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Abstract Hericium erinaceus is an edible mushroom used as a medicinal food in Asian countries. In this study, the
chemopreventive effects of H. erinaceus mycelia hot water extract (HEW) were evaluated. HEW remarkably induced the
luciferase activity of the antioxidant response element (ARE), located in the promoter region of phase 2 and antioxidant genes
and regulated by nuclear factor E2-related factor 2 (Nrf2). The up-regulation of ARE activity by HEW corresponded with the
induction of Nrf2 and the antioxidant enzyme, hemeoxygenase-1. The inhibition of cyclooxygenase-2 (COX-2) activity is a
promising effective approach in cancer chemoprevention, and HEW prominently suppressed COX-2 protein expression in
HepG2 cells. Furthermore, HEW showed anti-inflammatory activity by modulating inflammatory mediators such as nitric
oxide (NO), inducible NO synthase, tumor necrosis factor-α, interleukin-1β, and the transcription factor, nuclear factor-κB, in
lipopolysaccharide-stimulated RAW 264.7 cells. These results suggest that H. erinaceus possessed anti-tumor and anti-
inflammatory effects via the modulation of Nrf2/ARE and inflammatory signaling pathways, and may therefore have potential
use as a natural chemopreventive agent.
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Introduction

A great number of mushrooms and their extracts are being
used as dietary supplements, and increasingly as remedies
for diseases. Hericium erinaceus is an edible mushroom
used as a traditional medicinal food in oriental countries. It
is called ‘yamabushitake’ and ‘houtou’ in Japan and China,
respectively (1,2). Polysaccharides including β-D-glucan
are its main compounds having anti-tumor and immuno-
stimulating properties (3,4). Previous reports on the
physiological activities of H. erinaceus have focused primarily
on the treatment of stomach and intestinal disorders such as
chronic gastritis, gastric ulcers, duodenal ulcers, stomach
cancer, and colon cancer (2,5). Improvement effects by H.
erinaceus on nerve cells or neural dysfunctions (6-8) and
hypoglycemic effects via the reduction of blood lipid and
glucose levels (9) have also been reported. Although H.
erinaceus has chemopreventive properties comprising anti-
tumor, anti-inflammation, and anti-microbial effects, its
precise mechanisms have been poorly studied.

Nuclear factor E2-related factor 2 (Nrf2) is an important
cytoprotective transcription factor that has recently
received much attention. Nrf2 has been shown to regulate
the induction of cellular defensive phase 2 detoxifying and
antioxidant enzymes, including glutathione S-transferase
(GST), NAD(P)H:quinine oxidoreductase 1 (NQO1), and
hemeoxygenase-1 (HO-1). These enzymes protect cells

and/or tissues from carcinogens that can initiate carcinogenic
processes (10-12). Several dietary phytochemicals possess
cancer chemopreventive functions by stimulation of the
Nrf2-antioxidant response element (ARE) pathway and the
resulting induction of phase 2 and antioxidant enzymes (13).

An intimate connection between inflammation and cancer
has been established and chronic inflammation may be a
key predisposing factor to cancer. Some chemopreventive
agents possess anti-inflammatory effects through the Nrf2
dependent pathway (14-16). Chemopreventive agents
activate Nrf2 and phase 2/antioxidant defense enzymes
sequentially, potentially leading to the inhibition of pro-
inflammatory cytokines and other mediators (17).

There are several important inflammatory mediators that
are precisely related to inflammation and cancer.
Cyclooxygenase-2 (COX-2) is an inducible enzyme
overexpressed in various inflammation-associated cancers,
and helps to maintain a persistent inflammatory state in
premalignant and malignant lesions. It also accelerates
angiogenic processes by triggering prostaglandin E2
signaling (18). The induction of COX-2 has been shown to
promote cell growth, inhibit apoptosis, and enhance cell
motility (19,20). Many chemopreventive agents have a
suppressive effect on COX-2 expression in human
hepatocarcinoma HepG2 cells (21,22).

