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This study investigates the effects of a blend of Hericium erinaceus (lion’s mane mushroom) extract on the dif-
ferentiation of SH-SY5Y cells, a human neuroblastoma cell line, revealing potential therapeutic implications for
neuroblastoma management. Treatment with this blend induced cells differentiation towards a neuron-like
profile, as evidenced by enhanced neuronal excitability and upregulation of neuronal markers, such as pIII-
tubulin and synaptotagmin. Additionally, the treatment significantly reduced PCNA, a key regulator of prolif-
eration, alongside a decrease in stemness markers, indicating a shift toward a more mature and less proliferative
phenotype. These findings demonstrate the ability of Hericium erinaceus to promote neuronal differentiation and
inhibit proliferation in neuroblastoma cells, highlighting its therapeutic potential for managing neuroblastoma
and potentially other neurological disorders. The results suggest that Hericium erinaceus may serve as a promising
candidate for the development of novel neuroregenerative therapies.

1. Introduction

Neuroblastoma stands as one of the most aggressive pediatric can-
cers, posing a challenge in oncology due to its complex etiology and
variable clinical manifestations'. Originating from neural crest pro-
genitor cells, it primarily affects young children and displays a spectrum
of behaviors, from spontaneous regression to aggressive metastasis®
Despite advances in surgery, chemotherapy, and radiotherapy, the
prognosis for high-risk neuroblastoma remains poor (5-year relative
survival rate ~50%)?, highlighting the urgent need for novel thera-
peutic strategies.

The SH-SY5Y cell line is widely used as a model in neuroblastoma
research, offering a tractable system to study the disease’s molecular
mechanisms and therapeutic responses®. These cells retain several
tumor-like features and can differentiate into neuronal-like cells upon
exposure to various factors, reflecting neurogenesis processes [1-3].

Various protocols have been employed to induce differentiation in
SH-SY5Y cells, encompassing a diverse range of inducers and method-
ologies. For instance, retinoic acid, a derivative of vitamin A, has been
extensively utilized to drive neuronal differentiation in SH-SY5Y cells by
activating retinoic acid receptors and downstream signaling pathways
involved in neurogenesis [4]. Similarly,
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12-O-tetradecanoylphorbol-13-acetate (TPA), a potent protein kinase C
activator, has been shown to induce neuronal differentiation in SH-SY5Y
cells by modulating intracellular signaling cascades [5]. Additionally,
brain-derived neurotrophic factor (BDNF), a neurotrophin crucial for
neuronal survival and differentiation, has been employed to promote
neuronal differentiation in SH-SY5Y cells, highlighting the diverse array
of strategies available to researchers for studying neuronal differentia-
tion in this cell model [6,7].

Recently, natural compounds have emerged as promising tools in
neuroprotection and neuroregeneration! 2! 3, Among these, Hericium
erinaceus (H. erinaceus), also known as lion’s mane mushroom, has
attracted attention for its neurotrophic properties. Its extracts contain
bioactive compounds such as erinacines and hericenones, which have
been shown to stimulate BDNF and nerve growth factor (NGF) produc-
tion' 417, key regulators of neuronal survival, differentiation, and syn-
aptic plasticity.

Recent publications, such as the studies conducted by Mori et al. and
Brandalise et al. have significantly contributed to our understanding of
the neuroregenerative properties inherent in H. erinaceus extract
[8-10]. These investigations, along with others [11,12], have elucidated
the extract’s remarkable capacity to not only enhance neurogenesis but
also to ameliorate cognitive decline in animal models of neurodegen-
erative diseases. Kawagishi et al. [13] uncovered compelling evidence
about the extract’s ability to stimulate neurogenesis, a process crucial
for brain repair and cognitive function in human astrocytoma cells.
Similarly, Rossi et al., 2018’s study underscored the extract’s potential
in mitigating cognitive decline [11], thereby highlighting its promise as
a therapeutic agent for neurodegenerative disorders.

Building on this background, we hypothesize that long-term expo-
sure to H. erinaceus extract promotes neuronal differentiation in SH-
SYS5Y cells. Through extended treatment, we aim to evaluate its poten-
tial to reduce proliferative activity and support differentiation, offering
a novel perspective on neuroblastoma intervention.

2. Materials and methods
2.1. Cells and treatments

2.1.1. SH-SY5Y cells

SH-SYS5Y cells, a human neuroblastoma cell line provided by ATCC
(ATCC CRL- 2266) (Manassas, Virginia, US), were grown in a 1:1 mix of
DMEM and Ham’s F12 supplemented with 10 % FBS and 1 % penicillin/
streptomycin at 37 °C and 5% CO,. When reaching confluence, cells
were divided and plated in a new fresh growth medium. Cell passaging
was performed by centrifugation at 1900 rpm for 7 minutes before
resuspension in the new fresh growth medium. Cells were always
maintained at low passages (between 3 and 10). All cell culture reagents
were purchased from Euroclone (Milan, Italy). Complete culture me-
dium was supplemented with 50 pg/mL Hel + 50ug/mL He2. The
treatment for H. erinaceus (He) condition was performed by plating and
maintaining cells in Hel + He2 supplemented culture medium for
> 200 hours, with a maximum of 288 hours. To ensure the maintenance
of nutrients in the cell culture throughout the entire duration of the
treatment, cells were plated at low confluence with 25 % more medium
compared to standard growth conditions, and the essential parameters
for cell cultivation (cell culture media volume and pH) were monitored
daily.

