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Abstract

Erinacines derived from Hericium erinaceus have been shown to possess various health benefits including neuro-
protective effect against neurodegenerative diseases, yet the underlying mechanism remains unknown. Here we found
that erinacine S enhances neurite outgrowth in a cell autonomous fashion. It promotes post-injury axon regeneration of
PNS neurons and enhances regeneration on inhibitory substrates of CNS neurons. Using RNA-seq and bioinformatic
analyses, erinacine S was found to cause the accumulation of neurosteroids in neurons. ELISA and neurosteroidogenesis
inhibitor assays were performed to validate this effect. This research uncovers a previously unknown effect of erinacine
S on raising the level of neurosteroids.
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1. Introduction

H ericium erinaceus, also known as lion's mane
mushroom, is a well recognized culinary and

medicinal mushroom. This mushroom has been
reported to exhibit beneficial effects on cancer,
diabetes, depression, and neurodegenerative dis-
eases [1,2]. The neuroprotective effect of H. erina-
ceus can be attributed to a variety of unique
chemicals, one group of them being erinacines
(cyathin diterpenoids) that are rich in the mycelia
of H. erinaceus [3]. For example, the encapsulated
methanolic extract of H. erinaceus mycelium rich in

erinacine A has been found to significantly slow
down the cognitive decline in human subjects [4].
So far a variety of erinacines (A-K, PeS) have been
isolated from mycelia and characterized [2]. It
should be noted that erinacine A-I have been
found to enhance the biosynthesis of the nerve
growth factor (NGF) in cultured astrocytes, which
may be an important contributing factor to their
neuroprotective effects [5e8]. In addition, it has
been found that force feeding neonatal rats with
erinacine A leads to the increase of NGF in both
locus coeruleus and hippocampus of the brain [9].
Orally ingested H. erinaceus mycelium ethanol
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extracts rich in erinacine A, C and S has been
shown to enhance the production of NGF and
reduce the number and size of Ab plaques in a
mouse model (APP/PS1) of Alzheimer's disease
[10]. In another study, APP/PS1 mice fed with pu-
rified erinacine A or S also exhibited reduced
number and size of Ab plaques in the cerebral
cortex. Surprisingly, the authors did not detect an
increase of NGF level in the cerebral cortex of
erinacine A or S ingested mice [3]. This suggests
that the production of NGF may not be the
downstream mechanism for the neuroprotective
effect of erinacine A or S. Further study shows that
erinacine A and S have different effects on Alz-
heimer's disease causing Ab peptide. While both
erinacine A and S promotes the degradation of Ab
plaques, only erinacine A prevent the accumula-
tion of insoluble Ab in APP/PS1 mice [11]. This
observation suggests that erinacine A and S may
elicit different molecular/cellular mechanisms in
protecting against Alzheimer's disease.
While erinacine S has been shown to possess the

neuroprotective effect in the neurodegenerative
disease animals, all observations are based on ani-
mal studies [3,11]. Whether erinacine S affects
neurons or non-neuronal cells, and the precise
molecular mechanism of this erinacine remains
elusive. To understand whether erinacine S acts
directly upon neurons, we examine the effect of this
erinacine on dissociated primary neurons from mice
and rats. Surprisingly, the neurite outgrowth of
primary neurons from both CNS and PNS are
significantly enhanced after incubating with erina-
cine S. Because neurite outgrowth is the funda-
mental event that leads to nerve regeneration, we
examined and confirmed that erinacine S indeed
promotes axon regeneration in physically severed
PNS neurons and neurite regeneration of CNS
neurons cultured in a regeneration inhibiting envi-
ronment. To understand the molecular mechanism
of erinacine S on promoting neuronal regeneration,
RNA-seq technology was utilized to examine the
transcriptomic changes of CNS neurons after 16 and
48 h of incubation with erinacine S. Interestingly,
instead of NGF biosynthesis, we discovered that
erinacine S promotes the accumulation of neuro-
steroids. The effect of erinacine S on neurosteroids
was confirmed using ELISA quantification and
neurosteroidogenesis inhibitor assays. Neuro-
steroids have been shown to promote neurite
outgrowth, induce neurogenesis, and prevent
neuronal apoptosis [12]; all of which explains the
neuroprotective effect of erinacine S on Alzheimer's
disease and neuronal regeneration.

2. Materials and methods

2.1. Antibodies and reagents

Mouse anti-beIIIetubulin antibody TUJ1 (801202)
was purchased from Biolegend (San Diego, CA).
Alexa Fluor-conjugated secondary antibodies were
from Thermo Fisher Scientific (Waltham, MA).
Chicken extracellular chondroitin sulfate pro-
teoglycans (CSPGs, CC117) was from Merck Milli-
pore (Burlington, MA). Mouse nerve growth factor
(NGF, N-100) was from Alomone (Jerusalem, Israel).

