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Abstract
The traditional medicinal mushroom Hericium erinaceus is known for enhancing pe-
ripheral nerve regeneration through targeting nerve growth factor (NGF) neuro-
trophic activity. Here, we purified and identified biologically new active compounds 
from H. erinaceus, based on their ability to promote neurite outgrowth in hippocampal 
neurons. N-de phenylethyl isohericerin (NDPIH), an isoindoline compound from this 
mushroom, together with its hydrophobic derivative hericene A, were highly potent in 
promoting extensive axon outgrowth and neurite branching in cultured hippocampal 
neurons even in the absence of serum, demonstrating potent neurotrophic activity. 
Pharmacological inhibition of tropomyosin receptor kinase B (TrkB) by ANA-12 only 
partly prevented the NDPIH-induced neurotrophic activity, suggesting a potential link 
with BDNF signaling. However, we found that NDPIH activated ERK1/2 signaling in 
the absence of TrkB in HEK-293T cells, an effect that was not sensitive to ANA-12 in 
the presence of TrkB. Our results demonstrate that NDPIH acts via a complementary 
neurotrophic pathway independent of TrkB with converging downstream ERK1/2 
activation. Mice fed with H. erinaceus crude extract and hericene A also exhibited 
increased neurotrophin expression and downstream signaling, resulting in signifi-
cantly enhanced hippocampal memory. Hericene A therefore acts through a novel 
pan-neurotrophic signaling pathway, leading to improved cognitive performance.

K E Y W O R D S
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1  |  INTRODUC TION

Neurotrophins are a family of molecules that promote neuronal survival, 
neurite outgrowth, and dendritic branching through binding specificity 
for particular tropomyosin receptor kinase (Trk) and p75 neurotrophin 
receptors (Kaplan & Miller, 2000). The mammalian neurotrophin family 
is comprised of nerve growth factor (NGF), brain-derived neurotrophic 
factor (Ip et al., 1993) (BDNF), neurotrophin 3 (NT3) and neurotrophin 
4/5 (NT4/5) (Chao, 2003; Ip et al., 1993). Both NGF and BDNF neu-
rotrophins also bind to p75 receptor which when expressed together 
with Trk receptors can promote its high affinity ligand interactions and 
enhanced trophic signaling resulting in neuronal survival, neurite out-
growth and synaptogenesis (Kaplan & Miller, 2000). BDNF in particular, 
is highly expressed in the adult central nervous system (CNS) and is 
critically important for the function of neurons located in areas of the 
brain involved in memory acquisition such as the hippocampus and the 
cortex (Allen et al., 2011). BDNF and its receptor TrkB are essential for 
long-term potentiation, an Hebbian mechanism strengthening synaptic 
output in response to a high frequency train of stimulation, as well as 
learning (Allen et al., 2011; Minichiello et al., 1999).

Dysfunction of the BDNF pathway has been linked with sev-
eral disorders of the brain, including Alzheimer's disease (Allen 
et al.,  2011), schizophrenia (Xiu et al.,  2009), Huntington's dis-
ease (Zuccato & Cattaneo,  2009), and Rett syndrome (Zuccato & 
Cattaneo, 2009). Not surprisingly, neurotrophins and their receptors 
have been identified as targets for the therapeutic treatment of a 
range of neurodegenerative and neurological disorders (Nagahara 
& Tuszynski, 2011). However, exogenous neurotrophin-based treat-
ments have failed clinical trials for a variety of reasons including 
short half-life, poor blood–brain barrier (BBB) permeability, and off-
target effects (Chan et al., 2017; Nagahara & Tuszynski, 2011).

Alternative interventions that increase endogenous BDNF levels 
or enhance TrkB activity through lifestyle and/or botanical supple-
ments, are also an area of great interest. Ongoing efforts are made to 
identify compounds derived from natural sources. Traditional Chinese 
medicine provides an enticing source of potential botanical remedies, 
with several common drugs stemming from the Chinese pharmaco-
peia having been used for millennia throughout Asia and India be-
cause of their therapeutic or poisonous pharmacologic profiles.

A promising nootropic fungus, known for its neurotrophic profile, 
comes from Hericium erinaceus, also known as Lion's Mane mush-
room, which, paradoxically, was used to treat unrelated ailments 
such as stomach aches and as prophylactic treatment of cancers 
(Kim et al., 2013). Several studies have reported strong neurotrophic 
effects, along with the identification of numerous bioactive compo-
nents, including polysaccharides, erinacines, hericerins, alkaloids, 
steroids and many others (Brandalise et al., 2017; Friedman, 2015). 

Interestingly, hericenones and erinacines can effectively cross the 
BBB (Hu et al.,  2019) and exhibit neuroprotective effects both in 
vitro and to in vivo in animal models of peripheral nerve injury 
(Wong et al., 2012), and in conditions of the brain including stroke 
(Hazekawa et al.,  2010) and Alzheimer's disease (Friedman,  2015; 
Kawagishi & Zhuang, 2008; Mori et al., 2011).

Compounds derived from H. erinaceus extracts have been shown 
to promote NGF synthesis and secretion (Kawagishi et al.,  1996; Lai 
et al., 2013; Mori et al., 2009; Raman et al., 2015; Zhang et al., 2015) and 
to act via the TrkA pathway involving MEK/ERK and PI3K/Akt activation 
(Haure-Mirande et al., 2017; Phan et al., 2014). However, the NGF/TrkA-
mediated neuroprotective effects predominantly focus on neurons in 
the peripheral nervous system (Ustun & Ayhan, 2019). More recently, H. 
erinaceus extract has been suggested to also affect the BDNF pathway in 
1321 N1 human astrocytoma cell line (Rupcic et al., 2018), in the mouse 
brain (Chiu et al., 2018) and to promote increasing circulating pro-BDNF 
levels in humans (Vigna et al., 2019). It is therefore possible that H. erina-
ceus extract can affect TrkB-dependent central neuronal function.

To test this idea, we purified and identified several compounds and 
tested their ability to influence TrkB signaling and neuronal morphol-
ogy in hippocampal neurons. Treatment with H. erinaceus extracts 
increased neurite outgrowth and branching, and super-resolution 
structured illumination microscopy revealed much enlarged growth 
cone morphology. This neurotropic effect was partially blocked by 
the TrkB inhibitor ANA-12. We further found that dietary supple-
mentation with H. erinaceus crude extract significantly enhanced rec-
ognition memory. Importantly, supplementation with 20–50 times 
lower concentration of purified hericene A was equally potent at 
enhancing recognition memory. Tested rodents exhibited elevated 
BDNF and TrkB downstream activation effectors levels. However, 
NDPIH activated ERK1/2 signaling in the absence of TrkB expression 
in HEK-293 T cells, an effect that was not inhibited by ANA-12. We 
concluded that hericene A acts via an unknown complementary path-
way to increase ERK1/2 signaling. Overall, our results demonstrate 
that hericene A is a potent memory enhancer that act via a novel sig-
naling pathway converging on ERK1/2 signaling pathway.

