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Abstract: Hericium erinaceus is a culinary-medicinal mushroom used traditionally in Eastern
Asia to improve memory. In this work, we investigated the neuroprotective and neuritogenic
effects of the secondary metabolites isolated from the MeOH extract of cultured mycelium of
H. erinaceus and the primary mechanisms involved. One new dihydropyridine compound (6) and
one new natural product (2) together with five known compounds (1,3–5,7) were obtained and
their structures were elucidated by spectroscopic analysis, including 2D NMR and HRMS. The
cell-based screening for bioactivity showed that 4-chloro-3,5-dimethoxybenzoic methyl ester (1) and
a cyathane diterpenoid, erincine A (3), not only potentiated NGF-induced neurite outgrowth but also
protected neuronally-differentiated cells against deprivation of NGF in PC12 pheochromocytoma
cells. Additionally, compound 3 induced neuritogenesis in primary rat cortex neurons. Furthermore,
our results revealed that TrkA-mediated and Erk1/2-dependant pathways could be involved in 1
and 3-promoted NGF-induced neurite outgrowth in PC12 cells.
Keywords: Hericium erinaceus; erinacine A; cyathane diterpenoid; 4-chloro-3,5-dimethoxybenzoic
methyl ester; PC12 cell; neuritogenesis

1. Introduction
Neurotrophins (NTs), such as nerve growth factor (NGF), have been extensively explored for
their essential contribution for the survival and differentiation in neuronal cells [1,2]. There is growing
evidence that the edecline of NTs is an important factor in the pathogenesis of neurodegenerative
diseases (ND) [3]. In fact, genetic or direct induction of NGF has already been elucidated as a
promising treatment for ND [4,5]. However, NGF’s high molecular weight restricts its delivery across
the blood-brain barrier (BBB). Hence, NGF-mimic or NGF-potentiated small molecules show significant
therapeutic potential for their pharmacological advantages [6,7].
Hericium erinaceus (Bull.: Fr) Pers is an edible and medicinal mushroom widely consumed in
Asian countries and has been paid more and more attention recently for its prominent neurotrophic
and neuroprotective properties [8–13]. In in vitro assays, extracts from H. erinaceus were reported to
stimulate NGF synthesis and/or promote NGF-induced neurite outgrowth in various cell types [14,15].
In in vivo assays, H. erinaceus’s fruiting bodies exhibited significant anti-dementia activity [16,17]. The
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aqueous extract from fruiting bodies also promoted the injured nerve regeneration in a Sprague-Dawley
rat model [18].
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Its COSY correlations between NH/H-6 showed the presence of a fragment –NH–CH2 – (Figure 2).
Its COSY correlations between NH/H-6 showed the presence of a fragment –NH–CH2– (Figure
The presence of a 1,2-dihydropyridine ring was supported by the HMBC correlations from H-2 to C-3,
2). The presence of a 1,2-dihydropyridine ring was supported by the HMBC correlations from H-2 to
from H-4 to C-3, C-5, and from H-6 to C-2, C-5. The carboxylic group was located at C-3 (δC 116.6) due to
C-3, from H-4 to C-3, C-5, and from H-6 to C-2, C-5. The carboxylic group was located at C-3 (δC
HMBC correlations between the carboxylic proton and C-3, and H-4 and C-9 (δC 168.3). The remaining
116.6) due to HMBC correlations between the carboxylic proton and C-3, and H-4 and C-9 (δC 168.3).
acetyl group was placed at C-5 (δC 166.1), which was supported from the HMBC correlations of
The remaining acetyl group was placed at C-5 (δC 166.1), which was supported from the HMBC
H-8 with the quaternary carbon C-5 (Table 1). The aforementioned data allowed us to assign the
correlations of H-8 with the quaternary carbon C-5 (Table 1). The aforementioned data allowed us to
structure of 6 as 5-acetyl-1,6-dihydro-3-pyridinecarboxylic acid (The related NMR spectra can be seen
assign the structure of 6 as 5-acetyl-1,6-dihydro-3-pyridinecarboxylic acid (The related NMR spectra
in Figures S3–S7).
can be seen in Figures S3–7).