2.2. H. erinaceus cultures

H. erinaceus (BCRC 35669) was purchased from the
Bioresources Collection and Research Center of the
Food Industry Research and Development Institute
(Hsinchu, Taiwan). H. erinaceus mycelium was ob-
tained by liquid state fermentation. H. erinaceus was
transferred from an agar slant onto a potato
dextrose agar plate, and incubated at 26 �C for 15
days. After the incubation, a mycelial seed was
transferred to a 2 L Erlenmeyer flask and incubated
at 120 rpm/min at 25 �C for 5 days. The 2 L flask was
scaled up to a 500 L fermenter and then to a 20 tons
fermenter for 5 and 12 days, respectively. At the end
of the fermentation process, the mycelia were har-
vested, lyophilized, grounded into powder, and
stored in a desiccator at room temperature.

2.3. Erinacine S extraction and purification

95% ethanol was first added to the H. erinaceus
mycelium powder and the preparation was ultra-
sonicated for 2 h. The reflux solution was filtered and
concentrated under a vacuum to obtain crude extract.
Thewater/ethyl acetate solution (1:1)was thenused to
differentiate the water layer and the ethyl acetate
layer from the crude extract. Silica gel column chro-
matography (70e230 mesh; 70 � 10 cm) was used to
analyze the ethyl acetate layer, and n-hexane/ethyl
acetate solution (3:2) was used to perform gradient
separation. Erinacine S was obtained using Sephadex
LH-20 column chromatography and a subsequent
silica column chromatography. Using HPLC, the
purity of erinacine Swas determined to be 99.1%. The
chemical structure of erinacine S is shown in sup-
plementary material (Fig. S1).

2.4. Erinacine S solution preparation

Erinacine S was dissolved with DMSO into the
10 mg/mL concentrated stock solutions. The 10 mg/
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mL stock solution was further diluted with cortical
neuron maintenance medium or DRG maintenance
medium into indicated concentrations. These
diluted solutions were equilibrated in a 37 �C CO2

incubator before adding into multiwell plates.

2.5. Poly-L-lysine- or CSPGs coating

100 mg/mL poly-L-lysine (PLL) solution was added
to each well of a 6-, 24- or 96-well plate and incu-
bated overnight at room temperature. 20 mL of the
2.5 mg/mL CSPGs solution (CC117, Merck Millipore,
Burlington, MA) was dropped onto the center of
each PLL-coated well of a 24-well plate then stored
in a 4 �C refrigerator overnight. A 1:1000 dilution of
goat anti-mouse-IgG conjugated to Alexa Fluor 568
was mixed in with the CSPGs solution to label the
CSPGs-coated area. The wells were washed with
ddH2O twice before neurons were seeded into these
CSPGs-coated wells.

2.6. Primary neuron cultures and analyses

All animal experimental procedures were
approved by the Institutional Animal Care and
Use Committee (IACUC) and in accordance with
the Guide for the Care and Use of Laboratory
Animals of National Yang Ming Chiao Tung
University.
Mouse cortical neuron cultures were prepared as

described with slight modifications [13]. Briefly,
embryos from timed pregnant C57BL/6J adult mice
(E17.5) were used. Mouse brains were collected
from the embryos, the meninges were carefully
removed, and the cortexes were isolated under the
dissecting microscope. Cortexes were incubated
with 5 mL of digestion medium (0.25%
trypsineEDTA, 10 mM HEPES) at 37 �C for 30 min
and dissociated mechanically via trituration. Disso-
ciated cortical neurons were filtered by cell strainer
before centrifuged at 80 g for 10 min at room tem-
perature. The cell pellet was resuspended in the
cortical neuron plating medium (Minimum Essen-
tial Medium supplemented with 5% fetal bovine
serum, 0.6% D-glucose, and 2 mM L-glutamine).
1 � 104 or 8 � 104 neurons were plated into each well
of a 96-well or 24-well plate in the cortical neuron
plating medium. After 3 h of incubation, the cortical
neuron plating medium was replaced with 100 mL or
250 mL of the cortical neuron maintenance medium
(neurobasal medium supplemented with 1 � B27
and 0.5 mM L-glutamine). After incubating for 1
additional hour, 100 mL or 250 mL of erinacine S
solution (final concentration 1 mg/mL) was added

