. the H,0, group).
(C and D) Skin fibroblast apoptosis was detected by TUNEL staining, and
an average of the data in control, H,0O,-treated (300 M) and H,0,-treated,
TFPS pretreated (200 pg/ml) skin fibroblasts is shown (n=4, scale bar:
100 uM, "*P<0.001 vs. control, #P<0.01 vs. H,0, group).

with a decline of approximately 51.7% compared with fibro-
blasts that had not been pretreated (Fig. 2A and B). In addition,
the 200 pg/ml TFPS treatment decreased human skin fibroblast
apoptosis to 32.1+4.0% compared with 54.4+9.7% in the H,O,
group, as analyzed by TUNEL staining (Fig. 2C and D). Western
blot analysis also showed that TFPS pretreatment clearly
attenuated the H,O,-induced pl6, p21, Bax and p53 upregula-
tion and Caspase-3 activation (cleaved) (Fig. 3A-F). However,
pretreatment with TFPS alone did not result in changes to
the expression of pl6, p21, Bax, p53, or Caspase-3 activity.
Pretreatment with TFPS also upregulate SIRT1 expression and
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Figure 3. TFPS inhibits pro-apoptotic pathways and activates pro-survival pathways in human skin fibroblasts. (A-I) p16, p21, Bax, p53, SIRT1, Caspase-3,
p-Akt, Akt, p-ERK, ERK and GAPDH protein expression in control, H,0O,-treated (300 #M), H,O,-treated, TFPS pretreated (200 pg/ml), and TFPS (200 yg/ml)
pretreated in skin fibroblasts as assayed by western blotting (n=4, "P<0.05, “P<0.01,and ““P<0.001 vs. control; “P<0.05,""P<0.01 vs. H,0, group). (J and K) SIRT1
and GAPDH protein expression in the presence of 0-500 uM H,0, for 24 h, as assayed by western blotting (n=3, "P<0.05, “'P<0.01, “"P<0.001 vs. control).
(L and M) SIRT1 and GAPDH protein expression with and without 0-300 pg/ml TFPS pre-treatment for 1 h and then application of 300 uM H,0, for 24 h, as
assayed by Western blotting (n=4, “P<0.05 and ““P<0.001 vs. control; “P<0.05 vs. 300 xM H,0, group).

activated Akt signaling pathways (regardless of subsequent
H,0, treatment), as well as increased Erk1/2 activation with
subsequent H,O, treatment (Fig. 3A and G-I). Moreover, H,0,
led to SIRT1 downregulation in a concentration-dependent
manner (Fig. 3] and K), whereas TFPS pretreatment promoted
SIRT1 expression in a concentration-dependent manner after
300 uM H,O0, application (Fig. 3L and M). Interestingly, treat-
ment with TFPS alone promoted basal SIRT1 expression in
skin fibroblasts (Fig. 3L and M). Taken together, these results
indicate that TFPS can suppress oxidative stress and cell injury

by the inhibition of pro-apoptotic pathways and the activation
of pro-survival pathways.

TFPS attenuates hydrogen peroxide-induced cell oxida-
tive stress and apoptosis by upregulation of the SIRTI
pathway. Next, to determine whether TFPS-induced SIRT1
upregulation is necessary for human skin fibroblast protec-
tion, niacinamide (a SIRT1 inhibitor) was applied in the
H,0,-induced cell injury model (Fig. 4). Fig. 4A and B illus-
trates that TFPS attenuated H,O,-induced ROS generation
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Figure 4. SIRT1 plays a central role in TFPS-mediated human skin fibro-
blast protection. (A) DHE staining in control, H,O,-treated (300 uM),
200 pg/ml TEPS pretreated + H,O,-treated, and 200 yg/ml TFPS + niacina-
mide pretreated + H,0,-treated skin fibroblasts (n=4, “P<0.01, “"P<0.001).
(B) Skin fibroblast apoptosis in control, H,O,-treated (300 M),
200 pug/ml TEPS pretreated + H,O,-treated, and 200 yg/ml TFPS + niacina-
mide pretreated + H,O,-treated skin fibroblasts, as detected by TUNEL
staining (n=4, “P<0.01, ""P<0.001). (C-I) p16, p21, Bax, p53, SIRTI,
Caspase-3, p-Akt, Akt, p-ERK, ERK and GAPDH protein expression in
control, H,0,-treated (300 #M), 200 ug/ml TEPS pretreated + H,0O,-treated,
and 200 pg/ml TFPS + niacinamide pretreated + H,O,-treated skin fibro-
blasts for 24 h, as assayed by western blotting. An average of the data is
shown. (n=3, "P<0.05, “"P<0.01, "“P<0.001 vs. control; “P<0.05, #P<0.01,
P<0.001 vs. H,0, group; “P<0.05, *4P<0.01, “*¢P<0.001 vs. H,0, + TFPS
group).

and apoptosis, whereas the SIRT1 inhibitor niacinamide
significantly reversed the protective effect of TFPS. We then
checked several important cell survival and death signaling
pathways in the presence and absence of the SIRT1 inhibitor
niacinamide. The results showed that, after niacinamide
treatment, the inhibitory effects of TFPS on SIRTI, pl6,
p21, Bax, p53 and Caspase-3 were reversed (Fig. 4C and
E-G), and the effects of TFPS on the activation of ERK and
Akt were blocked (Fig. 4C, H and I). These results indicate
that TFPS-induced SIRT1 upregulation is necessary for the
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protection of human skin fibroblasts from H,O,-induced
oxidative stress, ROS production and apoptosis.