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and an aldehyde proton [δH 9.58 (1H, s)]. The 13 C NMR spectrum had resonances corresponding to
an oxygenated methylene carbon (δC 57.8), four olefinic carbons (δC 110.2, 123.0, 152.5, 160.8), and
an aldehyde carbon (δC 177.9). Analysis of its 1 H NMR and COSY correlations between H-4/H-5
(Figure 2) revealed the presence of a 2,3-disubstituted furan ring at δH 6.52 (1H, d, J = 3.5 Hz), 7.22 (1H,
d, J = 3.5 Hz). The HMBC correlations between H-4 (δH 6.52) and C-2, C-3, and C-5, and H-5 (δH 7.22)
and C-2, C-3, and C-4 confirmed the presence of the furan moiety. The HMBC correlations from the
aldehyde proton H-6 (δH 9.58) to C-2, and from H-7 (δH 4.72) to C-2, C-3, and C-4 (Figure 2) indicated
the aldehyde and hydroxymethyl groups to be attached to C-2 and C-3 of the furan ring, respectively.
On the basis of the above data, compound 2 was identified as 3-(hydroxymethyl) -2-furaldehyde. This
compound was previously converted starting from glycolaldehyde using aluminum chloride as a
catalyst [31].
2.2. Compounds 1 and 3 Promoted NGF-Induced Neurite Outgrowth in PC12 Cells
At first, we evaluated the neuritogenic effects of the MeOH extract from the mycelium of
H. erinaceus by using PC12 cells since it was a widely-employed in vitro model for neuronal
differentiation and neurite outgrowth studies. The extract (12.5–200 µg/mL) promoted NGF-induced
neurite outgrowth in PC12 cells (Figure S8). Then, PC12 cells were treated with NGF (2 ng/mL) alone or
in combination with the seven isolated compounds at the concentrations of 0.3, 3, and 30 µM to identify
the specific components responsible for the neurotrophic activity. Consequently, 1 and 3 enhanced
the growth of neurites in a dose-dependent manner and significantly increased the maximal neurite
length in the presence of NGF (Figure 3a,b). In parallel, the NGF-induced expression of neuronal
differentiation marker proteins (i.e., MAP2 and β3-tubulin), were also obviously upregulated by the
combination of 1 or 3 with NGF (Figure 3c). Taken together, these data indicated that compounds 1 and
3 could effectively induce neuritogenesis when the PC12 cells were triggered by a low concentration
of NGF. This finding agrees well with other research. Hericenones C-E from H. Erinaceus markedly
potentiated the neurite outgrowth of PC12 cells in the presence of NGF (5 ng/mL) [32]. Treatment
of PC12 cells with corallocins A- or C-conditioned media produced by 1321N1 astrocytes resulted
in significant increase of neurite outgrowth [33]. Furthermore, it was demonstrated that increasing
neurite outgrowth activity in PC12 cells by the above compounds exhibited a strong correlation with
the stimulation of NGF synthesis [32,33]. However, erinacine A was unable to stimulate NGF synthesis
with or without NGF in PC12 cells (Figure S9). This indicated that erinacine A induced neuritogenesis
in PC12 acting as a stimuli for NGF potency instead of NGF level.
2.3. Compounds 1 and 3 Promoted NGF-Induced Neurite Outgrowth by Activating TrkA/Erk1/2 Pathway in
PC12 Cells
It was reported that stimulation of PC12 cells with NGF induces TrkA phosphorylation.
Tyr-490-phophorylated form TrkA is required for Shc association and activation of the Ras-MAP
kinase cascade, which is one of vital pathways involved into NGF-induced neurite outgrowth [34–36].
To explore the possible mechanism underlying the neurotrophic activity, the influences of compound 1
and 3 on TrkA and Erk1/2 were examined.