2  |  MATERIAL S AND METHODS

The authors state that the study was not pre-registered.

2.1  |  Preparation of samples

The fruiting bodies of H. erinaceus were provided from the C&G 
Agricultural Association (Sejong, Korea). Column chromatography was 

Boosting Dementia Research Initiative; 
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    |  3MARTÍNEZ-­MÁRMOL et al.

performed on silica gel (Kieselgel 60, 70–230 mesh, Merck), and semi-
preparative HPLC was performed using a Waters HPLC system (Waters) 
equipped with two Waters 515 pumps with a 2996 photodiode-array de-
tector. The dried fruiting body of H. erinaceum was extracted with EtOH 
at room temperature and filtered with filter paper, which yielded the 
ethanol extract (A1) and filter cake. The ethanol extract was suspended 
in H2O and partitioned with CH2Cl2, EtOAc, n-BuOH, successively, to 
yield the CH2Cl2-soluble (A2), EtOAc-soluble (A3), n-BuOH soluble (A4) 
and water fraction (A5). The filter cake was further extracted with water 
to yield water extract (A6). The CH2Cl2-soluble fraction (A2) was chro-
matographed on silica gel eluting with a mixture of n-hexane-EtOAc 
by step gradient to give 12 subfractions (A2A-A2L). C1 and C3 were 
obtained from A2F and A2K, respectively, by semi-preparative HPLC 
eluting with MeCN-water (45:55). C2 and C4 were obtained from A2D 
by recrystallisation followed by semi-preparative HPLC eluting with 
MeCN. The structures of isolated compounds were identified as N-de 
phenylethyl isohericerin (C1), hericene A (C2), corallocin A (C3) and 4-[3′,
7′-dimethyl-2′,6′-octadienyl]-2-formyl-3-hydroxy-5-methyoxybenzylalc
ohol (C4) by the analysis of the spectroscopic data and comparison with 
literature values (Li et al., 2015; Wittstein et al., 2016).

2.2  |  Reagents

Extracts from Lion's mane mushroom and Ginkgo leaves were weight 
and dissolved in dimethyl sulfoxide (DMSO) (Merck, cat. no. D8418) to 
obtain stock solutions concentrated at 0.1, 1 and 10 mg/mL. Working 
solutions of the extracts were prepared by diluting 1:1000 the stocks 
in neurobasal medium at the following concentrations 0  μg/mL,  
0.1 μg/mL, and 10 μg/mL. Hippocampal neurons at DIV2 (2 days in vitro) 
or DIV3 were incubated with the extracts during 24 h. After the treat-
ments (DIV3 or DIV4), neurons were prepared for immunocytochem-
istry. Recombinant human BDNF and ANA-12 (Sigma-Aldrich, cat. no. 
SML0209) was incubated during 24 h at 1 nM and 50 μM, respectively. 
Recombinant human BDNF (Gibco-Thermo Fisher, cat. no. PHC7074) 
was incubated for 1 h at 36 pM (1 ng/mL) or 1.4 nM (40 ng/mL).

2.3  |  HEK-293T cell culture

HEK-293T cells were cultured in DMEM medium (GIBCO-Thermo 
Fisher Scientific, cat. no. 21969-035) supplemented with 10% fetal 
bovine serum (FBS) (Gibco-Thermo Fisher, cat. no. 26140–079) at 
37°C, 5% CO2. This cell line is not listed as commonly misidentified cell 
line by the International Cell Line Authentication Committee (ICLAC; 
http://iclac.org/datab​ases/cross​-conta​minat​ions/). The HEK-293 T 
cells used wer authenticated by the product vendor (American Type 
Culture Collection, ATCC, https://www.atcc.org/produ​cts/crl-11268). 
The cells were kept below 20 passages. Cells were plated and 48 h 
later transfected with 250 ng TrkB plasmid and 500 ng vector-control 
or p75ICD expression constructs using Lipofectamine 2000 (Invitrogen, 
cat. no. 11668027) as per manufacturer's protocol. The follow-
ing day cells were serum starved and ANA-12 (50 μM) was added to 

appropriate wells 5 h prior to stimulation with either DMSO, G1 (puri-
fied NDPIH,10 μg/mL), G3 (unrelated mushroom extract, 10 μg/mL) 
or BDNF (1 ng/mL or 40 ng/mL). After 1 h of stimulation cells were 
harvested and prepared for Western Blot analysis.

2.4  |  Primary hippocampal cultures

The procedures to obtain primary neurons from embryonic rats were 
carried out in accordance with the University of Queensland Animal 
Ethics Committee ethical guidelines and regulations. Permission to 
carry out the animal experiments described in this manuscript was 
given by the Anatomical Biosciences Animal Ethics Committee at 
the University of Queensland (approval reference 2019/AE000244). 
Hippocampal neurons were obtained from Sprague Dawley (SD) rats 
at embryonic day (E)18 and prepared as described previously (Joensuu 
et al., 2016, 2017). Twenty Adult pregnant female SD rats were used 
in this study. Briefly, pregnant E18 SD rat dams were sacrificed using 
the approved method of euthanasia, cervical dislocation. Brains from 
a minimum of 5 embryos were pooled before plating. Hippocampal 
neurons used were seeded at 20000 cells onto 35 mm poly-l-lysine-
coated glass-bottom dishes (Cellvis, cat. no. D35-20-1.5  N) or cov-
erslips in Neurobasal growth medium (Gibco-Thermo Fisher, cat. 
no. 21103–049) supplemented with 2% B27 (Gibco-Thermo Fisher, 
cat. no. 17504-044), 2 mM Glutamax (Gibco-Thermo Fisher, cat. no. 
35050-061), 50 U/mL penicillin, 50 μg/mL streptomycin (Invitrogen-
Thermo Fisher, cat. no. 15140-122), and 5% FBS (Wang et al., 2015, 
2016, 2020). At 1 day in vitro (DIV1), neurons were switched to serum-
free medium until fixation at DIV4. In specified studies, hippocampal 
neurons were seeded at lower density (10 000 cells) in the complete 
absence of serum to avoid any interference and paracrine effect, and 
cultured for 2 days before being treated with specific reagents.