Inflammation induces oxidative stress by the production
of oxidants, such as nitric oxide (NO), produced by
inducible NO synthase (iNOS) (23-25). The expression of
iNOS is closely related to the up-regulation of nuclear
factor (NF)-κB (26). NF-κB binding sites have been
identified in the promoter region of the genes of iNOS as
well as COX-2 (27, 28). Interleukin (IL)-1β, IL-6, and
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tumor necrosis factor (TNF)-α are known as inflammatory
cytokines that also play important roles in the regulation of
the immune system. They activate pro-inflammatory signaling
mediated via Jak-Stat and NF-κB, and help to maintain
inflammatory tumor microenvironments by stimulating
cell proliferation and inhibiting apoptosis (18).

To elucidate the chemopreventive effects of H. erinaceus

mycelia hot water extract (HEW), growth inhibition, the
modulation of the Nrf2-ARE pathway, and COX-2
suppression were investigated in human hepatocarcinoma
HepG2 cells. In addition, pro-inflammatory mediators,
transcription factor, and cytokines such as NO, iNOS,
COX-2, NF-κB, TNF-α, and IL-1β were studied in murine
macrophage RAW264.7 cells. The current results will be
useful data in the production of a function food material
using H. erinaceus mycelia.

Materials and Methods

Materials The cell culture facilities were obtained from
Corning Life Sciences (Corning, NY, USA). The cell culture
reagents were purchased from Invitrogen Corporation
(Carlsbad, CA, USA). Antibodies against Nrf2, COX-2,
iNOS, IL-1β, and actin were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA); HO-1 from
Calbiochem (Darmstadt, Germany); and TNF-α, p-p65,
and p-inhibitory κBα (IκBα) from Cell Signaling
Technology (Beverly, MA, USA). Bovine anti-rabbit
immunoglobulin (Ig) G and bovine anti-goat IgG were
purchased from Santa Cruz Biotechnology Inc. All other
reagents were obtained from commercial sources.

Cultivation and extraction of Hericum erinaceus

mycelia The H. erinaceus mycelia were supplied by the
Rural Development Administration (Suwon, Gyeonggi,
Korea), and were cultivated for 2 weeks at 25oC on solid
medium containing 2% glucose, 2% soy peptone, 1% yeast
extract, and 0.5% agar. After lyophilization of the mycelia,
HEW was prepared by extraction using 20 fold hot
distilled water for 12 hr at 100oC. After concentration by a
rotary evaporator (Eyela, Tokyo Rikakikai Co., Ltd., Tokyo,
Japan) up to a 10th, the HEW was stored at 4oC until use.
The concentration of solid materials in the HEW was
0.31 g/mL calculated after lyophilization.

Measurement of glucan content The contents of α- and
β-glucan were analyzed using a mushroom and yeast β-
glucan kit (Megazyme Int., Wicklow, Ireland) according to
the manufacturer’s instruction and previous researches
(29). To measure total glucan content, 5 mg of lyophilized
HEW and 75 µL of 10 N HCl were added in a tube and
stirred vigorously on a vortex mixer frequently during
incubation time in a water bath at 30oC for 45 min. The
material was mixed with 500 µL of distilled water and
then, the tube was boiled at 100oC for 2 hr. After cooling
at room temperature, 500 µL of 2 N KOH was added to the
tube and then, the sample was washed and adjusted to 5
mL volume with 200 mM sodium acetate buffer (pH 5.0).
After centrifugation at 1,500×g for 10 min, 50 µL of the
supernatant was combined with 50 µL of a mixture of exo-
1,3-β-(1→3)-D-glucanase (20 U/mL) and β-glucosidase (4
U/mL) in 200 mM sodium acetate buffer (pH 5.0) and

incubated at 40oC for 60 min. A 1.5 mL of glucose peroxidase
reagent was added and incubated at 40oC for 20 min and
the absorbance was analyzed at 510 nm. To measure α-
glucan content, 5 mg of lyophilized HEW and 100 µL of 2
N KOH was added to a tube and stirred vigorously on a
vortex mixer for 20 min. The suspension was added to 400
µL of 1.2 M sodium acetate buffer (pH 3.8), mixed with
amyloglucosidase (1,630 U/mL) and invertase (500 U/mL),
and incubated at 40oC for 30 min. Distilled water was
added up to 5 mL to the sample and centrifuged at 1,500×g
for 10 min. Fifty µL of the supernatant was combined with
50 µL of 200 mM sodium acetate buffer (pH 5.0) and 0.5
mL of glucose peroxidase reagent, incubated at 40oC for 20
min and the absorbance was analyzed at 510 nm. The β-
glucan content was determined by subtracting the α-glucan
from the total glucan content.