2.1.2. LUHMES cells

LUHMES cells (Lund Human Mesencephalic; originally derived from
human female fetal mesencephalon; ATCC, VA, USA) were cultured and
differentiated following established protocols [14,15]. Cells were
maintained at 37 °C in a humidified incubator with 5% CO-. For pro-
liferation, LUHMES cells were grown in Advanced DMEM/F-12 (Thermo
Fisher Scientific, Waltham, MA, USA), supplemented with 2 mM
L-glutamine (Thermo Fisher), 1 x N2 supplement (Thermo Fisher), and
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40 ng/mL basic fibroblast growth factor (bFGF, PeproTech). Flasks or
plates were pre-coated with poly-L-ornithine (50 ug/mL, Sigma-Aldrich)
and fibronectin (1 pg/mL, Sigma-Aldrich). For differentiation, cells were
plated at a density of 2-4 x 10* cells/cm? in differentiation medium
consisting of Advanced DMEM/F-12 supplemented with 1 x N2, 2 mM
L-glutamine, 1 mM dibutyryl cyclic AMP (Sigma-Aldrich), 2 ng/mL glial
cell line-derived neurotrophic factor (GDNF, PeproTech), and 1 ug/mL
tetracycline (Sigma-Aldrich). Media was refreshed every other day.
Differentiation was carried out for 10 days to allow maturation into
post-mitotic dopaminergic-like neurons. For electrophysiological re-
cordings, cells were plated on 12 mm glass coverslips pre-coated with
poly-L-ornithine (10 ug/mL) and laminin (10 ug/mL, Sigma-Aldrich).
After the 10-day differentiation period, LUHMES cells were treated
with the He blend at the same concentration used for SH-SY5Y cells
(50 pg/mL Hel + 50pg/mL He2) and for an equivalent duration
(>200 hours) to ensure experimental consistency across cell models

2.1.3. Preparation of Mushroom Extracts

Two strains of He collected in Italy has been used in this work, Hel
and He2. The mycelia of these strains were isolated in pure culture from
sporophores collected in a Mediterranean environment from living oaks
(Siena province, Tuscany, Italy). The strains were identified by molec-
ular analysis and preserved in MicUNIPV, the Fungal Research Culture
Collection at the University of Pavia (Italy) [16]. In particular, Hel
mycelium and He2 cultivated sporophore were chosen. The procedures
for extracting compounds from these strains have been thoroughly
documented in several studies [24-26]. For the alcoholic extraction, 1 g
of both lyophilized Hel mycelium (obtained from liquid culture con-
taining 2 % Malt extract) and He2 sporophore cultivated at the Botanical
Garden greenhouse (Pavia University, Italy) was blended with 10 mL of
ethanol 70 % and 30 % water, left in the thermostat at 50 °C for 24 h. At
the end, the material was transferred for centrifugation (4000 rpm for
3min) and the supernatant was stored at —20 °C for HPLC analysis
[17-19]. The metabolites were identified and measured through
HPLC-UV-ESI/MS analyses, previously described [24-26]. This method
allows for the precise identification and quantification of various me-
tabolites present in the extract. Specific standards and carefully cali-
brated curves were utilized to ensure the accuracy and reliability of the
measurements. Standard compounds of erinacines and hericenones were
kindly provided by Prof. Hirokazu Kawagishi (Shizuoka University,
Japan), as previously reported [18], while ergothioneine was kindly
donated by Tetrahedron (Paris, France). The erinacine A content in Hel
mycelium (150 pg/g) is consistent with those reported by Krzyczkowski
et al. (2010) in enhanced submerged cultivation studies [18]. He2
sporophore contains high levels of hericenones C (1560 ug/g) and D
(188 ug/g). Ergothioneine was present in both the Hel mycelium
(0.58 mg/g) and in He2 sporophore (2.4 mg/g), giving a final ergo-
thioneine concentration of 2.98mg/g. These values align with the
findings for certain strains reported by Lee et al. (2016) [19]. The eri-
nacine A content in Hel mycelium (150 ug/g) is consistent with those
reported by Krzyczkowski et al. (2010) [20]. He2 sporophore contains
high levels of hericenones C (1560 pug/g) and D (188pug/g). Ergo-
thioneine was present in both the Hel mycelium (0.58 mg/g) and in He2
sporophore (2.4 mg/g), giving a final ergothioneine concentration of
2.98 mg/g. These values align with the findings for certain strains re-
ported by Lee et al. (2016) [21].

2.1.4. MTT assay

In order to select the appropriate, non-toxic He dose to be used in the
following analyses, as a first experimental step, a range of He mixture
concentration was evaluated through the MTT [3-(4,5-dimethylthiazol-
2-yD-2,5-diphenyltetrazolium bromide]. Briefly, SH-SY5Y cells were
seeded in a 96-well plate at a density of 10,000 cells/well (0.2 mL me-
dium per well) and incubated for 24 hours in a humidified atmosphere
containing 5% of CO,. The following day, the culture medium was
replaced with fresh medium added with Hel and He2 in combination in
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a concentration ranging from 5 to 250 pg/mL. For the control condition,
cells were incubated with the culture medium only. After 48 h-exposure,
20 pL. of MTT solution (HelloBio, UK) was added to each well; this
operation was performed in the dark, and the plates were subsequently
incubated for 3hours at 37°C. Cell viability was then assessed by
measuring the samples’ absorbance at 550 nm using the Multiplate
reader BioTek ELx808 (Italy). As a background value, all experiments
were conducted while assessing in parallel blank samples containing
Hel, He2 and MTT in culture medium (without cells) to exclude the
occurrence of non-enzymatic reduction of MTT by Hel and He2. The
optical density of the formazan formed in the control group cells was
taken as 100 %. Cell viability % was calculated as follows:

Cell viability% =

(Absorbance value of treated cells — Absorbance value of blank)
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aim to evaluate the onset of potential changes/alteration of cell
morphology. Digital micrographs were acquired with a camera
(Olympus MagniFire digital camera), stored on a PC and processed with
the Olympus Cell’F 3.1 software. The analysis of cell density was per-
formed using ImageJ software 1.54 (NIH, USA). Specifically, four
random images in each well were acquired at 40 x magnification for
each replicate and then converted to binary images and analyzed with
the “particle analysis tool”. The cell density was calculated as number of
cells/area and expressed in mm [2]. Data are presented as the mean
+ SEM. The number and the length of neurite were analyzed by the
semi-automated tracing ImageJ plugin NeuronJ. Using this plugin,
neurites are manually traced, thanks to an algorithm that compares the

x 100.