2.5  |  Immunocytochemistry

Primary hippocampal neurons were fixed with, 4% paraformaldehyde 
(VWR, cat. no. 100503-914)/4% sucrose (Merk, cat. no. S0389) in PBS 
(Thermo Fisher Scientific, cat. no. 10010-023) for 10 min at room tem-
perature, and permeabilized with, 0.1% Triton X-100 (Merk, cat. no. 
T8787) in PBS for 10 min. To detect the actin cytoskeleton, neurons 
were stained with a solution of 1 μg/mL Alexa-Fluor™ 647-phalloidin 
(Thermo Fisher, cat. no. A22287) in PBS for 60 min and rinsed with 
PBS, 3 times, 5 min each. Neurons were blocked for 1 h in PBS, 5% 
goat serum, 0.025% Triton X-100, followed by primary antibody incu-
bation overnight at 4°C and secondary antibody incubation for 1 h at 
room temperature. The primary antibody used was mouse Anti-IIIβ-
tubulin (Covance, cat. no. MMS-435P, 1:1000), and the secondary an-
tibody was Alexa Fluor™ 488-labeled goat-anti-mouse or Alexa Fluor™ 
555-labeled goat-anti-mouse (LifeTechnologies, Thermo Fisher, cat. no. 
A32723 and A32727 respectively, 1:500). Coverslips were mounted 
in ProLong medium (Thermo Fisher, cat. no. P36970). Fluorescence 
images were acquired with a 20× (0.8 NA / 550 μm WD / 0.22 μm/
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pixel), or 63× (1.4 NA / 190 μm WD / 0.19 μm/pixel) objective on a 
Zeiss LSM510 META confocal microscope. Structured Illumination 
Microscopy (SIM) was performed on a Zeiss PS1 ELYRA equipped 
with a 63× (1.4 NA / Plan-Apochromat / 190 μm working distance / 
0.064 μm/pixel/ Oil – For SIM) objective and a PCO scientific sCMOS 
camera. Images were acquired with an exposure time of 200 ms, a SIM 
grating size of 28 μm, using three rotations and 5 phases. Structured 
illumination images were then processed using Zen software.

2.6  |  Image analysis and quantification of primary 
hippocampal neuron experiments

Each experiment contains a mixed culture of neurons isolated from 
a pool of five embryos. All experiments were repeated three times 
(different dissections). Between 30 and 60 selected neurons were 
acquired and analyzed blindly for each condition (the experimenter 
was unaware of the group during image acquisition and analysis). 
For the analysis of axon length, the longest neurite of each neu-
ron was selected. Neurite Tracer tool from FIJI-ImageJ (Schindelin 
et al., 2012) software was used to quantify the length of the axons, 
the number of neurites and growth cone area.

2.7  |  Behavior tests of animals and sample 
administration

Wild-type Institute of Cancer Research (ICR) male mice (23–25  g, 
6 weeks old), were purchased from Orient Bio Co., and fed on a 
laboratory diet (AIN-76A purified diet) and given water ad libitum. 
50 Adult ICR male mice were used in this study. Mice were housed 
for 1  week at 23 ± 1°C with 55 ± 5% humidity under a 12 h light/
dark cycle. The Gachon University Lab Animal Care Committee ap-
proved the care and use of the mice for the study (approval refer-
ence GIACUC-R2019001) in accordance with the Korean Guide for 
Care and Use of Laboratory Animals. The mice were divided into four 
groups (10 mice per group) as followed: Vehicle group, piracetam 
group (positive control, PC), A1 group and A2-C2 group. The normal 
(10 mL/kg of distilled water, per os, p.o.), PC (400 mg/kg, p.o.), A1 (100 
and 250 mg/kg, p.o.) or A2-C2 (5  mg/kg, p.o.) groups received oral 
administration of the substances, and each sample were dissolved in 
distilled water. Behavioral tests (Y-maze test and novel object rec-
ognition test) were conducted blindly, were performed on days 28–
30, and mice were sacrificed on day 31 and the brains were used for 
biochemical and immunohistochemistry analysis (Figure 8a). Animals 
were sacrificed by CO2 followed by additional cervical dislocation.

2.8  |  Y-maze test

The Y-shaped maze consisted of three identical arms (60 × 15 × 12 cm3) 
made of dark gray plastic with equal angles between each arm. 
The three arms of Y shape were marked as A, B and C. First, mice 

were placed into the centre of a Y-shaped runway and allowed to 
move throughout the maze for 8 min, and the move sequence (e.g., 
ABCCBA) and total number of arm entries was recorded manually 
(Bae et al., 2020). These parameters calculated included number of 
arm entries, same arm returns, alternate arm returns. The percent-
age of spontaneous alternation performance (%) was determined 
using equation (1). Equation (1) = [Actual alternations (total alterna-
tions)] / [Possible alternation (total number of arm entries – 2)] x 100.

2.9  |  Novel object recognition task (NORT) test

The NORT test was performed by using an open box (60 × 60 × 60 cm3) 
(Mesripour et al., 2016). Each mouse was place in the open box with 
two different kind of identical objects for 3 min on the first day for 
training. In the second day, each mouse was placed again in the box 
in which one of the identical objects had been replaced with a novel 
object. These parameters calculated included the time (in seconds) 
spent to explore the familiar object, time (in seconds) spent to explore 
the novel object, and total time (in seconds) spent to explore both ob-
jects. The percentage of recognition (%) was determined using equa-
tion (2). Equation (2) = [Time (in seconds) spent to explore the novel 
object] / [total time (in seconds) spent to explore both objects] x 100.

2.10  |  Western blot analysis

HEK-293 T cells were lysed into TNE (50 mM Tris–HCl, 100 mM 
NaCl, 0.1 mM EDTA) buffer containing 1%NP-40 (Thermo Fisher, 
cat. no. 85124), cOmplete, mini, EDTA-free protease inhibitor and 
PhosSTOP phosphatase inhibitor cocktail tables (Merk, cat. no. 
04693159001). Protein concentration was determined using Peirce 
BCA assay (Thermo Fisher, cat. no. 23227) and normalized among 
samples. Total protein (30 μg) was separated on NuPAGE Bis-Tris 4–
12% gels (Thermo Fisher, cat. no. NP0321), and then transferred to 
PVDF membrane (Thermo Fisher, cat. no. 88518). The transferred 
PVDF membranes were blocked with either 5% BSA in TBS/Tween 
20 (0.1%) or 5% skim milk in TBS/Tween 20 (0.1%) for 1 h at room 
temperature. Membranes were then incubated at 4°C overnight with 
primary antibodies including extracellular-signal-regulated kinase 
(ERK), phosphorylated p-ERK (Thr202/Tyr204, CST cat. no. 9101, 
1:1000), ERK1/2 (CST cat. no. 9102, 1:1000), p-TrkA (Y674/675)/p-
TrkB (Y706/707) (CST cat. no. 4621, 1:500), TrkB (80E3, CST cat. no. 
4603, 1:500), α-Tubulin (MP-Biomedicals cat. no. 91251, 1:2000), 
glyceraldehyde-3-phophate dehydrogenase (GAPDH, Abcam cat. no. 
ab9484, 1:1000), protein kinase B (Akt, CST cat. no. 9272, 1:1000) 
and p-Akt (CTS cat. no. 9271, 1:1000). The following day the mem-
branes were incubated with secondary antibodies and proteins were 
visualized using Odyssey CLx (LI-COR Biosciences). Densitometric 
analysis was performed using LI-COR Image studio software.