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k252a abolished the neuritogenesis induced by NGF and 1 or 3, alone or in combination at a level
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comparable to the DMSO control (around 5%). Similarly, the neuritogenic effect of iridoidcatalpol from
Rehmannia glutinosa (Shengdihuang) was also completely abolished by k252a in a primary culture of
forebrain neurons [37]. In contrast, the activity of potentiating NGF-mediated PC12 neurite outgrowth
by hericenone E was found to be partially blocked by k252a [32]. Furthermore, U0126 reduced
compounds 1 and 3-potentiated neurite outgrowth by 50%. It was consistent with the fact that Erk1/2
was not the sole pathway involved into the NGF-induced neurite outgrowth in PC12 cells [36]. Taken
together, it indicated that NGF-induced neurite outgrowth promoted by compounds 1 and 3 may be
entirely TrkA-dependent and partially Erk1/2-mediated.
Int. J. Mol. Sci. 2017, 18, 1659
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2.4. Compounds 1 and 3 Prevented the Death of Neuronally-Differentiated PC12 Cells against the Removal of

2.3.2.NGF
Compounds 1 and 3 Enhanced NGF-Induced TrkA and Erk1/2 Phosphorylation in PC12 Cells
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can protect neurites of differentiated PC12 cells from the removal of NGF [40]. In order to investigate
the effect of compounds 1 and 3 on the neuronally-differentiated PC12 without NGF, the cell
viability was measured by using MTT assay. PC12 cells were neuronally-differentiated treated with
NGF (30 ng/mL) for 7 d. The cells were treated with 1 and 3 at the concentrations of 0.03, 0.3, and 3
μM after NGF withdrawal and cell viability was measured 48 h later. After NGF withdrawal,
50–60% of neuronally-differentiated PC12 cells were dead 48 h later (Figure 5a). At the concentration
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analyzed by Western blotting. Both 1 and 3 promoted NGF-induced phosphorylation of TrkA (Y490)
and Erk1/2 in a concentration-dependent manner (Figure 4b,c). Previous reports have revealed that
upregulation of TrkA and/or Erk1/2 phosphorylation by some natural products agreed well with
their potency to promote neurite outgrowth [32,38,39]. It is, thus, predicted that compounds 1 and 3
may mediate the interaction between NGF and its receptor TrkA, enhance the activation of TrkA and
its downstream signaling Erk1/2 and finally potentiate NGF-induced neurite outgrowth in PC12 cells.
2.4. Compounds 1 and 3 Prevented the Death of Neuronally-Differentiated PC12 Cells against the Removal
of NGF
Differentiated PC12 cells need NGF to maintain survival, proliferation and the phenotypic
properties of sympathetic neurons. It was reported that several natural products such as senegenin
can protect neurites of differentiated PC12 cells from the removal of NGF [40]. In order to investigate
the effect of compounds 1 and 3 on the neuronally-differentiated PC12 without NGF, the cell viability
was measured by using MTT assay. PC12 cells were neuronally-differentiated treated with NGF
(30 ng/mL) for 7 d. The cells were treated with 1 and 3 at the concentrations of 0.03, 0.3, and 3 µM
after NGF withdrawal and cell viability was measured 48 h later. After NGF withdrawal, 50–60%
of neuronally-differentiated PC12 cells were dead 48 h later (Figure 5a). At the concentration
of
Int. J. Mol. Sci. 2017, 18, 1659
8 of 14
3 µM, the cells treated with 1 and 3 increased NGF-deprived PC12 cell viability up to 131% and 138%,
respectively,
versusversus
untreated
cells, which
is comparable
with the
cells
with 20
ng/mL
NGF
138%,
respectively,
untreated
cells, which
is comparable
with
thetreated
cells treated
with
20 ng/ml
(Figure
5b).
These
results
indicated
that
compounds
1
and
3
were
able
to
protect
differentiated
PC
12
NGF (Figure 5b). These results indicated that compounds 1 and 3 were able to protect differentiated
cells
from
the
removal
of
NGF.
Since
compound
1
was
reported
to
protect
mouse
neuroblastoma
N2a
PC 12 cells from the removal of NGF. Since compound 1 was reported to protect mouse
(Neuro-2a) cells N2a
against
endoplasmic
[27], our reticulum
findings confirmed
the neuroprtective
neuroblastoma
(Neuro-2a)
cellsreticulum
against stress
endoplasmic
stress [27],
our findings
function
of
4-chloro-3,5-dimethoxybenzoic
methyl
ester.
confirmed the neuroprtective function of 4-chloro-3,5-dimethoxybenzoic methyl ester.