into each well. Dissociated cortical neurons were
maintained in a 37 �C, 5% CO2 incubator for 2 days.
For RNA-seq assays, 6.5 � 106 neurons were plated
into the 15-cm culture dishes. After 3 h of incuba-
tion, the cortical neuron plating medium was
replaced with 20 mL of the cortical neuron mainte-
nance medium. After incubating for 1 additional
hour, 20 mL of erinacine S solution (final concen-
tration 1 mg/mL) was added into each culture dish.
Dissociated cortical neurons were maintained in a
37 �C, 5% CO2 incubator for 16 or 48 h. For the
neurosteroidogenesis inhibitor assay, 0.5 mM of ke-
toconazole (SigmaeAldrich, K1003) and 25 mM of
genistein (SigmaeAldrich, G6649) were added to
each well of a 96-well plate at the same time as
erinacine S. Dissociated mouse cortical neurons
were maintained in a 37 �C, 5% CO2 incubator for an
additional 2 days before fixed for immunofluores-
cence staining. For ELISA quantification of preg-
nenolone, cell lysates were prepared from
dissociated mouse cortical neuron treated with the
aforementioned compounds for 2 days. Diethyl
ether was used for extracting pregnenolone from
cortical neuron lysates before ELISA quantification.
Briefly, 1 mL of diethyl ether was mixed with 500 mL
of cortical neuron lysates and the top diethyl ether
layer was collected. This extraction step was
repeated three times before extracted lysates were
dried under nitrogen and dissolved in 100 mL of
pregnenolone sample dilution buffer from the
Pregnenolone ELISA kit (EU0380, FineTest). Preg-
nenolone ELISA kit was performed according to the
manufacturer's protocols.
Rat dorsal root ganglion (DRG) neuron cultures

were prepared as described with slight modifica-
tions [14]. Briefly, embryos from time pregnant
SpragueeDawley rats (E15.5) were used. Rat spinal
cords were collected from the embryos, the
meninges were carefully removed, and the DRGs
were dissected under the dissecting microscope.
DRGs were incubated with 5 mL of digestion me-
dium at 37 �C for 30 min and dissociated mechani-
cally via trituration. Dissociated DRG neurons were
centrifuged at 300 g for 5 min at room temperature
and the cell pellet was resuspended in the DRG
maintenance medium (neurobasal medium sup-
plemented with 1 � B27, 25 ng/mL NGF, and 1 mM
L-glutamine). 3 � 103 or 4 � 104 DRG neurons were
plated into each well of a 96-well or 24-well plate in
100 mL or 250 mL of the DRG maintenance medium.
After 4 h of incubation, 100 mL or 250 mL of erinacine
S solution was added into each well. Dissociated
DRG neurons were maintained in a 37 �C, 5% CO2

incubator for 2 days.
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2.7. DRG neuron drop culture and axotomy

Rat DRG neurons were obtained as mentioned
above. The drop culture was established by drop-
ping 2 mL of the concentrated DRG neuron mixture
(1.5 � 104 neurons per mL) at the center of each
grooved ethylene-vinyl acetate (EVA) coverslip
attached to the bottom of a 6-well plate. The
grooved EVA coverslips were manufactured using
the protocol we established previously [15]. After
neuron plating, 6-well plates were first placed into a
37 �C CO2 incubator for 10 min 2 mL of the DRG
maintenance medium were then added into each
well and incubated for 4 h 1 mM floxuridine and
1 mM uridine were added to each well to curb the
growth of mitotic cells. Half of the medium was
replaced with the fresh DRG maintenance medium
without floxuridine and uridine on day 5. On day 7,
the axotomy procedure was performed with a
plastic cell scraper. This is immediately followed by
replacing half of the medium with the fresh DRG
maintenance medium containing 0.2% DMSO (final
concentration 0.1%) or 2 mg/mL erinacine S (final
concentration 1 mg/mL). Neurons were then
cultured in the 37 �C CO2 incubator for an addi-
tional 2 days.

2.8. Immunofluorescence staining

For neuron cytotoxicity, neurite outgrowth, neu-
rosteroidogenesis inhibitor assays, neurons were
fixed with 3.7% formaldehyde in 1 � PBS at 37 �C for
15 min. For axotomy analysis, neurons were fixed
with 3.7% formaldehyde in 1 � PBS at 37 �C for
30 min. Fixed neurons were permeabilized with
0.25% Triton X-100 at room temperature for 5 min
and blocked with 10% BSA in 1 � PBS at 37 �C for
30 min. Neurons were then incubated with the pri-
mary antibody diluted in 2% BSA in 1 � PBS and
incubated at 37 �C for 1 h. This is followed by 1 h of
incubation at 37 �C with Alexa Fluor-conjugated
secondary antibody diluted in 2% BSA in 1 � PBS
along with 10 mg/mL DAPI.

2.9. Images acquisition and analysis

Fluorescence images were acquired on a Nikon
Eclipse Ti-E inverted fluorescence microscope
equipped with a 10x (0.45 N.A) Plan Apo objective
lens, an Intensilight epi-fluorescence light source, a
Photometrics CoolSNAP HQ2 camera, and Nikon
NIS-Elements software.
The ImageJ (v1.43) plugin NeurphologyJ [16] was

used for quantifying the total soma number and
total neurite length in dissociated cortical and DRG

neurons. Total neurite length per neuron was ob-
tained via dividing total neurite length by total soma
number.
For quantifying the neuronal regeneration on

CSPGs-coated surface, a circular region of interest
(ROI) 4810 mm in diameter was selected inside the
CSPGs-coated region. Only neurons inside this ROI
were quantified by NeurphologyJ.
Fiji (v1.51) was used to quantify DRG axon

regeneration after axotomy. Firstly, a rectangular
ROI 3000-pixel � 500-pixel was created 200-pixel
proximal to the axotomy site to serve as the unin-
jured axon area. Secondly, a series of rectangular
ROIs 3000-pixel � 500-pixel were created from the
distal edge of the axotomy site to neuron tips to
serve as the regenerated axon areas. The regenera-
tion ratio of each point was calculated by dividing
the regenerated axon area by the uninjured axon
area.