Cell culture and treatments The HepG2 human hepatoma
cells and RAW 264.7 murine macrophage cells were
obtained from the American Type Culture Collection
(Rockville, MD, USA). The cells were maintained in F12
(for HepG2) and Dulbecco’s modified Eagle medium
(DMEM, for RAW 264.7) supplemented with 10% fetal
bovine serum (FBS), 1.17 (for F12) or 3.7 g/L (for
DMEM) of sodium bicarbonate, 100 U/mL of penicillin,
100 µg/mL of streptomycin, 1% essential amino acids (for
F12), and 0.1% insulin (for F12) in a humidified
atmosphere of 95% air and 5% CO2 at 37oC. The HepG2
cells were seeded in multi-well plates (24-well for cell
viability, 12-well for luciferase activity, and 6-well for
Western blotting) and allowed to grow for 24 hr (about 80
to 90% confluency). Then, the cells were starved overnight
with serum-free F12 media prior to further treatments with
HEW. The RAW 264.7 cells were seeded in 6-well plates
and allowed to grow for 24 hr. After HEW treatment for 2
hr, lipopolysaccharide (LPS) (1 µg/mL) was added and the
cells were incubated for 20 additional hr. Cells not treated
with LPS served as the negative control (untreated, NT),
while cells treated with LPS alone served as the positive
control (control, Con).

Cell viability determined by MTS assay Cell viability
was assessed with the CellTiter 96® aqueous one solution
cell proliferation assay (Promega Corp., Madison, WI,
USA) based on the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay, according to the manufacturer’s instructions.
Briefly, the cells were seeded in 24-well plates, and after
24 hr of incubation, were starved overnight with serum-
free media prior to treatment with HEW for 24 hr. After
treatment, the media were removed, and fresh serum-free
media containing MTS were added. After incubation for
1 hr at 37oC, the absorbance was measured at 490 nm with
a microplate reader (PowerWave XS; BioTek Instrument,
Inc., Winooski, VT, USA)

ARE-luciferase activity assay A HepG2-ARE-C8
(HepG2-C8) cell line was kindly donated by Dr. Ah-Ng
Tony Kong (Rutgers University, Piscataway, NJ, USA),
which was established by the stable transfection of HepG2
cells with the p-ARE-TI-luciferase reporter gene as previously
described (30). The HepG2-C8 cells were treated with
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HEW for 24 hr and sulforaphane (SFN, 25 µM) was used
as a positive control for ARE induction according to
previous studies (31). The ARE-luciferase activity was
determined using a Luciferase assay system from Promega,
according to the manufacturer’s instructions. Briefly, after
treatment, the cells were washed twice with ice-cold 1×
phosphate buffered saline (PBS, pH 7.4) and harvested in
1×cell culture lysis buffer. After centrifugation at 13,000×g
for 10 min, a 20 µL aliquot of the supernatant was assayed
for luciferase activity with a GloMaxTM 20/20 luminometer
(Promega). The luciferase activity was normalized against
the amount of protein, determined by a BCA protein assay
(Pierce Biotechnology, Inc., Rockford, IL, USA), and
expressed as fold-induction over the luciferase activity of
the no treatment control.

NO measurement (Nitrite assay) Nitrite accumulation in
the culture medium is an indicator of NO production and
was measured according to the Griess reaction (32). One-
hundred µL of each medium supernatant was mixed with
50 µL of sulphanilamide (1% in 5% phosphoric acid) and
50 µL of naphthylenediamine dihydrochloride (0.1%) and
then incubated at room temperature for 10 min. The
absorbance at 550 nm was measured against a sodium
nitrite (NaNO2) serial dilution standard curve and nitrite
production was determined.