2.1.5. Patch-Clamp Experiments

Electrical signals were recorded with an Axopatch 200-B amplifier
(Molecular Devices, USA), [—3 dB; cutoff frequency (fc) = 1 kHz] and
sampled with a Digidata-1440A interface. Electrophysiological re-
cordings were performed in Whole-Cell configuration on SH-SY5Y cells.
Cells were recorded in a bath solution containing (in mM): NaCl 130, KCl
4, Hepes 10, glucose 10, CaCl, 2, MgSO4 1, pH 7.4. Glass borosilicate
pipettes were pulled using Flaming/Brown micropipette puller P-97
(Sutter Instrument Co., USA) to achieve a 4-7 MQ resistance and were
filled with (in mM): K'- gluconate 126, NaCl 4, Hepes 5, glucose 15,
MgSO, 1, BAPTA FREE 0,1, BAPTA Ca?* 0005, ATP 3. GTP 0,1 pH 7.2.
The current recordings in voltage clamp configuration were performed
with the following protocols: a series of voltage steps ranging from
—60 mV to + 140 mV with an increment of 20 mV, and a series of
voltage steps ranging from —120 mV to + 40 mV with an increment of
20 mV at a sampling rate of 20 kHz were delivered to the cells. The
passive properties of the cell (including membrane resistance and
capacitance) were measured by eliciting a hyperpolarizing step of
—10 mV from the holding potential of —60 mV [22,23].

For the depolarizing protocols, the PN leak subtraction of the
Clampex program (pClamp 10 software) was used to eliminate the ef-
fects of the leakage current on the whole-cell responses [24,25]. The
following compounds were bath-perfused in the patch-clamp experi-
ments: TTX 1 pM (Hello Bio), Nifedipine 10 pM (Hello Bio), to selec-
tively block the VGSC-mediated current [26]. Current-clamp recordings:
The resting membrane potential (RMP) was assessed after break in the
cell. The holding potential was set according to a value ~-70 mV. The
current clamp protocol consisted of a series of 5 pA steps of current
injection, starting from a negative injection of —10 pA. Outward cur-
rents were measured in voltage clamp by applying subsequent voltage
steps of + 20 mV from a holding potential of —60 mV, up to + 140 mV
[27]. Steady outward currents were recorded as the average of the last
50 ms of the voltage step. Inactivating outward currents were calculated
by subtracting the sustained outward current from peak outward cur-
rents [28]. Inward currents were calculated in voltage clamp as the
negative peak recorded at 0 mV by applying subsequent voltage steps of
+ 20 mV from a holding potential of —120 mV, up to + 40 mV [29].
Electrophysiological analysis and statistics were performed using
Clampfit 10.6 (Molecular Devices), OriginPro 9.1 and GraphPad Prism
version 10.0.0 for Windows.

2.1.6. Phase contrast microscopy

SH-SYS5Y cells were plated on 22 x 22 mm coverslip at a density of
10.000 cells per coverslip and observed under inverted phase contrast
microscopy equipped with a 20 x objective (Olympus CKX41) after 24,
72, 144 and 200 hours exposure to He (50pl/mL + 50pul/mL) with the

(Absorbance value of untreated cells — Absorbance value of blank)

pixel intensity on the neurite with its adjacent pixel neighborhoods,
automatically updating the cursor to follow an estimated path of the
neurite and increasing the accuracy and speed of tracing. After the
neurites are traced, a text file is generated that contains measurements
of the lengths of all the neurites [30].

2.1.7. Hematoxylin and eosin and Nissl staining

For the morphological evaluations, control and treated cells were
grown on coverslips (22 mmx22 mm), fixed with 4 % formalin
(20 min), and post-fixed with 70 % ethanol at —20°C for at least 24 h.
The samples were rehydrated for 10 min in PBS 1X and then were
incubated with hematoxylin and eosin or Nissl stainings. For Hema-
toxylin and eosin, the samples were incubated with hematoxylin for
10 minutes, washed with PBS 1x, and stained with eosin for 30 seconds.
For Nissl, the slides were incubated with cresyl violet 0.1 % for
5 minutes. Lastly, for both staining, cells were washed in PBS 1X and
mounted with a drop of Mowiol (Calbiochem-Inalco, Italy) for micro-
scopy visualization.

2.1.8. Clonogenic assay

Cells were plated in a 6 well plate at a density of 300 cells/well in
2 mL of control and He supplemented growth medium. Cells were then
incubated at 37 °C for a minimum of 10 days, to allow optimal growth of
the colonies. After 11 days cells were fixed using ice-cold methanol and
colonies were colored with Crystal Violet (CV) 0,1 % (PanReac Appli-
Chem, Italy) to evaluate the number and area of colonies obtained in
different conditions. Digital micrographs were acquired with a camera
(Olympus MagniFire digital camera), stored on a PC and processed with
the Olympus Cell"F software (version n. 3.1). The analysis of cell density
was performed using ImageJ software 1.54 (NIH, USA). Specifically,
four random images in each well were acquired at 20 x magnification
for each replicate and then converted to binary images and analyzed
with the “particle analysis tool”. The cell area was expressed in mm [2].
Data are presented as the mean + SEM.