2.10. RNA extraction, RT-PCR, and RNA-seq

Four groups of total RNA samples (a total of 12)
from primary mouse cortical neurons were pre-
pared; each group contains 3 independent repeats.
The four groups are: 1) DMSO solvent control
treatment for 16 h, 2) 1 mg/mL erinacine S treatment
for 16 h, 3) DMSO solvent control treatment for 48 h,
and 4) 1 mg/mL erinacine S treatment for 48 h. Total
RNAs were extracted from cortical neurons using
Blood/Cell total RNA mini kit (RB050, Geneaid,
Taiwan) according to the manufacturer's in-
structions. Reverse transcription was performed
using RevertAid First Strand cDNA Synthesis Kit
(K1621, Thermo Scientific, Waltham, MA) according
to the manufacturer's instructions. RT-PCR was
conducted to ensure the addition of erinacine S does
not significantly alter the quantity/level of the
overall transcriptome. We selected RNA transcripts
of two house-keeping gene, one present in the
neurite (beta-actin) and one present in the soma
(GAPDH) for the RT-PCR analysis. The primer se-
quences in this study are as follow: 50-
CCCCTGAACCCTAAGGCCA-3' (beta-actin for-
ward); 50-CGGACTCATCGTACTCCTGC-3' (beta-
actin reverse); 50-TGTGAACGGATTTGGCCG-
TATTGG-3' (GAPDH forward); 50-TGGAA-
GAGTGGGAGTTGCTGTTGA-3' (GAPDH
reverse). It was found that the addition of erinacine
S does not alter the expression of these two house-
keeping genes (Fig. S2), indicating that the quantity/
level of the overall transcriptome is unaltered. For
RNA-seq analyses, a detailed procedure is provided
(Fig. S3). RNA sample preparations were performed
according to the official Illumina protocol. The
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SureSelect Strand-Specific RNA Library Preparation
Kit (Agilent, Santa Clara, CA) was used for library
construction followed by AMPure XP Beads size
selection. The sequence was directly determined
using Illumina's sequencing-by-synthesis (SBS)
technology. Sequencing data (FASTQ reads) were
generated based on Illumina's basecalling program
bcl2fastq (v2.20), which was used to convert BCL
files from all Illumina sequencing platforms into
FASTQ reads. Both adaptor clipping and sequence
quality trimming were performed using Trimmo-
matic (v0.36) with a sliding window approach. For
quality control checks on raw sequence data of each
sample, the FastQC (v0.11.7) was utilized to assess
the per base sequence quality and per sequence
quality scores (Fig. S4). Among sequence data for
150 bp paired-end (a total of 24), no sequences were
flagged as poor quality. Next, Hisat2 (v2.1.0) [17] was
used for mapping sequencing reads to the mouse
reference genome (GRCm38) and generating SAM
files. We further performed Samtools (v1.10) to
convert the SAM file to BAM format [18]. Finally,
TPM values were calculated from filtered mapped
reads using Stringtie (v2.1.3) with the default setting
[19]. The processed RNA-seq data comprise three
comparison groups, including 1) 16 h erinacine S
versus 16 h DMSO control treatment, 2) 48 h eri-
nacine S versus 48 h DMSO control treatment, and
3) 48 h versus 16 h erinacine S treatment. For each
comparison group, the log2 (fold change) was
evaluated using DEseq2 (v1.28.1) [20]. Based on the
TPM values of 22,025 protein-coding genes, we
defined that genes with log2 (fold change) � 1 and �
�1 were considered highly up-regulated and down-
regulated for each comparison group, respectively.

2.11. Gene set enrichment analysis

To examine and understand the mechanisms of
erinacine S on neuronal regeneration, we used the
approach of gene set enrichment analysis (GSEA)
[21] to reveal which pathways were significantly
associated (FDR q-value � 0.25 as suggested by
GSEA) with the genes up-regulated in the dissoci-
ated cortical neurons treated with erinacine S for 16
or 48 h compared to the control. Given a collection
of 328 pathways derived from the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) database [22]
and the ranked list of gene expression changes
resulting from the treatment of erinacine S for 16 (or
48) hours, GSEA tests whether the members of each
pathway are randomly distributed along the list or
clustered near the extremes, with the latter

indicating that the pathway is regulated by the
treatment. For the implementation of GSEA, we
used the gene set as the permutation type, the Sig-
nal2Noise as the metric for ranking genes, 500 (or
15) as the max (or min) size of excluding larger (or
smaller) sets, and the default setting of the other
parameters.