Western blot analysis After treatment, the cells were
washed with ice-cold 1×PBS and harvested with 200 µL of
cell lysis buffer (pH 7.4). The cell lysates were left on ice
for 30 min and then the homogenates were centrifuged at
13,000×g for 10 min at 4oC. The supernatants were collected
and equal amounts of total protein from each sample, as
determined by the BCA protein assay (Pierce Biotechnology,
Inc.), were mixed with 2×loading buffer, and boiled at
100oC for 5 min. The samples were then separated on a
10% sodium dodecyl sulfate (SDS)-polyacrylamide gel at
100 to 150 V and transferred onto polyvinylidene difluoride
(PVDF) membranes (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) for 1.5 hr, using a semi-dry transfer system
(Bio-Rad). The membranes were blocked with 5% nonfat
dry milk in 1×PBST buffer (0.1% Tween 20 in PBS) for
1 hr at room temperature and incubated with primary
antibodies in 5% nonfat dry milk overnight at 4oC. After
hybridization with the primary antibodies, the membranes
were washed 3 times with 1×PBST, followed by incubation
with anti-rabbit-IgG or anti-goat-IgG with horseradish
peroxidase (Santa Cruz Biotechnology Inc.) for 1 hr at room
termperature, and then washed with 1×PBST 3 times. Final
detection was performed with Western blotting chemilumi-
nescence luminol reagent (Santa Cruz Biotechnology Inc.).
The image data shown are representative of 3 independent
experiments with similar results. All data were quantified
by Quantity One 4.5.0 software (Bio-Rad Laboratories,
Inc.) and described as fold induction of the target protein
expression ratio per actin against control.

Statistical analysis The data were expressed as mean±
standard deviations (SD). The values were compared to the
control using analysis of variance (ANOVA) followed by
unpaired Student’s t-tests. A p values <0.05 were considered
significant.

Results and Discussion

Composition of glucans in HEW The composition of
α- and β-D-glucan in the HEW was analyzed prior to
performing the biological assays (Table 1). The mushroom
polysaccharides have been recognized as the primary
components containing antitumor and immuno-stimulating
properties. These polysaccharides mainly belong to the β-
D-glucan group (3). H. erinaceus is known to possess at
least 3 fold higher amount of β-D-glucan than other well-
known medicinal mushrooms such as Agaricus (2). In this
study, the content of β-D-glucan (2.97%) was much higher
than that of α-D-glucan (0.09%) in the total glucans
(3.06%). Contents of total glucans were known about 23.3
g in 100 mg of H. erinaceus mushroom (fruit body).
Although we could not compare the yield of glucans in
mycelia extracts with other researches directly because of
the lack of information, we could deduce that the yields of
total glucans and β-D-glucan were significantly high in this
study following the comparison with the amount of crude
polysaccharide might contain glucans in Agaricus blazei
indirectly. The content of crude polysaccharide was 3.03%
in dried mycelia of A. blazei murrill (33).

Cytotoxicity on HepG2 cells One of the common
markers of antitumor activity is the trigger of cancer cell
death. Many chemopreventive agents induce cancer cell
death by cell cycle arrest and apoptosis induction (34). The
effect of HEW on HepG2 cell viability was determined by
a colorimetric MTS assay after 24 hr treatments. The data
were expressed as percent cell viability compared to that of
the 0% treatment control (Fig. 1). The HEW treatments at
concentrations below 3% did not affect cell viability, while
the 4 and 5% treatments prominently decreased cell
viability up to 34% at the 5% concentration. The IC50 of
HEW was calculated as 4.47%, which was slightly higher
than that of a crude polysaccharide from A. blazei Murill
(35). Since the treatment doses of HEW up to at 3% did
not affect the cell viability, we used concentrations below
3% for further biological assays.

ARE-reporter gene activity To evaluate the effects of
HEW on ARE-mediated gene expression, ARE-luciferase
activity was determined in a HepG2-C8 cell line that was
stably transfected with the pARE-luciferase reporter gene.
The ARE-reporter gene assay can be a useful tool to
examine unknown chemopreventive agent candidates, due
to the critical region of ARE sequence in phase 2 and
antioxidant enzymes for cellular defense mechanisms (10).
The ARE-luciferase activity of the treated groups was
expressed as a fold-induction over the 0% treatment
control. As shown in Fig. 2, HEW highly induced ARE
activity in a concentration-dependent manner, up to about
20 fold at 3% which was much higher induction than that
of the positive control SFN, a known strong ARE inducer

Table 1. The composition of glucans in HEW

Component Content (%)

Total glucan 3.06±0.05

α-D-Glucan 0.09±0.01

β-D-Glucan 2.97±0.04
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(31). Through this result we could predict that HEW might
trigger phase 2 enzyme expression via ARE induction on
the promoter sequence by Nrf2 regulation.