2.1.9. Immunofluorescence Reactions

For the immunofluorescence quantifications, three independent ex-
periments were performed for each experimental condition. After re-
actions, control and treated cells were grown on coverslips
(22 mmx 22 mm), fixed with 4 % formalin (20 min), and post-fixed with
70 % ethanol at —20°C for at least 24 h. The samples were rehydrated
for 10 min in PBS and then incubated with 1 % Bovine Serum Albumin
(BSA) to block nonspecific binding sites. Subsequently, the cells were
immunolabeled using the mouse monoclonal anti-bIII tubulin (ValidAb,
Hello Bio, UK), the mouse monoclonal anti-PCNA (Merck, Italy), the
rabbit monoclonal antibody anti-CD133 (Cell Signaling Technology,
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USA), the mouse polyclonal antibody anti-Nav (Neuromab, USA), the
rabbit polyclonal antibody anti-Synaptotagmin-1,2 (Abcam, Cambridge,
UK), diluted 1:200, 1:200, 1:200, 1:250, 1:200 in PBS (Merck, Italy) for
1 hour at RT in a dark, moist chamber. Then, the cells were washed with
PBS and incubated for 45 min with goat anti-mouse IgG (H + L) highly
cross-adsorbed secondary antibody, Alexa Fluor Plus 594 and goat anti-
mouse IgG (H + L) highly cross-adsorbed secondary antibody, Alexa
Fluor Plus 488 both diluted 1:200 in PBS (Thermo Fisher Scientific,
Italy), and phalloidin conjugated with Alexa Fluor 488. DNA counter-
staining was performed using 0.1 mg/mL Hoechst 33258 (Merck, Italy).
Lastly, cells were mounted with a drop of Mowiol (Calbiochem-Inalco,
Italy) for microscopy visualization.

2.1.10. Immunocytochemical Evaluations

For the immunofluorescence quantifications, three independent ex-
periments were performed for each experimental condition. After re-
actions, coverslips were examined using a Leica DM6B WF microscope
(Leica microsystems, Italy), and images were captured with an ORCA-
Flash4.0 V3 Digital CMOS camera C13440-20CU (Hamamatsu Pho-
tonics, Italy), and results were analyzed using the Leica Application
Suite X (LAS X) software (Version 5.1.0). For each condition, 11 quad-
rants (about 50 cells) were evaluated for random analysis. Single-
channel images were analyzed in grayscale, with the minimum value
being 0 (black) and the maximum value being 255 (white). The mean
fluorescence intensity was measured using ImageJ software 1.54 (NIH,
USA) and expressed as the mean + SEM.

To prevent potential discrepancies in results caused by slight pro-
cedural variations, all immunostaining reactions were simultaneously
performed, and, as a control, some cells were incubated without primary
antibodies, using only PBS; any immunoreactivity was observed under
this condition. To assess the immunopositivity of cells for the examined
markers, all experiments were conducted in parallel with bank samples
incubated without primary antibodies. In detail, the mean fluorescence
intensity of blank samples was subtracted from the mean fluorescence
intensity of immunostained cells. Immunopositivity was established
when the mean fluorescence intensity value of single cells exceeded that
of the blank samples.

2.2. Statistical analysis

All data are expressed as the mean + standard error of the mean
(SEM) based on the experimental values obtained from three indepen-
dent experiments conducted under identical conditions. Statistical sig-
nificance was determined at three levels: p < 0.05 (*), p < 0.01 (*%),
and p < 0.001 (***). For comparisons between two groups, the Mann-
Whitney U test or unpaired t-test was applied, depending on the distri-
bution and variance of the data. For multiple group comparisons, one-
way or two-way analysis of variance (ANOVA) was performed to eval-
uate the interaction effects of independent variables. When significant
differences were identified, post hoc tests, including Bonferroni’s test or
Dunnett’s test, were conducted to pinpoint specific group differences
while controlling for multiple comparisons. The analyses were per-
formed using Prism software (GraphPad, version X) and Origin 2021
(OriginLab), with all statistical methods validated for appropriate as-
sumptions regarding data normality and variance. Prior to parametric
testing, data distribution was assessed using the Shapiro-Wilk test, and
homogeneity of variances was verified using Levene’s test. Nonpara-
metric tests were employed when data failed to meet these assumptions.

2.3. Development of a standardized Hericium erinaceus blend: harnessing
synergistic bioactive properties

Before evaluating the effects of Hericium erinaceus (He) extracts on
SH-SY5Y cells, assessed in terms of morphological, molecular and
physiological changes, we firstly determined the optimal blend to be
tested. Hence, after a comprehensive analysis of various strains of He
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Table 1
Concentration of selected nootropic bioactive metabolites in the blend (Hel +
He2). Values are expressed as micrograms per gram of dried extract (ug/g).

Bioactive Metabolites Quantity (ug per gram of dried extract)

Erinacine A 150
Hericenones C 1560
Hericenones D 188
Ergothioneine 2980

from the Italian peninsula at our disposal, we selected two distinct ex-
tracts, namely Hel and He2, which we have previously characterized
[19,20,28-30]. Based on these knowledge, we proposed a blend
composed of Hel and He2, with the clear notion in mind that it can
provide a wide array of nootropic bioactive metabolites, in high con-
centrations (for details, see Table 1).

Among these compounds, Erinacine A is recognized for its neuro-
protective properties [31-33], while Ergothioneine serves as a potent
antioxidant [34-36]. Conversely, Hericenones C and D have demon-
strated significant neurotrophic and anti-inflammatory effects [13].
Hence, based on Hel and He2 complementary bioactive profile, we
selected sporophore extract and mycelium extract for He2 and Hel,
respectively. By blending these latter in a 1:1 ratio, we aim at harnessing
a comprehensive spectrum of He nootropic metabolites, potentially of-
fering synergistic benefits for neuronal health, leveraging the distinct
but complementary properties of each extract. Such a blend may
enhance cellular resilience against oxidative stress, promote neuronal
growth, and mitigate inflammatory responses, thereby providing a
multifaceted defense against neurodegenerative processes.