2.12. Statistical analysis

All statistical analyses were performed using
GraphPad Prism 7 with the indicated statistical
methods.

3. Results

3.1. Erinacine S promotes neurite outgrowth

To assess the cellular effect of erinacine S on
neurons, we first examined the cytotoxicity of eri-
nacine S on dissociated neurons from the central
nervous system (CNS) and the peripheral nervous
system (PNS). Primary cortical neurons from mice
and primary dorsal root ganglion (DRG) neurons
from rats were used to represent CNS and PNS
neurons, respectively. Erinacine S was applied to
dissociated cultures of cortical or DRG neurons 4 h
after plating the neurons and for a duration of 2
days. To eliminate the possibility of erinacine S-
mediated pigment formation or toxicity caused by
MTT assay itself [23], we utilized a microscopy-
based cell viability assay [24]. After neurons were
fixed and immunofluorescence stained with the
antibody against neuron-specific beIIIetubulin,
images of neurons were acquired using a fluores-
cence microscope and analyzed using a ImageJ-
based software called NeurphologyJ [16]. Neu-
rphologyJ has been shown to accurately and reliably
quantify total neuron number and total neurite
length in fluorescence images. The term neurite
(instead of axon or dendrite) is used because axon or
dendrite formation has not been completed in
neurons cultured in vitro for 2 days [25]. Erinacine S
exhibits low cytotoxicity in both CNS and PNS
neurons across the concentration range from 1 ng/
mL to 1 mg/mL (Fig. 1). In addition to the low cyto-
toxicity, a statistically significant effect on neurite
outgrowth was observed in both CNS and PNS
neurons (Fig. 1). This neurite outgrowth promoting
effect of erinacine S can only be detected at the
concentration of 1 mg/mL, and neurons from the
CNS exhibit a more pronounced effect than those
from the PNS.
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3.2. Erinacine S promotes regeneration in neurons
on inhibitory substrate

Since neurite outgrowth is highly correlated with
neuronal regeneration and many regeneration pro-
moting genes have been identified through neurite
outgrowth screens [26,27], the effect of erinacine S
on neuronal regeneration was examined. We first
set up an assay to examine CNS regeneration in the
inhibitory environment. Chondroitin sulfate pro-
teoglycans (CSPGs) were utilized to generate this
inhibitory environment by coating them onto the
culturing surface. This is because CSPGs are known

to inhibit axon regeneration in CNS injuries [28].
Since the dissociation process to obtain primary
neurons causes the severing of neurites from neu-
rons, combining this with CSPGs coating creates an
environment mimicking spinal cord injuries.
Although DRG neurons are considered PNS neu-
rons, their axons bifurcate into two branches, one
extends towards the peripheral tissue and the other
extends into the spinal cord [29]. Regeneration is
very limited when the central branch of the axon
sustains an injury due to the inhibitory environment
inside the spinal cord [30]. Dissociated DRG neu-
rons were seeded on a CSPGs-coated surface and

Fig. 1. The cytotoxic and neurite outgrowth effect of erinacine S on primary CNS and PNS neurons. 2DIV (2 days in vitro) primary cortical neurons
(top) and primary DRG neurons (bottom) were treated with indicated concentrations of erinacine S for 48 h. Quantification of neuron number (left)
and total neurite length per neuron (right) from 3 independent experiments. The bar graphs are expressed as mean ± s.e.m. *p < 0.05, **p < 0.005,
one-way ANOVA followed by Dunnett post-hoc analysis against the DMSO solvent control group.
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incubated for 2 days. A fluorescent dye-conjugated
antibody was also included in CSPGs coating to
help identify the inhibitory region (Fig. 2A).
Consistent with the inhibitory effect of CSPGs, we
observed a drastic reduction of DRG neuron num-
ber and axon length inside the coated area (Fig. 2A).
This indicates CSPGs coating interferes with the
attachment of neurons and impairs the extension of

axons. Interestingly, the addition of 1 mg/mL erina-
cine S leads to a significant increase of DRG neuron
number inside CSPGs-coated area (Fig. 2B and C).
In addition to DRG neurons, we also examined the
regenerative effect of erinacine S on cortical neurons
cultured on CSPGs-coated surfaces. Consistent with
the observation on DRG neurons, 1 mg/mL erinacine
S significantly increases cortical neuron attachment