Western blot assay for brain tissue (n = 6 brains per group) was 
performed as previously described (Subedi et al.,  2019). The total 
proteins (30 μg) obtained from each brain tissue were separated by 
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10% acrylamide SDS-PAGE gel electrophoresis, and then transferred 
to PVDF membranes. The transferred PVDF membranes were in-
cubated with primary antibodies (1:1000) including α-Tubulin (cat. 
no. T5168, Sigma), brain-derived neurotrophic factor (BDNF, cat. no. 
ANT010, Alomone Labs, Israel), nerve growth factor (NGF, cat. no. 
ab52918, Abcam), glial cell-derived neurotrophic factor (GDNF, cat. 
no. sc-13 147, Santa cruz), tropomyosin receptor kinase A (TrkA, cat. 
no. 2510 S, Cell Signaling Technology), phosphorylated (p)-TrkA (cat. 
no. 9141 S, Cell Signaling Technology), tropomyosin receptor kinase 
B (TrkB, cat. no. 4603 S, Cell Signaling Technology), p-TrkB (cat. no. 
PA5-36695, Invitrogen), extracellular-signal-regulated kinase (ERK, 
cat. no. 9695 S, Cell Signaling Technology), p-ERK (cat. no. 9101 S, 
Cell Signaling Technology), cAMP-response element binding pro-
tein (CREB, cat. no. 9197 T, Cell Signaling Technology), p-CREB (cat. 
no. 9198 S, Cell Signaling Technology) and synaptophysin (SYP, cat. 
No. sc-17 750, Santa cruz) at 4°C overnight. On the second day, the 
membranes were incubated with secondary antibodies (1:2000), 
and protein bands were visualized using ECL Western Blotting 
Detection Reagents (Amersham Pharmacia Biotech, Little Chalfont,). 
Densitometric analysis was performed using Bio-Rad Quantity One 
software version 4.3.0 (Bio-Rad Laboratories, Inc.).

2.11  |  Immunohistochemistry analysis

Whole brains (n = 4 brains per group) were collected from all groups 
and fixed in 10% formalin. The fixed brains were processed to ob-
tain 40 μm-paraffin embedded sections. The obtained sections were 
deparaffinized using xylene and rehydrated with EtOH, followed by 
treatment with endogenous peroxidase blocker. After that the sec-
tions were washing within PBS and then incubated with the primary 
antibody, BDNF (dilution 1:100) at 4°C overnight. After 1 day, each 
section was incubated with a biotinylated anti-rabbit IgG (dilution 
1:500) for 30 min and then with avidin-biotin horseradish peroxidase 
complex (Vector Laboratories). The optical density of BDNF immu-
noreactivity in dentate gyrus (DG) and cortex regions was analyzed 
via ImageJ software. The images were photographed at 10× magni-
fication using a microscope (Olympus).

2.12  |  Statistical analysis

All the values shown in the graphs represent the mean ± SEM. 
Statistical comparisons were performed on a per- neuron basis, 
per- cell culture preparation, per- brain or per- animal, as specified 
in the figure legends. No randomization was performed to allocate 
subjects in the study. No exclusion criteria were pre-determined. No 
animals were excluded or died during the experiments. No statisti-
cal methods were used to predetermine sample size but our sample 
sizes are similar to those reported in previous publications (Joensuu 
et al., 2016, 2017; Li et al., 2020). Sample size calculations can be 
found in Figure S10. All the results using hippocampal neuronal cul-
tures were obtained from 2 to 4 neuronal dissections, pooling over 5 

embryos per dissection. Results using cell lines were obtained from 
3 experiments. The respective n values and the statistical test used 
in each experiment are specified in the corresponding figure legends 
and in Figure S11. Statistical tests were performed and figures were 
made using GraphPad Prism 7 software (GraphPad Software, Inc.). 
The D'Agostino and Pearson test was used to test for normality 
of acquired data. Two-tailed, unpaired Mann–Whitney U test was 
used to compare two conditions. One-way ANOVA with Tukey or 
Dunnett T3 post hoc test correction for multiple comparisons was 
used when the experiment compared more than two groups. Two-
way ANOVA followed by Šidák post hoc test for multiple compari-
sons was also used when the experiment compared more than two 
groups. Significance is considered when p-value <0.05. The numeri-
cal value is provided in the graphs.

3  |  RESULTS

To test the potential neurotrophic effect of Hericium erinaceum ex-
tracts, we performed various fractionations (Figure 1a) starting with 
an ethanol extract (A1), which was subsequently dried, resuspended 
in water and fractionated with dichloromethane (CH2Cl2) (A2) or fur-
ther with ethyl acetate (EtOAc) (A3). The latter was further fraction-
ated in n-butanol (n-BuOH) (A4) and in water (A5). Polysaccharide 
fraction (A6) was prepared from the filter cake after A1 was filtered. 
We dissolved all the fractions in DMSO and tested their effects on 
cultured hippocampal neurons. To carry out these experiments, hip-
pocampal neurons from E18 rats were plated at relatively low den-
sity (20 000 cells per coverslip) and cultured in the presence of FBS 
(5%) for 24 h. We then removed the serum and incubated them until 
DIV3, when we treated them with the extracts for 24 h prior to fixa-
tion and immunostaining processing with β-tubulin antibody (to visu-
alize microtubules) and 4′,6-diamidino-2-phenylindole (DAPI, nuclear 
marker). The extract vehicle (DMSO) had no affect the axonal growth 
and neurite formation, (Figure  1b,c). However, Lion's Mane mush-
room A2 extracts (1 μg/mL) resulted in a clear neurotrophic effect 
(Figure  1b,c) with axonal length increased by two-fold (Figure  1c). 
The number of neurites detected was also greatly increased by more 
than 3-fold (Figure 1c). Incubation of neuronal cultures with Lion's 
mane mushroom (A4-A6) extracts also triggered significant neu-
rotrophic effects at concentrations of 1  μg/mL (Figure  1b,c), with 
axonal length increasing by several-fold (Figure 1c). The number of 
neurites detected was also greatly increased (Figure 1c).

A chloroform extract was then further fractionated by chroma-
tography to further separate several molecules determined by NMR 
(Figure S1). Within this extraction, we identified N-de phenylethyl 
isohericerin (C1, NDPIH), hericene A (C2), corallocin A (C3), and  
4-[3′,7′-dimethyl-2′,6′-octadienyl]-2-formyl-3-hydroxy-5-methyoxy
benzylalcohol (C4) (Figure 2a). All of these purified extracts had sig-
nificant neurotrophic activity as indicated by the 3-fold increase in 
neurite length and the increase in the number of neurites (Figure 2b,c 
and Figure S2). No pyknotic nuclei were observed suggesting that 
these compounds have no toxic effect at the concentrations used. 
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6  |    MARTÍNEZ-­MÁRMOL et al.