Figure 5. The effect of compounds 1 and 3 on preventing the death of neuronally-differentiated PC12
Figure 5. The effect of compounds 1 and 3 on preventing the death of neuronally-differentiated
cells after removal of NGF. PC12 cells were seeded in collagen-coated 96-well plates in normal serum
PC12 cells after removal of NGF. PC12 cells were seeded in collagen-coated 96-well plates in normal
medium for 24 h, then changed to low serum medium (2% HS and 1% FBS) containing NGF (30
serum medium for 24 h, then changed to low serum medium (2% HS and 1% FBS) containing NGF
ng/mL). After seven days, PC12 cells were exposure to vehicle (0.1% DMSO) as a negative control,
(30 ng/mL). After seven days, PC12 cells were exposure to vehicle (0.1% DMSO) as a negative control,
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test).

2.5. Compound 3 Induced Neurite Outgrowth in Primary Rat Cortex Neurons
Primary cultured neurons possess majority of the in vivo neuronal properties. Thus, rat cortical
neurons were chosen to screen neurotrophic molecules from H. erinaceum. As a result, compound 3
was investigated to induce the neurite extension (Figure 6a). The maximal neurite length for the
neurons treated with 3 (3 and 30 μM) were significantly larger than untreated neurons, but smaller
than the basic fibroblast growth factor (bFGF, 10 ng/mL) control (Figure 6b). These data indicated
that compound 3 can mimic NTs finitely in primary rat cortex neurons.

cells after removal of NGF. PC12 cells were seeded in collagen-coated 96-well plates in normal serum
medium for 24 h, then changed to low serum medium (2% HS and 1% FBS) containing NGF (30
ng/mL). After seven days, PC12 cells were exposure to vehicle (0.1% DMSO) as a negative control,
NGF (20 ng/mL) as a positive control, or 1, 3 (0.03, 0.3, 3 μM) for an additional 48 h. Scale bar: 100
μm. (a) Representive cell morphology images and (b) cell viability was assessed by MTT assay. Data
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are expressed as the mean ± SD from three independent experiments. ** p < 0.01 represent significant
differences compared with vehicle (ANOVA followed by Dunnett’s test).
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that compound 3 can mimic NTs finitely in primary rat cortex neurons.

Figure 6. The effect of compound 3 on promoting neurite outgrowth in primary cultured rat cortex
neurons. Primary rat cortex neurons were seeded in poly-L-lysine-coated 24-well plates in DMEM
for 24 h, then changed to neurobasal medium (2% B27 and 0.5 mM L-glutamine) and exposure to
vehicle (0.1% DMSO) as a negative control, bFGF (10 ng/mL) as a positive control, or 3 (0.3, 3, 30 µM)
for an additional six days. Scale bar: 100 µm. (a) Cell morphology was observed and photographed
as described in Section 3.8; (b) Neurite length was measured as described in Section 3.8. Data are
expressed as the mean ± SD from three independent experiments. ** p < 0.01 represent significant
differences compared with vehicle (ANOVA followed by Dunnett’s test).

3. Materials and Methods
3.1. General Experimental Procedures
IR spectra were recorded on a JASCO FT-IR 410 infrared spectrophotometer (JASCO Inc.: Easton,
MD, USA). The NMR experiments were performed on a Varian Unity 600 or 500 instrument (Varian Inc.:
Palo Alto, CA, USA). Deuterated solvent was used as references for the 1 H and 13 C NMR spectra.
HREIMS and HRCIMS were performed on an MStation JMS-700 or a JMX-AX 500 spectrometer
(JEOL Ltd.: Tokyo, Japan). TLC was carried out with silica gel 60 F254 and PR-18 F254 plates. HPLC
was performed on a JASCO PU-1580 pump (JASCO Inc.: Easton, MD, USA) equipped with a JASCO
UV-1575 detector (JASCO Inc.: Easton, MD, USA). All solvents used for extraction and isolation were
of analytical grade.