Fig. 2. Erinacine S promotes cortical neuron regeneration on inhibitory substrates. (A) Dissociated rat DRG neurons cultured on surface with or
without CSPGs. Alexa Fluor 568-conjugated antibody was mixed with ddH2O (top) or CSPGs (bottom) to label the coated region. Neurons were
immunofluorescence stained with the antibody against the neuron-specific b-III tubulin (green). The red dotted area indicates ddH2O or CSPGs-coated
region. All images have the same scale and the scale bar represents 1 mm. (B) Representative images of dissociated rat DRG neurons cultured in the
CSPGs-coated area and treated with 1 mg/mL erinacine S or DMSO solvent control. Neurons were immunofluorescence stained with the antibody
against neuron-specific b-III tubulin. Both scale bars represent 300 mm. (C) Quantification of DRG neuron number (left) and total neurite length per
neuron (right) from 4 independent experiments in CSPGs-coated regions. *p < 0.05, two-tailed Student's t-test. (D) Representative images of
dissociated mouse cortical neurons cultured in the CSPGs-coated area and treated with 1 mg/mL erinacine S or DMSO solvent control. Neurons were
immunofluorescence stained with the antibody against neuron-specific b-III tubulin. Both scale bars represent 100 mm. (E) Quantification of cortical
neuron number (left) and total neurite length per neuron (right) from 4 independent experiments in CSPGs-coated regions. *p < 0.05, **p < 0.005,
two-tailed Student's t-test.
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on CSPGs. Furthermore, erinacine S significantly
enhances the length of neurites (Fig. 2D and E).
These results demonstrate that erinacine S can
promote neuronal regeneration on inhibitory sub-
strates mimicking the spinal cord injury.

3.3. Erinacine S promotes axon regeneration in
injured neurons

While the previous experiments demonstrate that
erinacine S promotes regeneration after CNS in-
juries, whether erinacine S can enhance regenera-
tion after PNS injuries is unknown. To answer this
question, we utilized an axon regeneration assay
using DRG neurons and a micropatterned surface.
The biocompatible polymer ethylene-vinyl acetate
(EVA) was used to generate an anisotropic surface
resembling a linear grooved micropattern (Fig. 3A).
This surface micropattern has previously been
shown to guide DRG neuron axon outgrowth [15].
Instead of using CSPGs to mimic the spinal cord
injury environment, DRG neurons were cultured in
the absence of inhibitory substrates. After 7 days of
culture, the physical severing of axons (axotomy)
was conducted to create the injury condition.
Injured DRG neurons were allowed to regenerate
for 2 additional days before being fixed for analysis.
Consistent with the previous observation [15],
robust regeneration can be detected from the
proximal stump (i.e. the axon region proximal to the
soma from the axotomy site) while the distal stump
degenerates (Fig. 3B). Similar to the outcome
observed in CSPGs-coated environment, 1 mg/mL
erinacine S significantly enhances the regeneration
of DRG axons (Fig. 3C and D). This result shows that
erinacine S can enhance neuronal regeneration in a
setting mimicking the PNS injury.

3.4. Erinacine S causes the accumulation of
neurosteroids

To understand the underlying mechanisms of
erinacine S on neuronal regeneration, we utilized
the next-generation sequencing technology (RNA-
seq) to examine the transcriptomic changes in
neurons treated with erinacine S. Primary cortical
neurons were selected for this analysis because
they showed a significant increase of neurite length
when cultured on CSPGs and exposed to erinacine
S (Fig. 2E). Using Gene Set Enrichment Analysis
(GSEA) [21], we found that 36 enriched pathways
displayed statistically significant enrichment (NES
�0 and FDR q-value � 0.25) on RNA-seq data of
treatments for 16 (circle) or 48 (triangle) hours
compared to corresponding DMSO control.