Induction of Nrf2 and phase 2 enzyme expression To
confirm the mechanism of ARE induction, we investigated
the regulatory role of HEW on Nrf2 expression. Nrf2 is a
transcription factor that is known to bind to the ARE
sequence and thereby transactivates the cellular defense
genes containing the ARE. After 2 hr of HEW treatment,
Nrf2 protein expression was induced in HepG2 cells,
independent of the HEW concentration (Fig. 3). After 6
and 24 hr of treatment, Nrf2 was highly induced in a
concentration dependent manner, implying sustainable
inductions of Nrf2 expression at higher concentrations of
HEW. These results helped support the ARE-luciferase
activity data shown in Fig. 2. Furthermore, protein expression
of the antioxidant enzyme, HO-1, was also highly induced
after 24 hr of treatment in a concentration dependent
manner, and up to 6.7 fold at 3% (Fig. 4). This suggests
that HEW induced Nrf2 expression to stimulate ARE on
the promoter sequence of HO-1. Nrf2 shows an early response
to stimulate and trigger HO-1 induction sequentially. HO-
1 is an important antioxidant enzyme that plays a pivotal
role in cellular adaptation and protection in response to
various stimuli. Furthermore, HO-1 induction has been
associated with the prevention of various diseases, including
acute inflammation and carcinogenesis (36,37).

Inhibition of COX-2 expression Recently, many researches

have focused on the cross-talk between inflammation and
cancer (18). In this study, the modulation of COX-2 protein
expression by HEW was investigated. After 2 or 24 hr of
treatment, COX-2 expression was suppressed effectively
by HEW (Fig. 5). COX-2 is a key mediator linking
inflammation and cancer. It is an inducible enzyme related
to inflammation and overexpressed in various types of
cancer. It is involved in cellular proliferation, anti-apoptotic
activity, angiogenesis, and metastasis (38). Therefore, the
inhibition of COX-2 could be a meaningful approach for
cancer prevention and treatment. In the present study,
HEW suppressed COX-2 protein expression effectively,
suggesting that HEW possessed chemopreventive effects
via COX-2 inhibition. Furthermore, according to previous
reports, the modulation of COX-2 expression can be
controlled by the Nrf2 signaling pathway (14). In the
future, we intend to study more precisely whether HEW-
induced COX-2 suppression might be controlled by the
Nrf2 signaling pathway.

Inhibition of NO synthesis Several studies have suggested
that elevated NO production and oxidative stress in
activated macrophages is closely related to inflammation
(39). It has been documented that the addition of LPS to
cells significantly elevates the generation of nitrite, the
oxidative product of NO, compared to LPS-untreated
negative controls (28,40,41). In this study, HEW treatment
notably suppressed NO production in a concentration-

Fig. 1. Effects of HEW on cell viability of HepG2 cells. Values
are mean±SD; n=3, *p<0.05 vs. 0% control.

Fig. 2. ARE-luciferase activity by HEW in HepG2-ARE-C8
cells. Values are mean±SD; n=3, *p<0.05 vs. 0% control.

Fig. 3. Nrf2 protein expression by HEW in HepG2 cells. The
image data shown are representative of 3 independent experiments
with similar results (A) and described as fold-induction in (B).
(n=3, *p<0.05 vs. 0% control)
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dependent manner at concentrations greater than 1% (Fig.
6). LPS (1 µg/mL) significantly increased the production
of NO in RAW 264.7 cells from the basal level of 1.3±0.5
to 52.5±0.5 µM over 20 hr of incubation, and HEW (1-
3%) remarkably inhibited this NO overproduction in a

concentration-dependent manner (Fig. 6A). NO is an
important inflammatory mediator and produced endogenously
during arginine metabolism by NOS. Among the 3 kinds of
NOS, iNOS in macrophage cells leads to NO production,
and an overproduction of NO occurs during inflammation
(18). iNOS protein expression was investigated in order to
elucidate the mechanism of the suppressive effect of HEW
on NO production. HEW treatment remarkably decreased
LPS-induced iNOS protein expression (3.9 fold) in a
concentration-dependent manner at concentrations greater
than 1%, and up to 1.6 fold at 3% (Fig. 6B). These results
correspond with the results for NO suppression by HEW.