3.2. Fungal Materials
The fungal strain H. erinaceum H6 (accession no. DQ185914) was purchased from the Applied
Research Institute of Microbiology, Academy of Agricultural Sciences, Xinjiang, China. It was identified
based on 16S rDNA sequence analysis with 99% similarity by Beijing Sunbiotech Co. and has been
deposited at Shaanxi Key Labotory of Natural Products and Chemical Biology, Northwest A and F
University. H. erinaceus was cultured on slants of potato dextrose agar at 25 ◦ C for 10 days. Agar plugs
were inoculated in a 500 mL Erlenmeyer flask containing 120 mL of the culture medium and incubated
at 25 ◦ C on a rotary shaker at 100 rpm for 10 days. The components of the culture medium were listed
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as follows: glucose 0.4%, malt extract 1%, yeast extract 0.4% in distilled water. The culture medium
was adjusted to pH 6.5 before sterilization. The scale-up fermentation was carried out in 40 × 500 mL
Erlenmeyer flasks each containing 80 g of rice and 120 mL of distilled water. Each flask was inoculated
with 5.0 mL of the culture medium and incubated at 25 ◦ C for 40 days.
3.3. Extraction and Isolation
H. erinaceus mycelium was extracted and isolated as previously reported with slight
modifications [41]. Briefly the MeOH extract (45 g) was suspended in water and then partitioned with
EtOAc and n-BuOH. The EtOAc fraction (4.41 g) was subjected to silica gel column chromatography
(CC) using CHCl3 –MeOH (20:1, 9:1, 7:3, 5:5) to give four fractions (E1–E4).
Fraction E1 (116 mg) was separated by silica gel CC eluted with hexane-EtOAc (4:1, 2:1, 1:1)
to give five fractions (E11–E15). Fraction E11 was separated by ODS column chromatography (CC)
using 90% MeOH in water and then purified by preparative TLC using hexane-EtOAc (5:1) to obtain
compound 1 (8 mg). Fraction E2 (982 mg) was subjected to silica gel CC eluted with CHCl3 -EtOAc (2:1,
1:1) to give ten fractions (E21–E30). Compound 2 (29.6 mg) was obtained from fraction E24 (80 mg)
by silica gel CC using CHCl3 -EtOAc (9:1). Fraction E29 (82 mg) was separated by ODS CC using
MeOH-H2 O (3:7, 5:5, 7:3) and then purified by RP-HPLC using MeOH-H2 O (9:1) to obtain 3 (6 mg).
Fraction E3 (1.215 g) was separated by silica gel CC eluted with CHCl3 -MeOH-H2 O (7:3:0.5) to give
two fractions (E31, E32). Fraction E31 (956 mg) was separated by silica gel CC using hexane-EtOAc (1:4,
0:1) to afford four fractions (E311–E314). Fraction 314 (276 mg) was separated on Sephadex LH-20 CC
eluted with MeOH to give three fractions (E3141–E3143). Fraction 3142 (71 mg) was further separated
by ODS CC eluted with MeOH-H2 O (1:2) to give three fractions (E31421–E31423). Compound 4 (5 mg)
was obtained from fraction E31421 (32 mg) by RP-HPLC using 5% acetonitrile in water. Compound
5 (10 mg) was obtained from fraction E32 (215 mg) by RP-HPLC using MeOH-H2 O (4:6). Fraction
E4 (1.08 g) was separated by ODS CC using MeOH-H2 O (5:5, 7:3) to give three fractions (E41–E43).
Fraction E41 (459 mg) was separated by silica gel CC eluted with EtOAc-MeOH (9:1) to give two
fractions (E411, E412). Fraction E412 (112.2 mg) was separated by silica gel CC using CHCl3 -MeOH
(9:1) and then purified by RP-HPLC using 10% MeOH in water to obtain 6 (1 mg). Fraction E42
(384 mg) was separated by silica gel CC using a gradient of CHCl3 -MeOH (20:1, 10:1) to afford four
fractions (E421–E424). Fraction 421 (116.3 mg) was further separated by ODS CC using MeOH-H2 O
(1:1) to give three fractions (E4211–E4213). Compound 7 (2 mg) was obtained from fraction E4213
(24.8 mg) by silica gel CC eluted with CHCl3 -EtOAc (1:5).