Interestingly, pathways involved in the synthesis of
neurosteroids (e.g. terpenoid backbone biosyn-
thesis, steroid biosynthesis, and steroid hormone
biosynthesis) were detected (Fig. 4A). To provide a
concise representation of the proposed model for
the accumulation of neurosteroids, we selected 25
representative genes that satisfy two criteria
(Fig. 4B and Table S1): (1) choosing the genes
located in the shortest path between the pathways
of terpenoid backbone biosynthesis, steroid
biosynthesis, and steroid hormone biosynthesis
and (2) removing the genes with zero expression
values of all samples in at least two comparison
groups. On the one hand, genes associated with
upstream pathways for the synthesis of neuro-
steroids were up-regulated in neurons treated with
erinacine S compared with the control neurons
(Fig. 4B). On the other hand, genes associated with
the conversion of neurosteroids into other steroids
[aldo-keto reductase family 1 member C18
(Akr1c18), steroid 21-monooxygenase (Cyp21a1),
steroid 5 alpha-reductase 2 (Srd5a2); shown in
purple] were down-regulated (Fig. 4B). These data
suggest that erinacine S treatment induces the
accumulation of neurosteroids, in particular preg-
nenolone and progesterone (Fig. 4C). To validate
the this, two different approaches were utilized. In
the first approach, enzyme-linked immunosorbent
assay (ELISA) was employed to directly quantify
the level of pregnenolone in primary cortical neu-
rons. Using a competitive ELISA targeting preg-
nenolone, we detected a statistically significant
increase of pregnenolone from the lysate of disso-
ciated cortical neurons treated with erinacine S for
48 h (Fig. 5A). In the second approach, specific in-
hibitors for neurosteroidogenesis (i.e., small mole-
cules that inhibit enzymes responsible for the
biosynthesis of neurosteroids) were used. The
rationale is that if the accumulation of pregneno-
lone and progesterone is responsible for the in-
crease of neurite outgrowth seen in erinacine S-
treated neurons (Fig. 1), blocking the biosynthesis
of these neurosteroids will abolish the enhance-
ment of neurite outgrowth produced by erinacine
S. Ketoconazole (an inhibitor for cholesterol side-
chain cleavage enzyme P450scc, encoded by
Cyp11a1 gene) and genistein (an inhibitor for 3b-
hydroxysteroid dehydrogenase, encoded by Hsd3b2
and Hsd3b3 genes) were used to block the biosyn-
thesis of pregnenolone and progesterone, respec-
tively. Consistent with our prediction, blocking the
biosynthesis of pregnenolone or progesterone
eliminates erinacine S-mediated neurite outgrowth
enhancement (Fig. 5B and C). Taken together, these
results indicate that erinacine S causes the
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Fig. 3. Erinacine S promotes DRG axon regeneration after axotomy. (A) The schematic diagram of the micropatterned coverslip (left) and the surface
profile of the micropattern (bottom). The pitch and depth of the surface micropattern are indicated. (B) The representative image of a 9DIV rat DRG
drop culture on the micropatterned coverslip that has undergone axotomy. The blue circle indicates where DRG neuronal cell bodies are located and
the yellow dotted line demarcates the axotomy site. The blue rectangle indicates the region from which signal of uninjured axons was obtained, and
the green rectangles indicate the regions from which the signal of regenerated axons was obtained. (C) Representative images of regenerated DRG
axons in the presence of 1 mg/mL erinacine S or DMSO solvent control. DRG axons were immunofluorescence stained with the antibody against
neuron-specific beIIIetubulin. Dotted yellow lines demarcate the axotomy sites. Both scale bars represent 1 mm. (D) Quantification of the post-
axotomy DRG axon regeneration in the presence of 1 mg/mL erinacine S or DMSO solvent control. The Yeaxis represents the regeneration index and
the X-axis represents the distance along the regenerating axons from the axotomy site. Dots and shaded areas represent mean ± s.e.m. from 3 in-
dependent experiments. ****p < 0.0001, two-way ANOVA followed by Sidak post-hoc analysis against the DMSO control group.
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Fig. 4. Analysis of the mechanisms of erinacine S causing the accumulation of neurosteroids in cortical neurons. (A) Gene set enrichment analysis
(GSEA) of RNA-seq data of dissociated cortical neurons treated with erinacine S for 16 or 48 h using 328 KEGG mouse pathways. Among these
pathways, 36 were identified as enriched (NES �0 and FDR q-value � 0.25) based on RNA-seq data of treatments for 16 (circle) or 48 h (triangle)
versus corresponding DMSO controls. The sizes of circles and triangles are proportional to the tags of leading edges, which are the percentages of gene
hits before (for positive enrichment score) or after (for negative enrichment score) the peak in the running enrichment score. The pathways in gray
were considered to have no significant changes (FDR q-values higher than 0.25 as suggested by GSEA). (B) Differential expression profiles of 25
representative genes in several neurosteroids-related pathways, including the terpenoid backbone biosynthesis, steroid biosynthesis, and steroid
hormone biosynthesis. Among these pathways, 25 genes exhibit up- (red) or down-regulation (green) in cortical neurons upon the treatment of
erinacine S. Cells in the first, second, and third column indicate the gene expression change comparing 16 h erinacine S and 16 h DMSO treatments,
gene expression change comparing 48 h erinacine S and 48 h DMSO treatments, and gene expression change comparing 48 and 16 h erinacine S
treatments, respectively. The genes with log2 (fold change) � 1 and � �1 were considered highly up-regulated and down-regulated ones, respectively.
(C) Proposed model for the accumulation of neurosteroids through the pathways of terpenoid backbone biosynthesis, steroid biosynthesis, and steroid
hormone biosynthesis in cortical neurons. For each gene, the expression change is indicated by the color scheme (red: up-regulated; green: down-
regulated; white: no change). The row of 3 cells below each gene denotes: (left) 16 h erinacine S versus 16 h DMSO control treatment, (middle) 48 h
erinacine S versus 48 h DMSO control treatment, and (right) 48 h versus 16 h erinacine S treatment. Many upstream genes responsible for the
biosynthesis of neurosteroids are up-regulated, while several genes of enzymes (labeled in purple) involved in the conversion of neurosteroids are
down-regulated upon the treatments of erinacine S. This synergistic effect leads to the accumulation of specific neurosteroids such as pregnenolone
and progesterone (yellow circles).
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accumulation of neurosteroids in neurons and this
accumulation is responsible for promoting the
neurite outgrowth.