To examine their effects on the axonal growth cone molecular orga-
nization and architecture, extracts A2 to A5, as well as NDPIH (C1) 
were applied to hippocampal neuronal cultures for 24 h, which were 
then co-stained using anti-beta-III tubulin and phalloidin-rhodamine 
(Figure 3). Vehicle treated neurons exhibited classical growth cone 
architecture with actin localized in peripheral filopodia and tubulin 

located in the central domain (Figure 3a). A2-, A4-, A5- as well as 
NDPIH-treated neurons exhibited highly enlarged growth cones, 
some larger than the cell body itself, and displayed arrays of large 
filopodia in the peripheral (P) domain, (Figure  3a). Analysis of the 
area occupied by growth cones relative to DMSO-treated neu-
rons revealed a 2- to 5-fold average increase in size (Figure  3b). 

F I G U R E  1  Lion's mane mushroom 
(LMM) extracts exert a potent 
neurotrophic effect in hippocampal 
neurons. (a) Scheme of the purification 
procedure to generate tested extracts 
(A1-A6). Hippocampal neurons were 
cultured in the presence of FBS (5%)  
for 24 h, the starved until treated  
with indicated extracts at DIV3.  
(b) Representative images of hippocampal 
neurons (DIV3) treated for 24 h with 
control vehicle (DMSO), or indicated 
extracts (A1-A6) purified from lion's mane 
mushroom. Neurons were then fixed 
and processed for immunofluorescence 
against β-tubulin (green) and imaged using 
confocal microscopy (nuclear DAPI in 
blue). Scale bar 20 μm. (c) Longest neurite 
(axon) length and numbers quantification 
for each indicated treatments. Data in  
(c) shows mean ± SEM, n = 30–60 neurons 
in each condition, from 3 neuronal 
preparations. One-way ANOVA test with 
Tukey's correction multiple comparison 
was performed. p-value is indicated when 
significative differences were found.
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    |  7MARTÍNEZ-­MÁRMOL et al.

Furthermore, although most microtubules were present in the C-
domain of control growth cones, NDPIH treatment promoted forma-
tion of microtubule-enriched filopodial structures that extend along 
the P-domain of growth cones (Figure 3c). The overall cytoskeletal 
architecture of growth cones was therefore preserved but the size 
was markedly increased suggestive of high neurotrophic activity. 
Overall, the H. erinaceum extracts were surprisingly active in hippo-
campal neurons, with hericene A and NDPIH displaying the highest 
neurotrophic activity.

We investigated whether NDPIH (Figure  4a) could directly 
promote neurite outgrowth, or whether it was acting via an auto-
crine mechanism, similar to that suggested for the NGF activity in 

peripheral neurons (Phan et al., 2014; Zhang et al., 2015). We there-
fore reduced the number of neurons seeded and omitted any serum 
during their culture to prevent paracrine effects from neighbor 
cells (Figure 4b). Under these conditions NDPIH again significantly 
increased neurite length in a concentration-dependent manner, 
strongly suggesting a direct BDNF-like neurotrophic action in these 
central neurons (Figure 4b,c).

To test the hypothesis that NDPIH acted via a BDNF pathway, 
we incubated the treated neuronal cultures with the BDNF inhibitor 
ANA-12, a specific TrkB antagonist capable of selectively prevent-
ing TrkB auto-phosphorylation by BDNF (Cazorla et al., 2011). Co-
incubation the mushroom extract with ANA-12 (0.5 μM) significantly 

F I G U R E  2  A2-derived compounds exert a potent neurotrophic effect in hippocampal neurons. (a) Chemical structures of identified A2-
derived compounds. (b) Hippocampal neurons were cultured in the presence of FBS (5%) for 24 h, the starved until treated with indicated 
extracts at DIV3. (b) Representative images of hippocampal neurons (DIV3) treated for 24 h with control vehicle (DMSO), or indicated 
extracts (NDPIH, hericene A and Corallocin A). Neurons were then fixed and processed for immunofluorescence against β-tubulin (green) 
and imaged using confocal microscopy (nuclear DAPI in blue). Scale bar 20 μm. (c) Longest neurite (axon) length quantification for each 
indicated treatments. Data in (c) shows mean ± SEM, n = 30–60 neurons in each condition, from 3 neuronal preparations. One-way ANOVA 
test with Tukey's correction for multiple comparison was performed. p-value is indicated when significative differences were found.
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8  |    MARTÍNEZ-­MÁRMOL et al.

reduced the neurotrophic activity induced by NDPIH but did not 
completely block the effect (Figure 5a–c). These results suggested 
that NDPIH-induced neurite outgrowth activities could be partially 
mediated through the BDNF/TrkB signaling pathway.

To determine whether NDPIH directly activates TrkB, non-
transfected or TrkB-transfected HEK-293 T cells were treated either 
with NDPIH or with an unrelated control extract, or were treated 

with NDPIH, and/or low concentration of BDNF (1 ng/mL) and/or 
ANA-12 for 1  h following 5  h of serum starvation. Western blots 
of cell lysates (Figure S3) were probed with antibodies to total and 
phosphorylated-TrkA/B, ERK1/2 or Akt (Figure 6a,b). ERK1/2 or Akt 
are trophic signaling proteins activated down-stream of Trk recep-
tors. ERK1/2 signaling results in neurite outgrowth and synapto-
genesis through the phosphorylation of p-CREB, and Akt signaling 

F I G U R E  3  Extracts purified from lion's mane mushroom (LMM) exert a neurotrophic effect on growth cone. Hippocampal neurons 
were cultured in the presence of FBS (5%) for 24 h, the starved until treated with indicated extracts at DIV3. (a) Representative images 
of hippocampal neurons (DIV3) treated for 24 h with control vehicle (DMSO), or indicated extracts (A2, A4, A5 and NDPIH) purified from 
lion's mane mushroom. Neurons were then fixed and processed for immunofluorescence against β-tubulin (green) and Actin filaments (red) 
and imaged using confocal microscopy (nuclear DAPI in blue). (b) Growth cone area quantification for each indicated treatments. Scale bar 
50 μm. (c) Representative image of a NDPIH-treated neuron acquired using structure illumination microscopy. Note the classical distribution 
of microtubules in this enlarged growth cone. Scale bar 50 μm. Data in (b) shows mean ± SEM, n = 15 neurons in each condition, from 4 
neuronal preparations. One-way ANOVA test with Tukey's correction for multiple comparison was performed. p-value is indicated when 
significative differences were found.
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    |  9MARTÍNEZ-­MÁRMOL et al.