3. Results

3.1. Establishment of optimal concentration of Hericium erinaceus
extracts

The SH-SY5Y cell line has emerged as a well-known model for
neuronal differentiation [1], hence this in vitro model was chosen to test
the effects/properties of the blend, made by mycelium of Hel and
sporophore of He2. For convenience, the blend will be referred to as "He"
from this point on in the manuscript. As the initial step in our experi-
mental procedure, we identified the appropriate He concentration to be
tested. Therefore, an MTT assay was performed to assess cell viability
following 72 hours exposure to increasing concentrations of He
(Fig. 1a). The combined exposure to 50 pg/mL Hel and 50 pg/mL He2
results in a viability reduction of 1.60 + 4.22% (n=3) (Fig. 1a).
Therefore, the blend containing 50 pg/mL of Hel and 50 pg/mL of He2
extracts was selected for the following experiments (see Methods).

3.2. Morphological changes and reduced proliferation in He-exposed SH-
SY5Y cells

Based on previous studies revealing that He extracts are capable to
influence cell morphology and proliferation rates, we initially focused
on these aspects to understand He effects on SH-SY5Y cells. Specifically,
we investigated the morphological changes of SH-SY5Y cells in response
to He treatment. Literature data well documented that when SH-SY5Y
cells are induced to differentiate using agents such as TPA, they adopt
a more elongated, neurite-bearing phenotype resembling mature neu-
rons [37]. Additionally, neurotrophic factors like BDNF have been
shown to promote neuronal differentiation and reduce proliferation in
SH-SY5Y cells by activating specific signaling pathways [38].

To characterize cellular morphology and to assess potential differ-
entiation phenomena, hematoxylin and eosin (H&E) and Nissl staining
were performed (Fig. 1b) after 200 hours of He 50ug/mL exposure. The
staining revealed noticeable differences in cell morphology comparing
control and He-treated cells. In fact, control cells appeared closely
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Fig. 1. Time-dependent reduction of cell proliferation and enhancement of neurite outgrowth in SH-SY5Y cells following He exposure, rich in nootropic bioactive
metabolites. (a) Cell viability assessment: SH-SY5Y cells were treated with increasing concentrations (0, 5, 10, 50, 100, 250 pg/mL) of a blend combining He
mycelium (Hel) and sporophore (He2) extracts. Cell viability (% relative to untreated control) was measured. (b) Hematoxylin and eosin staining: micrographs
displaying cellular morphology of SH-SY5Y cells under control (CTR) and He-treated conditions (He). Scale bar: 20 um. (c) Representative phase-contrast images:
morphological changes and neurite extension in SH-SY5Y cells under CTR conditions and after 24, 72, 144, and over 200 hours exposure to He. Black arrows point to
the cell body of the cells while purple arrow indicate the location of some neurites (d) Quantification of cell proliferation: number of cells per area (148 um2) at
selected time points for both CTR and He-treated groups. (e) Neurite outgrowth analysis: percentage of cells exhibiting neurite outgrowth over time in CTR and He-
treated groups. (f) Neurite length measurement: average neurite length at various time points, highlighting significant elongation in the He-treated group.

packed with less pronounced cytoplasmic extensions, whereas He- To have a better resolution of these morphological changes while
treated cells exhibited elongated cell bodies and extended neurites, simultaneously tracking the proliferation rate, we employed phase-
suggestive of neuronal differentiation. contrast microscopy to observe neurite outgrowth, a hallmark of
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neuronal differentiation, both in control and He-treated condition determine the effect of He treatment on cells growth rate (Fig. 1c). Data
(Fig. 1c). This approach allowed us to monitor dynamic cellular pro- revealed a significant decrease in cell proliferation comparing He-
cesses and provided a more detailed comprehension of He-induced treated cells with the control group, already 24 hours after exposure,
differentiation. further exacerbated at prolonged exposure times (number of cells/area;

Cell proliferation analysis was conducted at different time points to 24 h: CTR 85.00 + 2.88, n = 3; He 28.66 + 0.88,n = 3; p = 4.8 x 107%,
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Fig. 2. Effects of He Treatment on Colony Forming, Proliferation and Stemness marker expression (a) Colony forming assay: representative micrographs of crystal
violet-stained colonies showing noticeable morphological differences comparing control (CTR) and He-treated SH-SY5Y cells. (b) Quantitative analysis of colony
area. (c) Quantitative analysis of the number of colonies. (d) Representative immunofluorescence images of PCNA staining in SH-SY5Y cells under control conditions
(CTR) and after > 200 hours exposure to He. PCNA immunolabelling: green fluorescence; DNA (stained with Hoechst 33258): blue fluorescence. Scale bar: 50 pym. (e)
Quantitative analysis of PCNA: immunopositive cell frequency (%) and mean fluorescence intensity per cell in control and He-treated groups. (f) Representative
immunofluorescence images of CD133 staining in SH-SY5Y cells in control conditions (CTR) and after > 200 hours He exposure. CD133 immunolabelling: green
fluorescence; DNA (stained with Hoechst 33258): blue fluorescence. Scale bar: 50 pm. (g) Quantitative analysis of CD133: immunopositive cell frequency (%) and
mean fluorescence intensity per cell in control and He-treated groups.
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unpaired t-test; 72 h: CTR 170.00 + 4.16, n = 3; He 39.66 + 2.03,
n = 3;p=9.5 x 1075, unpaired t-test; 144 h: CTR 190.16 + 0.84,n = 3;
He 27.94 + 2.22, n = 3; p = 2.75 x 107%, unpaired t-test; >200 h: CTR
240.0 £+ 3.96, n = 3; He 30.26 + 1.59, n = 3; p = 1.02 x 107, unpaired
t-test, Fig. 1d). Morphological analysis indicated a significant increase in
neurite outgrowth over time in He-treated cells compared to control
group starting from 72 hours (% of cell with neurite; 24 h: CTR 4.716
+ 0.16, n = 3; He 6.99 + 0.22, n = 3; p = 0.001, unpaired t-test; 72 h:
CTR 4.51 +0.201, n = 3; He 11.75+ 0.41,n =3; p=9.1 x 10°%, un-
paired t-test; 144 h: CTR 4.67 £+ 0.15, n = 3; He 34.32 + 2.02, n = 3;
p =1.26 x 10™, unpaired t-test; >200 h: CTR 3.57 + 0.19, n = 3; He
37.94 +1.04, n = 3; p = 5.36 x 1077, unpaired t-test; Fig. 1e). Consis-
tently, the measurement of neurite length revealed a significant increase
in He-treated cells compared to control starting at 72 hours (CTR:
~15.00 + 1.50 pm; He: ~25.00 +1.80 pm), at 144 hours (CTR:
~19.00 + 1.70 pm; He: ~38.00 &+ 1.60 pm), and at 200 hours (CTR:
19.55 £ 1.79 pm, n = 48; He: 38.08 £ 1.48 pm, n = 48; p < 0.0001,
ANOVA followed by Sidak’s multiple comparisons test, Fig. 1f).