4. Discussion

While it has been shown that H. erinaceus myce-
lium-derived erinacines possess various health
benefits including neuroprotective effects against
neurodegenerative diseases, yet the underlying
cellular/molecular mechanisms remain elusive.
In this study, we demonstrate that erinacine S
promotes neurite outgrowth of primary cortical
neurons and DRG neurons. In addition, erinacine S
promotes the regeneration of neurites when
cortical neurons were cultured on the inhibitory
substrate CSPGs which builds up during CNS in-
juries. Furthermore, physically severed axons of

DRG neurons exhibits enhanced regeneration
when exposed to erinacine S. Using RNA-seq and
bioinformatic analyses, erinacine S exposure leads
to the accumulation of neurosteroids in cortical
neurons. Taken together, these results indicate
that the neuroprotective effects of erinacine S
come from its ability to promotes neuronal regen-
eration in a cell autonomous fashion.
It has been shown that neurosteroids promote

neurite outgrowth, protect neurons against
apoptosis, and induce neurogenesis; and it has even
been suggested that the decline of neurosteroids is
correlated with the occurrence of neurodegenera-
tive diseases [12]. Progesterone and its immediate
precursor pregnenolone significantly enhance neu-
rite outgrowth in PC12 cells [31] and SH-SY5Y cells
[32]. Given that neurite outgrowth is the funda-
mental process that drives the extension of axons or

Fig. 5. Functional validation of erinacine S causing the accumulation of neurosteroids in cortical neurons. (A) Quantification of the pregnenolone
concentration in lysates of 2DIV dissociated mouse cortical neurons from 3 independent experiments. The bar graph is expressed as mean ± s.e.m.
*p < 0.05, one-tailed paired Student's t-test. (B) Representative images of 2DIV dissociated mouse cortical neurons treated with DMSO (left most),
1 mg/mL erinacine S (middle left), 1 mg/mL erinacine S and 0.5 mM ketoconazole (middle right), 1 mg/mL erinacine S and 25 mM genistein (right
most). Neurons were immunofluorescence stained with the antibody against neuron-specific b-III tubulin. All scale bars represent 100 mm. (C)
Quantification of total neurite length per neuron in 2DIV cortical neurons treated with the indicated compounds from 2 independent experiments. The
bar graph is expressed as mean ± s.e.m. **p < 0.01, one-way ANOVA followed by Dunnett post-hoc analysis against the DMSO solvent control
group (gray bar).
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dendrites toward their targets, our results and these
observations suggest that neurosteroids may be the
key molecules induced by erinacine S to promote
neuronal regeneration.
In addition to their effect on neurite growth, neu-

rosteroids also promote neuronal survival and mye-
lination. Progesterone reduces apoptotic responses
and promotes long-term recovery in rats suffering
from traumatic brain injuries [33]. In addition to acting
on neurons, progesterone also promotes myelin for-
mation and repairment [34]. Furthermore, a signifi-
cant reduction of the sulfate derivatives of
pregnenolone has been observed in specific brain re-
gions of Alzheimer's disease patients [35]. Taken
together, these observations suggest that erinacine S
plays a neuroprotective role in neurodegenerative
diseases by the accumulation of neurosteroids besides
enhancing the expression of neurotrophic factors.
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Figure S1. The chemical structure of erinacine S.
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Figure S2. The expression level of two house-keeping genes is not altered when erinacine S was applied to the neuronal culture. The primers used to
amplify beta-actin produce a PCR product 772 bp in length while those used to amplify GAPDH produce a PCR product 860 bp in length. The
analysis on 2 independent experiments is shown.

Figure S3. The procedure for RNA-seq analysis used in this study.
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Figure S4. Quality assessment of raw data for 150 bp paired-end (R1 and R2) RNA-seq. (A) Per base sequence quality. There are four groups of
samples (a total of 12) from primary mouse cortical neurons used for RNA-seq analyses; each group contains 3 independent repeats (rep1-rep3),
including 1) DMSO solvent control treatment for 16 h, 2) 1 mg/mL erinacine S treatment for 16 h, 3) DMSO solvent control treatment for 48 h, and 4)
1 mg/mL erinacine S treatment for 48 h. The red lines indicate the median value, and the blue lines represent the mean quality. The Y-axis represents
the quality scores with calls of good quality fall in the green area, calls of reasonable quality in orange, and calls of poor quality in red. (B) Per
sequence quality scores. The most frequently observed mean quality for all of our RNA-seq data is 36, indicating a universally good quality.
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Figure S4. (Continued).
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Figure S4. (Continued).
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Figure S4. (Continued).
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Figure S4. (Continued).
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Figure S4. (Continued).
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Figure S4. (Continued).
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Figure S4. (Continued).
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