mediates neuronal survival (Matusica & Coulson, 2014; Mesripour 
et al.,  2016). Surprisingly, NDPIH promoted increased ERK1/2 
phosphorylation in un-transfected HEK-293 T cells which do not 
endogenously express TrkB, suggesting a TrkB-independent effect 
(Figure 6a,c). Cells transfected with TrkB also displayed significantly 
increased ERK1/2 phosphorylation upon NDPIH treatment, higher 

to that of transfected cells treated with 1 ng/mL BDNF. However, 
the levels of phosphorylated TrkB were unchanged in the presence 
of NDPIH or BDNF (Figure 6b,d). When NDPIH was co-treated with 
BDNF in TrkB transfected cells, the activation of ERK1/2 signaling 
was potentiated (Figure 6b,c). Pre-treatment of cells with the TrkB 
inhibitor ANA-12 did not supress the phosphorylation of ERK1/2 

F I G U R E  4  NDPIH purified from lion's 
mane mushroom exerts a dose-dependent 
neurotrophic effect in hippocampal 
neurons. (a) Chemical structures of 
identified A2-derived compound NDPIH. 
(b) Hippocampal neurons seeded at low 
density to minimize paracrine effects 
until DIV2. Cells were then exposed 
to indicated concentration of purified 
NDPIH for 24 h, fixed, processed for 
immunochemistry against β-tubulin (red) 
and imaged using confocal microscopy. 
Representative images of hippocampal 
neurons, treated with control vehicle 
(DMSO) or indicated concentrations (0.1, 
1 or 10 μg/mL) of NDPIH purified from 
lion's mane mushroom extract A2. Scale 
bar 100 μm. (c) Axon length quantification 
for each treatment. Axon was considered 
as the longest neurite. Data in (c) shows 
mean ± SEM. n = 59–102 neurons in each 
condition, from 3 neuronal preparations. 
One-way ANOVA test with Dunnett's 
correction for multiple comparison was 
performed. p-value is indicated when 
significative differences were found, 
and “ns” is stated when no significant 
differences were detected.
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10  |    MARTÍNEZ-­MÁRMOL et al.

F I G U R E  5  NDPIH purified from lion's mane mushroom A2 exerts a BDNF-like neurotrophic effect in hippocampal neurons. (a) 
Hippocampal neurons seeded at low density to minimize paracrine effects until DIV2. Cells were then exposed to purified NDPIH (10 μg/
mL) or BDNF (1 nM) for 24 h in the presence or absence of Trk-B inhibitor ANA-12 (0.5 μM), fixed, processed for immunochemistry against 
β-tubulin (green) and imaged using confocal microscopy. ANA-12 was added simultaneously to BDNF or NDPIH. Representative images of 
hippocampal neurons in the indicated conditions. Scale bar 100 μm. (b) Axon length quantification for each treatment. Axon was considered 
as the longest neurite. (c) Relative inhibition of axon length by ANA-12 on BDNF or NDPIH. Data in (b) and (c) show mean ± SEM. n = 104–
174 neurons in (b), and n = 3 neuronal preparations in (c). One-way ANOVA test with Tukey's correction for multiple comparison was 
performed in (b), and two-tailed, unpaired Mann–Whitney U test was performed in (c). p-value is indicated when significative differences 
were found, and “ns” is stated when no significant differences were detected. p-value = 0.2 in (c).
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F I G U R E  6  NDPIH purified from Lion's mane mushroom A2 potentiates BDNF neurotrophic activity. (a, b) Representative western blot 
of total protein extracts from HEK-293 T non-transfected (a) or transfected with TrkB (b). The cells were serum-starved for 5 h prior to 
stimulation with 10 μg/mL of NDPIH mushroom extracts or with a control (unrelated mushroom extract) and/or BDNF (1 ng/mL) for 1 h. 
ANA-12 (50 μM) was added at time of serum starvation in indicated conditions. Following stimulation, samples were lysed, resolved by SDS-
PAGE and immunoblotted with indicated primary antibodies. (c) Combined quantification of pERK1/2 activity from non-transfected or TrkB-
transfected cells. (d) Quantification of pTrkB activation in TrkB-transfected cells. Total and phospho-TrkB were immunoblotted following 
TrkB enrichment from lysates. To quantify densitometry from immunoblots, detected signal was normalized to loading control for each lane 
(or total TrkB, for phospho-TrkB), prior to calculation of phospho- over total-signal for each protein, expressed as a fold change relative to 
DMSO (control) treatment. (e) Representative western blot of total protein extracts from HEK-293 T transfected with TrkB. The cells were 
serum starved, stimulated and processed as in (b) except for BDNF concentration, which was saturating (40 ng/mL). (f) Quantification of 
densitometry analysis from (e) as above. (g) TrkB+p75ICD-transfected HEK-293 T cells were treated, stimulated and processed as in (a, b). (h) 
Quantification of densitometry analysis from (g) as above. (i) ATP conversion by the TrkB kinase in response to mushroom extract treatment 
was measured using the ADP-Glo kinase activity assay system with recombinant TrkB kinase domain. TrkB kinase domain was incubated 
with NDPIH extract, with control or with staurosporine at the indicated concentrations. Activity is expressed as a percentage of the ATP-
conversion by control-treated kinase domain. Data show mean ± SEM, n = 3 (c, d, h and i) or n = 6 (f) cell culture preparations. One-way 
ANOVA test with Tukey's correction for multiple comparison was performed. p-value is indicated when significant differences were found, 
and “ns” is stated when no significant differences were detected.
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    |  11MARTÍNEZ-­MÁRMOL et al.

induced by NDPIH alone or combined with BDNF (Figure 6b,c), but 
decreased the basal phosphorylation of TrkB (Figure  6b,d). When 
TrkB-transfected cells were treated with saturated concentrations 
of BDNF (40 ng/mL), the level of ERK1/2 phosphorylation was now 
higher than that achieved only with NDPIH treatment alone with-
out BDNF (Figure 6e,f). Under these high BDNF concentration, the 

combination of BDNF and NDPIH treatments did not significantly 
increase ERK1/2 activity above that of BDNF alone, suggesting that 
the signal pathway was already maximally activated by this saturat-
ing concentration of BDNF (Figure 6e,f).