Compound 2 (=3-(hydroxymethyl)-2-furaldehyde):yellow oil; 1 H NMR (CD3 OD, 500 M Hz) δ
4.72 (2H, s, H-7), 6.52 (1H, d, J = 3.5 Hz, H-4), 7.22 (1H, d, J = 3.5 Hz, H-5),9.58 (1H, s, H-6); 13 C NMR
(CD3 OD, 125 M Hz) δ 57.8 (C-7), 110.2 (C-4), 123.0 (C-5), 152.5 (C-2), 160.8 (C-3), 177.9 (C-6); EIMS
(rel int) m/z 126[M]+ (100); HREIMS m/z 126.0315 [M]+ (calcd for C6 H6 O3 , 126.0317).
Acetylation of compound 5. To a solution of 5 (3 mg) in pyridine (1 mL) was added acetic
anhydride (1 mL), and the mixture stood at RT for 24 h. The reaction mixture was concentrated to
dryness, the residue were purified on silica gel CC using EtOAc, affording a new diacetate 5a (2.1 mg)
as an off-white gum. 1 H NMR (CDCl3 , 500 M Hz) δ 1.50 (3H, d, J = 6.0 Hz), 2.10 (3H, d, J = 3.0 Hz),
2.16 (3H, d, J = 1.5 Hz), 4.90 (2H, s), 5.90 (1H, dd, J = 6.5, 1 Hz), 6.36 (1H, s), 7.79 (1H, d, J = 0.5 Hz);
13 CNMR (CDCl , 125 M Hz) δ 19.9, 20.6, 21.2, 61.1, 65.7, 114.7, 129.6, 151.9, 162.2, 169.6, 169.9, 176.8;
3
HRCIMS m/z 255.0874 [M + H]+ (calcd for C12 H15 O6 , 255.0863).
Compound 6: amorphous, white powder; IR (film) νmax 3354 (OH, NH), 1659 (C=O), 1626, 1541,
1507, 1370, 1215, 1067 cm−1 ; 1 H NMR (CDCl3 , 600 M Hz) and 13 C NMR (CDCl3 , 150 M Hz) data,
Table 1; CIMS m/z 168 [M + H]+ ; HRCIMS m/z 168.0658 [M + H]+ (calcd for C8H10NO3, 168.0655).
3.4. Cell Culture
PC12 cells were provided from Professor Yoshiyasu Fukuyama’s laboratory and were grown in
high-glucose Dulbecco’s Modified Eagle Medium (DMEM) with 10% heat-inactivated horse serum
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(Gibco BRL Co.Ltd.: Gaithersburg, MD, USA), 5% heat-inactivated fetal bovine serum (Gibco BRL), 1%
penicillin/streptomycin. The cells were cultivated in an atmosphere with 5% CO2 at 37 ◦ C.
Primary rat cortex neurons were purchased from Gibco BRL. The cells were seeded into
poly-L-lysine (Sigma-Aldrich Inc.: Saint Louis, MI, USA) coated 24-well plates at a density of
2 × 104 cells/mL. After 24 h, the medium was replaced with Neurobasal medium supplement with
B27 (2%), L-glutamine (0.5 mM) and 1% penicillin/streptomycin. The cells were maintained in a
humidified 5% CO2 incubator.
3.5. MTT Assay for Cell Viability
PC12 cells were seeded in collagen coated 96-well plates at a density of 8 × 103 cells/mL. After
24 h, the culture medium was replaced with the differential medium containing 30 ng/mL of NGF for
seven days. After NGF withdrawal, the cells were treated with compounds for 48 h. Then the cells
were incubated with of MTT (0.5 mg/mL) for 2 h at 37 ◦ C. The medium was carefully removed and
100 µL of 50% DMSO/50% EtOH was added into each well. The absorbance was measured at 560 nm
by a microplate reader. The results were expressed as the percentage of MTT reduction, assuming the
absorbance of blank control was 100%.