Discussion

Hydrogen peroxide triggers human skin fibroblast cell apop-
tosis. It has been shown that hydrogen peroxide, like other free
radicals, plays an important role in the development of skin
injury and aging. Treatment of human skin fibroblasts with
0-500 uM H,0, induced a decrease in cell viability in a concen-
tration-dependent manner. Furthermore, 300 M hydrogen
peroxide caused a 40.5% cell viability decrease, which corre-
sponds to a moderate skin fibroblast injury in this study.

We also examined H,O,-induced ROS production and apop-
tosis in human skin fibroblasts. Treatment of cells with 300 M
H,0, for 24 h significantly increased ROS levels, by approxi-
mately 30.37-fold, compared with those of the control groups,
confirming previous data showing the decrease in viability of
fibroblasts (18,19). Furthermore, the proportion of apoptotic
cells increased significantly, from 2.78% in the control group
to 54.45% in the 300 yM H,0, group. Thus, our data confirm
that hydrogen peroxide can induce skin fibroblast injury (20-22).

TFPS can protect human skin fibroblasts from oxidative stress
and apoptosis caused by hydrogen peroxide. ROS, such as
H,0,, superoxide anions (O,") and hydroxyl radicals (HO"), are
continuously produced endogenously during normal cellular
respiration and metabolism. At low concentrations, they are
important in the regulation of cellular functions such as immune
responses and cell signal transduction (23,24). However, at high
concentrations, ROS can cause damage to DNA and proteins,
which has been associated with atherosclerosis, diabetes
mellitus, and carcinogenesis (25). Very high concentration of
ROS, which can be generated during inflammation, UV radia-
tion, and aging, are also involved in the pathogenesis of various
skin diseases (10,26,27). Therefore, ROS scavengers, such as
vitamins, herbal extracts, and antioxidants, are very important
in the treatment of ROS-induced pathological changes.

Tremella fuciformis is a traditional nutritional food in China
and is used as a traditional Chinese medicine and dietary supple-
ment. TFPS has also been used in the clinic in China for cancer
patients who receive radio- and chemotherapy, to enhance their
immune function, and for chronic gastritis and chronic hepa-
titis patients (14,28-30). Recent studies have indicated that the
medicinal and tonic properties of Tremella fuciformis are due
to its polysaccharides (21,31,32), which have several biological
activities such as anti-inflammation, anti-diabetic, anti-cancer,
and immunoprotective properties.

In the present study, we verified that TFPS at concentrations
ranging from 100 to 200 pg/ml had excellent antioxidative and
cell protective functions. TFPS markedly reduced H,O,-induced
skin fibroblast injury through suppression of ROS production
and apoptosis and is a potential alternative herbal food supple-
ment and pharmacotherapy for treating skin injury upon aging.

SIRTI plays a central role in the TFPS-mediated protection
effect on human skin fibroblasts. Aging is a time-dependent
progression of biochemical and physiological loss of func-
tion, and it is associated with increased risk of morbidity
and mortality. There is a growing evidence indicating that
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oxidative stress plays a key role in the aging process and in
various degenerative diseases, including atherosclerosis,
diabetes, inflammation and cancer (33). Many studies have
suggested that age-related biochemical and physiological
decline is associated with an imbalance in the production of
free radical and intracellular antioxidants, which leads to cell
death and loss of function.

Sirtuins (SIRTs) are a family of NAD(+)-dependent
enzymes that have a primarily protective function in the devel-
opment of many age-related diseases, including cardiovascular
disease, neurodegeneration and cancer. Recent studies have
suggested that the regulation of mammalian lifespan by
sirtuins has important therapeutic implications for age-related
diseases (34,35).

SIRT1 is a member of a highly conserved gene family
encoding nicotinamide adenine dinucleotide (NAD)(+)-depen-
dent deacetylases. SIRT1 expression leads to increased DNA
stability and prolonged survival in organisms from yeast to
mammals (36,37). SIRT1 has been found to regulate many
cellular processes, including cellular senescence, apoptosis,
glucose homeostasis, aging and longevity. In this study, we
found that H,O, induced oxidative stress and cell injury in
skin fibroblasts, with significant downregulation of SIRTI,
in a concentration-dependent manner. However, TFPS
pre-treatment significantly increased SIRT1 expression during
H,0, treatment of cultured human skin fibroblasts, and the
SIRT inhibitor nicotinamide reversed this protective effect.
Furthermore, TFPS promoted fibroblast SIRT1 expression and
then regulated cell aging and survival via decreased expres-
sion of p16, p21, p53 and Capsase-3 and activation of ERK and
Akt. Our data provide new insight into the protective mecha-
nisms of TFPS during H,0,-induced skin injury and suggest
that TFPS functions as a SIRT1 activator and could be used as
a new anti-skin aging agent.

TFPS and clinical relevance to skin injury and aging. We
demonstrated that pretreatment with TFPS suppressed
H,0,-induced oxidative stress and apoptosis in skin fibroblasts
in a concentration-dependent manner and possessed excellent
antioxidative properties. Therefore, our present findings may
provide a theoretical basis for TFPS as an alternative herbal
food supplement and potential pharmacotherapy for skin
injury and aging.

However, given that TFPS contains several polysaccha-
rides and has a variety of pharmacological effects, our study,
which focused on oxidative stress inhibition and anti-apoptotic
effects, has limitations. Further studies are required to define
the potential protective mechanisms of TFPS in H,O,-induced
skin injury.

In summary, we revealed that TFPS exhibits protective
properties against hydrogen peroxide-induced oxidative stress
and apoptosis mainly by upregulating SIRT1 and promoting
downstream signaling, suggesting that TFPS is a potential
therapeutic agent for oxidative stress-related skin diseases and
skin aging.
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