As TrkB signaling can be modulated by co-expression of the 
p75 neurotrophin receptor, we asked whether NDPIH acted via 
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12  |    MARTÍNEZ-­MÁRMOL et al.

p75-induced modulation. Co-transfection of HEK-293 T cells with 
the p75 intracellular domain to enhance TrkB receptor affinity 
and signaling, increased ERK1/2 phosphorylation in response to 
low concentrations of BDNF (Figure  6g,h) as previously shown 
(Matusica et al.,  2013, 2016). Treatment with NDPIH alone also 
resulted in ERK1/2 phosphorylation, but the combination with 
BDNF did not further potentiated ERK1/2 signaling influenced by 
p75 (Figure 6g,h). To further evaluate whether NDPIH has a direct 
effect on TrkB, we performed in vitro kinase assay using recom-
binant TrkB (Figure  6i). Increasing concentrations of the mush-
room extract NDPIH did not affect TrkB activity (Figure 6i). Our 
results confirmed that NDPIH does not act through either low- or 
high-affinity TrkB receptor complexes. Together, these data sug-
gest that NDPIH and BDNF act through distinct but convergent 
pathways.

Next, we quantified the level of neurotrophins produced, the 
level of Trk receptor phosphorylation, the phosphorylation of 
downstream signaling proteins, and the level of synaptogenesis 
in brain protein extracts (Figure  S4, S5) from mice treated with 
two concentrations (100 mg/kg and 250 mg/kg) of either the 
crude extract (A1), a single concentration of hericene A (A2-C2), 
or the nootropic chemical piracetam, a positive control known 
to enhance rodent cognitive skills (Figure 7a). Mice treated with 
250 mg/kg of A1 and hericene A significantly increased the lev-
els of the neurotrophins BDNF, NGF, CNTF and GDNF in com-
parison to piracetam (Figure  7b–f). Both neurotrophin receptors 
TrkB and TrkA were also phosphorylated after treatment with A1 
and hericene A (Figure  7b,g,h). Mice treated with 250 mg/kg of 
A1 and 5 mg/kg of hericene A displayed a significantly increased 
activation of the downstream signaling kinase ERK1/2 and its tar-
get CREB (Figure 7b,i,j). SYP is known as a major synaptic protein 
involved in synapse formation and its level is used to quantify syn-
aptogenesis (Baruch-Eliyahu et al., 2019). Our result also showed 
that A1 and hericene A increased SYP level in treated mice, com-
pared with the piracetam-treated animals (Figure 7b,k), suggesting 
that the treatment with either of both extracts resulted in ele-
vated synaptic formation. The neurotrophin BDNF is considered 
a bona fide neurotrophic factor, whose role in enhancing memory 
function by promoting neuronal survival and differentiation in 
brain in vivo has been demonstrated (Miranda et al., 2019). Thus, 
we further examined whether A1 and hericene A increased the 
levels of BDNF in brain mice regions by immunostaining assays 
(Figure 8a). Our results showed that oral administration of either 
A1 and hericene A resulted in increased levels of BDNF both in the 
dentate gyrus (DG) of the hippocampus (Figure 8b) and in cortical 
regions (Figure  8c). Overall, our results in vitro and in vivo sug-
gest a positive pan-neurotropic action of extracts derived from 
H. erinaceum.

We then evaluated the effect of both the A1 crude extract 
and hericene A on short-term memory acquisition, which was 
assayed using the novel object recognition test (NORT) and 
the Y-maze test (Figure  9a). In the NORT paradigm of memory 
test (Figure  S6), our control treatment failed to show evident 

short-term/working memory performance (Figure 9b). However, 
the highest administration of A1 (250 mg/kg) and hericene A dis-
played significantly enhanced interaction with the novel object 
compared with the control (normal, vehicle) group (Figure  9b), 
without affecting the mean velocity or the total distance trav-
eled of the animals (Figure  S7). The same cohort of mice were 
also tested in the Y-maze test (Figure S8). The nootropic chem-
ical piracetam group exhibited a significant increase in alterna-
tion behavior, compared with the control (vehicle) group. In this 
case, both concentrations of A1-treated groups (100 mg/kg and 
250 mg/kg) and the hericene A group did exhibit significant incre-
ments in spontaneous alternation of the behavior (Figure  9c,d), 
without altering the mean velocity or the total distance traveled 
of the animals (Figure S9), suggesting improvements in memory 
acquisition. Together these findings demonstrate that the H. eri-
naceus extracts have an enhancing effect on spatial memory and 
suggest that this effect stems from a pan-neurotrophic activity in 
the mouse brain, via the enhanced expression of neurotrophins 
and downstream ERK1/2 signaling.

4  |  DISCUSSION

Here we demonstrate that crude and purified extracts of the 
nootropic mushroom H. erinaceus have BDNF-like neurotrophic 
activity both in cultured hippocampal neurons and in paradigm 
models of learning in vivo, leading to marked neurite outgrowth 
and improved memory. H. erinaceum mushroom characteristically 
contains aromatic and diterpene skeletons as active components, 
providing a large source of structurally related terpenoids, such 
as erinacines, hericenones, hericerins, hericenes, hericenols, and 
erinacerins that can have bioactivity. In fact, H. erinaceus contains 
20 out of all 24 known diterpenoids (Friedman, 2015). We purified 
four aromatic compounds from the CH2Cl2 fraction (C1 to C4) with 
prenyl side chains: NDPIH, hericene A, corallocin A, and 4-[3′,7′-d
imethyl-2′,6′-octadienyl]-2-formyl-3-hydroxy-5-methyoxybenzyla
lcohol and found that they have the ability to elicit strong survival 
and neurotrophic responses on neuronal cultures in the absence 
of (and thereby replacing) serum supplementation. Previously, 
corallocin A (C3) was shown to induce NGF and BDNF expression 
in astrocytes (Wittstein et al.,  2016). Similarly, Hericenones aro-
matic compounds stimulate NGF secretion from PC12 cells (Phan 
et al., 2014) and erinacines diterpene compounds stimulate NGF 
synthesis in other in vitro and in vivo systems (Li et al., 2020; Tsai-
Teng et al., 2016).

Neurotrophins also regulate the plasticity and growth of 
axons within the adult central and peripheral nervous system 
(Guthrie,  2007). However, the expression of many neurotrophic 
factors is greatly reduced within the adult CNS. Exogenous ap-
plication of these growth-permissive neurotrophic factors has 
therapeutic potential through creation of favorable environments 
after nerve injury (Keefe et al., 2017). Supplementation of NGF and 
BDNF have been used to promote survival and axonal regrowth 
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F I G U R E  7  Lion's mane mushroom A1 and A2-derived hericene dietary treatment increase neurotrophic signaling in vivo. (a) Scheme of 
the experimental design. Mice were feeded with either A1 (100 or 250 mg/kg), hericene A (A2-C2, 5 mg/kg), piracetam (PC, 400 mg/kg) or 
vehicle control during 31 days, before their brains (whole) were collected and the tissue was lysed and prepared for western blot analysis. 
(b) Representative western blots of anti-BDNF, NGF, CNTF, p-TrkA, TrkA, p-TrkB, TrkB, p-ERK, ERK, p-CREB, CREB, SYP and α-Tubulin. 
α-Tubulin was used as loading control. (c–k) Quantification of the relative protein expression levels of BDNF (c), NGF (d), CNTF (e), GDNF 
(f), p-TrkB (g), p-TrkA (h), p-ERK (i) and p-CREB (j), SYP (k). All data are expressed as the mean ± SEM, n = 5–6 whole brain lysates. One-way 
ANOVA followed by Tukey's post hoc test was performed. p-value is indicated when significant differences were found, and “ns” is stated 
when no significant differences were detected.
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of injured neurons after spinal cord injury (Harvey et al., 2015). In 
this context, in vitro studies using total extract of H. erinaceus re-
ported regenerative capabilities on peripheral neurons after laser 
microdissection (Ustun & Ayhan,  2019). This opens the door to 
additional studies using specific and more potent derivatives from 
H. erinaceus to identify their potential therapeutical action during 
axon regeneration.