3.3. He Treatment reduces clonogenic capability, proliferation and
stemness marker expression

In the previous chapter, we demonstrated that the proliferation rate
of SH-SY5Y cells is decreased in the presence of He, accompanied by
elongated neurites. These characteristics are typically associated with
reduced stemness and enhanced differentiation. To investigate the ef-
fects of He on SH-SY5Y cell proliferation and differentiation, we per-
formed colony formation assays parallelly assessing key proliferation
and stemness markers. The colony forming assays revealed a significant
reduction both in colony area and colony number in He-treated cells
compared to the control group (Fig. 2a). Quantitative analysis showed
that the colony area was significantly reduced in the He-treated cells
(CTR: 76,089 + 10,106 pm?, n = 18; He: 43,797 + 8265 pm?, n = 14;
p = 0.0242, unpaired t-test; Fig. 2b). Similarly, the number of colonies
formed by He-treated cells was markedly diminished compared to
control group (CTR: 21.60 +1.36, n=75; He: 16.60 + 1.53, n =5;
p = 0.0409, unpaired t-test; Fig. 2c). These findings suggest that He
treatment reduces the clonogenic capability of SH-SY5Y cells, indicating
a potential shift towards a more differentiated state.

To further evaluate this shift, we analyzed the expression of PCNA
(Proliferating Cell Nuclear Antigen) and CD133, as typical markers
associated with proliferation and stemness, respectively. Immunofluo-
rescence staining revealed a notable reduction in PCNA expression in
He-treated cells compared to controls (Fig. 2d). Quantitative evaluation
indicated a significant decrease both in the frequency of PCNA-
immunopositive cells (CTR: 67.85+4.19%, n=6; He: 27.48
+ 4.19 %, n = 6; p = 0.0002, unpaired t-test, Fig. 2e top) as well as in
the mean fluorescence intensity per cell (CTR: 95.46 + 11.38,n = 6; He:
40.91 +11.38, n =6; p = 0.0007, unpaired t-test; Fig. 2e bottom).
These results indicate that He exposure significantly suppresses cell
proliferation. Additionally, the assessment of CD133 expression showed
a significant reduction in He-treated cells compared to controls (Fig. 2f).
The frequency of the CD133-immunoreactive cells substantially
decreased in the He-treated group (CTR: 71.00 + 3.08 %, n = 6; He:
35.50 + 3.08 %, n = 6; p = 0.0002, unpaired t-test, Fig. 2g top). Like-
wise, the mean fluorescence intensity per cell was significantly lower in
He-treated group (CTR: 36.94 + 0.67, n =>50; He: 22.15 4+ 0.75,
n = 50; p < 0.0001, unpaired t-test; Fig. 2g bottom). This reduction in
CD133 expression further supports the idea that He treatment promotes
differentiation towards a more mature neuronal phenotype.

Collectively, these results indicate that He treatment significantly
suppresses proliferation and promotes differentiation in SH-SY5Y cells.
The reduced colony formation, paralleled by the decreased PCNA and
CD133 expression, corroborate the hypothesis that He is capable to
induce a shift towards a differentiated neuronal state.

Biomedicine & Pharmacotherapy 188 (2025) 118204

3.4. Passive properties analysis of SH-SY5Y cells after prolonged exposure
to he

Previous studies have shown that He have an impact neuronal cells
and oligodendrocytes, by modulating their morphology and functional
properties [8,28,39,40]. Specifically, He has been reported to induce
changes in cell morphology, such as neurite outgrowth and myelin
production. Given these reported effects, we hypothesized that the
morphological changes induced by He could also impact their passive
electrophysiological properties. Changes in cell morphology, such as
neurite elongation, are known to influence parameters like input resis-
tance, membrane time constant, and capacitance, which are crucial for
cellular excitability and signalin. To investigate this, we sought to
measure the electriophysiological passive membrane properties of our in
vitro model. Specifically, using patch-clamp recordings, we examined
the cells passive properties such as Membrane Capacitance (Cm) and
Membrane Resistance (Rm) to assess any alterations induced by He
treatment, comparing the control group with the one receiving a pro-
longed exposure (> 200 hours) to He (Fig. 3a). While the fast component
of the membrane time constant (tg,s) was unchanged in the two condi-
tions (CTR: 0.19 £0.03ms, n=16; He: 0.18 + 0.03ms, n=14;
p = 0.59, Mann-Whitney Test, Fig. 3b left) the slow component of the
membrane time constant (tsow) Was significantly slower in He group
compared to the control one (CTR: 0.60 + 0.09 ms, n = 17; He: 14.92
+ 0.16 ms, n = 14; p = 0.018, Mann-Whitney Test, Fig. 3b right).