Inhibition of inflammatory mediators Pro-inflammatory
cytokines, such as TNF-α, IL-1β, and IL-6, play key roles
in inflammatory processes. In response to LPS, gene
expression and pro-inflammatory cytokine production
increases and their overproduction induces other inflammatory
mediators such as iNOS and COX-2. Thus, controlling
pro-inflammatory cytokines might be a tool to prevent
various inflammatory diseases (42,43). In this study, LPS-
induced NF-κB p65 expression was suppressed by HEW

Fig. 4. HO-1 protein expression by HEW in HepG2 cells. The
image data shown are representative of 3 independent experiments
with similar results (A) and described as fold-induction in (B).
(n=3, *p<0.05 vs. 0% control)

Fig. 5. COX-2 protein expression by HEW in HepG2 cells. The
image data shown are representative of 3 independent experiments
with similar results (A) and described as fold-induction in (B).
(n=3, *p<0.05 vs. 0% control)

Fig. 6. Effects of HEW on NO production (A) and iNOS
protein expression (B, C) in LPS-stimulated RAW 264.7
macrophages. Data represent the mean±SD of triplicate
experiments. *, **Significantly different from the no treatment
control (NT) and LPS treated control (Con), respectively (p<0.05).
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(Fig. 7). NF-κB is a transcription factor that increases the
expression of pro-inflammatory mediators and amplifies
inflammatory signal transduction (18). The suppression of
pro-inflammatory pathways can be mediated by NF-κB
signaling (44). HEW inhibited the protein expression of
pro-inflammatory cytokines such as TNF-α and IL-1β in
LPS-stimulated murine macrophages (Fig. 7). Therefore,
these findings indicate that HEW might have anti-
inflammatory activity by controlling the production of pro-
inflammatory cytokines.

In the present study, the chemopreventive and anti-
inflammatory effects of HEW on the Nrf2/ARE pathway
and NO/iNOS synthesis were investigated. HEW showed
cytotoxic effects in the human hepatocarcinoma cell line,
HepG2, and prominently activated the Nrf2/ARE pathway.
The activation of Nrf2 also stimulated HO-1 induction. In
murine macrophage RAW 264.7 cells, HEW effectively
inhibited NO synthesis and iNOS protein expression
induced by LPS. Furthermore, HEW inhibited the expression
of pro-inflammatory transcription factor NF-κB and cytokines

Fig. 7. Effects of HEW on pro-inflammatory transcription factor and cytokines in LPS-stimulated RAW 264.7 macrophages. The
image data shown are representative of 3 independent experiments with similar results (A) and described as fold-induction in (B). *,
**Significantly different from the no treatment control (NT) and LPS treated control (Con), respectively (p<0.05).
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such as TNF-α and IL-1β. At this moment, it is not clear
which components are responsible for the cellular defensive
and anti-inflammatory activities of HEW. Through these
results, the potential of HEW as an effective chemopreventive
and anti-inflammatory food source was confirmed. Given
the high content of β-D-glucan in HEW (Table 1), the
beneficial properties of HEW might be driven from the
high content of β-D-glucan in HEW. Yang et al. (45)
showed the anti-inflammatory effect of pure β-D-glucan
from barley at concentrations of 50 to 200 µg/mL. The
contents of β-D-glucan in HEW were calculated between
92 and 276 µg/mL (92, 184, and 276 µg/mL of β-D-glucan
in 1, 2, and 3% HEW, respectively). β-D-Glucans from
different sources have been shown various biological activities
such as lipid lowering effect, blood sugar reduction, weight
reduction, immune modulator, and anticarcinogenic effects
(46). Since the biological activities of β-D-glucan might
vary between the sources of β-D-glucan (46), however, it
would be important to analyze the size and the structure of
β-D-glucan in HEW. More detailed analyses on the
chemical structure of HEW along with the analyses on
other bioactive ingredients are under investigation and to
be reported separately.
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