To the best of our knowledge, our study is the first to identify a 
pro-BDNF signaling-enhancing activity for H. erinaceus and to iden-
tify hericene A as an active component for this neurotrophic func-
tion in vitro and in vivo. Our study reveals that hericene A enhances 
recognition memory at concentrations as low as 5 mg/kg/day. The 
medicinal mushroom H. erinaceus has long been known for its neu-
rotrophic activity on the peripheral nervous system through promo-
tion of NGF synthesis (Haure-Mirande et al., 2017; Lai et al., 2013; 
Raman et al., 2015; Ustun & Ayhan, 2019). Several compounds ex-
tracted from H. erinaceus have been shown to protect from aging-
dependent cognitive decline in wild-type (Brandalise et al.,  2017; 
Rossi et al., 2018) and in Alzheimer's disease mouse models (Mori 
et al., 2011; Tsai-Teng et al., 2016) suggesting a yet to be defined 
activity on the CNS. A recent study has determined that erinacine A 
and hericenones C and D were capable of slowing cognitive decline 
in a model of frailty (Ratto et al., 2019). The neuroprotective effects 
were attributed to the ability of these molecules to elicit NGF (Mori 
et al., 2009) and BDNF synthesis (Chiu et al., 2018). In agreement 

with previous studies, we identified that polysaccharides isolated 
from H. erinaceus extracts also exert a neurotrophic activity. The ef-
fects of H. erinaceus on recognition memory were previously shown 
and hypothesized to stem from promoting neurogenesis (Brandalise 
et al., 2017; Rossi et al., 2018).

Our study demonstrates that hericene A promotes neuritogen-
esis and that this effect can be achieved at very low concentration 
both in vitro and in vivo. The highest contents of hericene A were 
detected in H. erinaceus A1 extract, compared with the other spe-
cies. To increase the production of these compounds, it might be 
possible to engineer new methods to improve selection of spe-
cific H. erinaceus strains based on their ability to produce larger 
quantities of hericene A derivatives. We should also provide an 
additional step towards hericene A-enriched H. erinaceus, marker 
compound-based standardization for sustainable use of dietary 
supplements and medicinal products from H. erinaceus. Based 
on our results, we suggest that the administration of hericene A 
from H. erinaceus may be useful to ameliorate brain function and 
disorder-related pathologies in in vivo neurodegenerative disease 
models. Although further studies are required to test this hypoth-
esis, our report represents the first step on exploring the potential 
nootrophic benefits from hericene A compounds isolated from the 
mushroom H. erinaceus.

Since the discovery of the first neurotrophin, NGF, more than 
70 years ago, countless studies have demonstrated their ability to 

F I G U R E  8  Lion's mane mushroom A1 and A2-derived hericene A dietary treatment increase BDNF levels in brain. Mice were treated with 
either A1 (100 or 250 mg/kg), hericene A (A2-C2, 5 mg/kg), piracetam (PC, 400 mg/kg) or vehicle control during 31 days, before their brains were 
collected and prepared for immunohistochemistry analysis. (a) The obtained brain sections were immunostained using anti-BDNF antibody. 
The images were photographed at 10× magnification. The optical density of BDNF immunoreactivity was analyzed in the dentate gyrus (DG) 
(b) and in the cortex region (c). All data are expressed as the mean ± SEM, n = 4 brains. One-way ANOVA followed by Tukey's post hoc test was 
performed. p-value is indicated when significant differences were found, and “ns” is stated when no significant differences were detected.
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promote neurite regeneration, prevent or reverse neuronal de-
generation and enhance synaptic plasticity. Neurotrophins have 
attracted the attention of the scientific community in the view to 
implement therapeutic strategies for the treatment of a number 
of neurological disorders (Chao et al.,  2006). Unfortunately, their 
actual therapeutic applications have been limited and the poten-
tial use of their beneficial effects remain to be exploited (Nagahara 
& Tuszynski,  2011). Neurotrophins, for example, have poor oral 
bioavailability, and very low stability in serum, with half-lives in 
the order of minutes (Zhang et al.,  2014) as well as minimal BBB 
permeability and restricted diffusion within brain parenchyma 
(Pardridge, 2002). In addition, their receptor signaling networks can 
confer undesired off-target effects such as pain, spasticity and even 
neurodegeneration (Bergmann et al., 1998; Constandil et al., 2011; 
Dyck et al., 1997; Endo et al., 2009; Fahnestock et al., 2001; Fouad 
et al.,  2013; Mufson et al.,  2012). As a consequence, alternative 
strategies to increase neurotrophin levels, improve their pharma-
cokinetic limitations or target specific receptors have been devel-
oped (Longo & Massa, 2013). Identification of bioactive compounds 
derived from natural products with neurotrophic activities also 
provide new hope in the development of sustainable therapeu-
tical interventions. Hericerin derivative are therefore attractive 
compounds for their ability to promote a pan-neurotrophic effect 

with converging ERK1/2 downstream signaling pathway and for 
their ability to promote the expression of neurotrophins. Further 
work will be needed to find the direct target of Hericerin capable 
of mediating such a potent pan-neurotrophic activity and establish 
whether this novel pathway can be harnessed to improve memory 
performance and for slowing down the cognitive decline associated 
with ageing and neurodegenerative diseases.
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or vehicle control (Normal) during 31 days. After testing, mice were sacrificed. (b–d) Quantifications of the behavioral test performed. The 
NORT test measures the portion of time spent exploring novel object, and expressed as the % of time spent exploring from the total. The 
NORT test was performed at day 28 and at day 29 (b). The Y-maze test measures the spontaneous alternation of number of arm entries, and 
is expressed as the % of alternation (c) and as the total arm entries (d). All data are expressed as the mean ± SEM, n = 9–10 animals. One-way 
ANOVA followed by Dunnett's T3 post hoc test was performed. p-value is indicated when significant differences were found, and “ns” is 
stated when no significant differences were detected.
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