Likewise, a significant increment in Cm was detected in He -treated
SH-SY5Y cells (CTR: 10.91 + 1.31 pF, n = 17; He: 14.92 + 1.34 pF,
n = 19; p = 0.04, Mann-Whitney Test, Fig. 3c left). Instead, no differ-
ences were observed between the control and He group for the Rm (CTR:
1.02 £ 0.11 GQ, n = 16; He: 1.00 £+ 0.10 G2, n = 18; p = 0.81, Mann-
Whitney Test, Fig. 3c center) and the resting membrane potential
(Vm) (CTR: —35.63 + 2.32 mV, n = 16; He: —32.53 + 2.24 mV,n = 17;
p = 0.30, Mann-Whitney Test, Fig. 3c right). Overall, these findings
indicate that He treatment modulates the slow component of the
membrane time constant and the membrane capacitance, consistently
with the observed increase in neurite outgrowth and so cellular surface
of the distal compartment. These electrophysiological changes likely
reflect underlying mechanisms of neuronal differentiation and func-
tional maturation following prolonged exposure to He.

3.5. He treatment induces electrophysiological changes in inward and
outward currents of SH-SY5Y cells

Inward currents play a crucial role in neuronal differentiation and
maturation, with their expression and magnitude influencing the
developmental state of neurons [41-44]. To investigate the effects of He
treatment on these currents, we examined the kinetic properties of in-
ward currents in SH-SY5Y cells (Fig. 4a). Our analysis revealed notable
differences between control and He-treated cells. Although the time to
peak was similar between the two groups (CTR: 46.14 + 1.1 ms, n = 13;
He: 43.25 + 0.95 ms, n = 15; p = 0.065, Mann-Whitney Test; Fig. 4b),
He-treated cells exhibited significantly shorter half-width (CTR: 3.34
+048ms, n=14; He: 213+0.35ms, n=15 p=0.0064,
Mann-Whitney Test; Fig. 4b), rise time 10-90 % (CTR: 1.97 + 0.48 ms,
n = 15; He: 0.86 + 0.09 ms, n = 14; p = 0.0073, Mann-Whitney Test;
Fig. 4b), and decay time (CTR: 6.81 + 1.56 ms, n = 13; He: 3.12
+ 0.33ms, n =15; p=0.0307, Mann-Whitney Test; Fig. 4b). These
findings suggest that He treatment positively modulates the kinetic of
inward currents, consistent with an increase in Nav-mediated currents,
which are typically characterized by faster activation and inactivation
compared to Cav-mediated currents. To further elucidate the mecha-
nisms underlying these changes, we compared the current-voltage (I-V)
relationships of inward currents between control and He-treated cells.
The I-V plots revealed that the peak current amplitude occurred at
similar holding potentials for both groups (~0 mV). This observation
remained consistent regardless of whether we analyzed absolute peak
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Fig. 3. Passive properties analysis of the SH-SY5Y cells reveals higher membrane capacitance and unchanged membrane resistance and resting membrane potential
after > 200 hours of He compared to the control condition (CTR). (a) Representative averaged traces from control (black) and > 200 hours of He exposure (blue),
showing the response to a hyperpolarizing voltage step from —80 mV to —70 mV. (b) Pool data for all of the recorded cells for Membrane Time Constant Fast and
Slow (t fast, T slow), and (c) membrane capacitance (Cm), membrane resistance(Rm) and resting membrane potential (Vm).

amplitudes or normalized the values to the maximum current (Fig. 4c,d).
These results indicate that the He-induced upregulation of inward cur-
rents is primarily due to an increase in channel density rather than a shift
in activation properties.

Outward currents are also critical for neuronal differentiation and
the development of action potentials. To assess the impact of He treat-
ment on outward potassium currents, we analyzed steady-state outward
currents in SH-SY5Y cells subjected to incremental depolarizing steps
from a holding potential of —60 mV. This protocol was specifically
designed to minimize contamination from inward current components.
We observed a significant reduction in the outward steady-state current
in the He-treated group compared to controls. The control group
exhibited a peak outward current amplitude of 887.3 &+ 380.4 pA
(n = 12), whereas He-treated cells showed a markedly lower amplitude
(381.8 + 248.2 pA; n = 14; p = 0.0003, Mann-Whitney Test, Fig. 4f).
Additionally, analysis of the distribution of cells with steady-state and
inactivating outward currents revealed a significant shift in He-treated
cells. Specifically, 42.9 % of He-treated cells exhibited inactivating
outward currents, whereas no such expression was detected in control
cells (Fig. 4g). These findings suggest that He treatment alters potassium
channel expression or function, which may contribute to the observed
changes in the electrophysiological profile of SH-SY5Y cells.

Together, these results demonstrate that He treatment induces sub-
stantial changes in both inward and outward currents, influencing the
kinetic properties of Nav and Cav channels, as well as the amplitude and
type of potassium currents. These electrophysiological changes likely
reflect underlying mechanisms of neuronal differentiation and func-
tional maturation following prolonged exposure to He extract.