3.6. Assay of Neurite Outgrowth of PC12 Cells
The neurite outgrowth was measured as previously reported [42,43]. Briefly PC12 cells were
seeded in poly-L-lysine-coated 24-well plates at a density of 8 × 103 cells/mL with normal serum
medium for 24 h, and then treated with the drugs and NGF, alone or in combination. PC12 cells were
photographed by an inverted microscope and examined for the percentage of neurite-bearing cells
relative to the total cells in the field or the average of maximal neurite length in individual cells.
3.7. Western Blotting Analysis
PC12 cells (1 × 106 cells/mL) were seeded in poly-L-lysine-coated six-well plates in normal serum
medium for 24 h, then shifted to low serum medium for 14 h prior to exposure to vehicle (0.1% DMSO)
or indicated reagents. Cells were lysed on ice for 30 min in RIPA buffer, 10 mM PMSF (Beyotime
Institute of Biotechnology, Shanghai, China), 1% protein inhibitor cocktail (Sigma-Aldrich China Inc.:
Shanghai, China). Lysates were centrifuged at 14,000 rpm for 15 min at 4 ◦ C. The protein concentration
was measured by the BCA protein assay kit (Solarbio Science and Technology Co., Ltd., Beijing, China).
Each sample (30 µg) was separated by SDS-PAGE in 8–12% gels, transferred to a PVDF membrane
(0.45 µm, Solarbio Science and Technology Co., Ltd.: Beijing, China). The membranes were blocked at
room temperature in 5% BSA in TBST (20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20 (Polysorbate
20)) for 1 h. Blots were incubated with the appropriate primary antibodies (Cell Signaling Technology,
Inc., Beverly, MA) overnight at 4 ◦ C, detected with HRP-conjugated secondary antibodies (Beyotime
Institute of Biotechnology, Shanghai, China) for 1 h at room temperature and finally visualized by ECL
chemiluminescence reagents (Beyotime Institute of Biotechnology: Shanghai, China).
3.8. Immunocytochemical Staining
Primary rat cortex neurons were seeded onto poly-L-lysine-coated 24-well plate for 24 h and
treated with compounds in complete neurobasal medium. After six days, the cells were fixed with
4% paraformaldehyde for 20 min, blocked in 0.3% H2 O2 for 20 min, permeabilized with 0.1% Triton
X-100 for 20 min. The cells were then incubated with anti-MAP2 antibody in PBS at 4 ◦ C overnight.
The bound antibodies were detected by secondary antibody for 60 min at room temperature. The cells
was stained using 3,3’-daminobenzidine (DAB) and photographed by an inverted microscope and
examined by measuring the length of the longest neurite in each cell. The cells treated with bFGF
(10 ng/mL) served as a positive control.
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3.9. Statistical Analysis
Data were expressed as mean ± standard error (SD). All experiments were carried out at least
three times. The results were analyzed by ANOVA followed by Dunnett’s test, with p < 0.01 and
p < 0.001 taken to indicate significant difference.
4. Conclusions
In the present study, one new compound 6 and one new natural product 2 from the cultured
mycelium of H. erinaceus were elucidated. Two known compounds, 1 and 3, have been explored
with new neurotrophic and neuroprotective activities. Specifically, compounds 1 and 3 can effectively
protect the neuronally-differentiated PC12 cells against deprival of NGF. Compound 3 can mimic
finitely neuritogenic activity of NTs in primary rat cortex neurons. Compounds 1 and 3 can also
obviously potentiate NGF-induced neurite outgrowth independent of the stimulation of NGF synthesis
in PC12 cells. Furthermore, analysis of cellular signaling pathways revealed that NGF-induced
neurite outgrowth potentiated by compounds 1 and 3 is completely TrkA-mediated and partially
Erk1/2-dependent. Collectively, these facts strengthen the perception that Hericium erinaceus as a
potential agent to reduce the risk of various neurodegenerative diseases, which may offer useful
benefits to help the development of new drugs against these diseases.
Supplementary Materials: The following are available online at www.mdpi.com/1422-0067/18/8/1659/s1.
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