3.6. Long-term exposure to he increases Na+ TTX-sensitive currents

We investigated the effects of long-time He treatment on the func-
tional development of voltage-dependent currents in SH-SY5Y cells. SH-

SY5Y cells displayed a variety of inward and outward currents under
both control (CTR) and He-treated conditions. Incremental depolarizing
voltage-clamp steps were applied to analyze inward currents. He-treated
cells showed a significant increase in inward current amplitude
compared to controls (CTR: —342.8 + 34.98 pA, n =12; He: —737
+ 122.1 pA, n = 13; p = 0.004, Mann-Whitney test, Fig. 5a, b). To assess
the contribution of voltage-gated sodium channels (Nav) to these inward
currents, we applied tetrodotoxin (TTX, 1 uM), a selective Nav blocker.
TTX significantly reduced inward currents in both groups (CTR baseline:
—392.80 + 79.45 pA; CTR TTX: —238.60 + 40.95 pA; p = 0.0098,
paired t-test; He baseline: —640.20 + 214.10 pA; He TTX: —4.00 + 4.00
PA; p = 0.0418, paired t-test, Fig. 5a, c). The percentage reduction of
TTX-sensitive current was significantly greater in He-treated cells (CTR:
386 £3.5%, n=5; He: 99.00+1%, n=35; p=0.0079, Mann-
Whitney test, Fig. 5c¢). To investigate the temporal dynamics of inward
current modulation, we performed a time-course analysis over a 216-
hour period (Fig. 5d). At baseline (0 h), the mean inward current peak
amplitude was -317.5 + 54.5 pA in control cells (n = 4) and -188.8
+ 25.2 pA in He-treated cells (n = 4). While the current amplitude
remained relatively stable in the control group, reaching -380.0 + 58.3
PA at 216 hours (n = 5), He-treated cells exhibited a progressive and
marked increase in inward current amplitude, reaching -621.4 + 119.5
pA at 216 hours (n = 7). This difference between groups was statistically
significant (p = 0.0025, Mann-Whitney test). To explore the residual
TTX-insensitive current, we applied nifedipine (5 uM), a blocker of L-
type calcium channels (Cav). Nifedipine significantly reduced inward
current in control cells (CTR baseline: —282.6 + 71.16 pA; CTR nifedi-
pine: —84.40 + 23.28 pA; p = 0.0357, paired t-test, Fig. 5e, f), but had
no significant effect in He-treated cells (He baseline: —322.4 + 91.44
PA; He nifedipine: —296.2 + 76.48 pA; p = 0.2007, paired t-test, Fig. Se,
f). The percentage reduction was significantly higher in control cells
(CTR: 66.34 +7.8%, n=>5; He: 592 +273%, n=>5; p=0.0159,
Mann-Whitney test, Fig. 5f). These results indicate that He treatment
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Fig. 4. Differential Impact of He on Inward and Outward Conductances Density. a) Example traces of inward and outward currents repertoire from control
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normalization of the inward current from a representative example of a record derived from the control and He condition. (b) Quantification of kinetic properties of
inward currents in control and treated groups: time to peak (top left), half-width (top right), rise time (bottom left), and decay time (bottom right). (c) Average I-V
plot showing peak inward current amplitude as a function of voltage for control and Hericium treated cells. d) Normalized peak inward current amplitude for control
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leads to a dominance of TTX-sensitive currents (Nav) and a reduction in
Cav activity. Inmunofluorescence analysis showed that He-treated cells
had higher Nav channel expression compared to controls (Fig. 5g).
Quantitative analysis revealed a significant increase in the frequency of
Nav-positive cells (CTR: 25.00 + 4.8 %, n =8; He: 67.50 + 3.5 %,
n=38; p < 0.001, unpaired t-test, Fig. 5h). Additionally, the mean
fluorescence intensity per cell was significantly higher in He-treated
cells (CTR: 28.49 4+-1.051, n=49; He: 34.39 +£1.321, n = 50;
p < 0.001, unpaired t-test, Fig. 5i).

These findings demonstrate that long-term exposure to He enhances
the expression and function of Nav channels in SH-SY5Y cells, while
reducing the contribution of Cav channels. This shift in ion channel
activity may underlie the electrophysiological changes associated with
He-induced neuronal differentiation.

3.7. Enhanced neuronal excitability and marker expression following he
treatment

Nav channels are primarily expressed in excitable cells and play a
critical role in initiating action potentials (APs). Given the observed
increase in Nav channel expression, we hypothesized that He treatment
might enhance cell excitability, resulting in a more pronounced action
potential profile. This hypothesis aligns with existing literature sug-
gesting that differentiated SH-SY5Y cells exhibit increased action po-
tential firing. To assess this, current-clamp experiments were conducted
on SH-SY5Y cells both under control and He-treated conditions. Depo-
larizing current steps of increasing amplitude were injected into the
recorded cells, and changes in membrane potential along with AP fre-
quency were recorded (Fig. 6a). The analysis revealed that a higher
proportion of He-treated cells displayed single APs compared to control
cells, where a notable subset failed to produce APs in response to current
injection (CTR single AP: 60.8 %, n = 14/23; CTR no AP: 34.9 %,n = 8/
23; He single AP: 78 %, n = 14/18; He no AP: 0 %, n = 0/18; Fig. 6b).
Moreover, a significant fraction of He-treated cells exhibited repetitive
AP firing (CTR repeated AP: 4.3 %, n = 1/23; He repeated AP: 22 %,
n = 4/18; Fig. 6b), resembling neuronal activity patterns.

The latency to the first AP against the injected current, showed re-
sults between the two groups (Fig. 6¢) and the AP frequency plotted
against the injected current indicated that He-treated cells achieved a
maximum firing frequency of 24.8 + 9.7 Hz (n = 3, Fig. 6d), resembling
to some cortical [45], hippocampal excitatory cells [46] and amygdala
neuron [22]. Analysis of AP characteristics demonstrated a significant
increase in AP amplitude in He-treated cells (CTR: 33.18 &+ 5.59 mV,
n=38; He: 52.86 +4.63mV, n=7; p=0.03, Mann-Whitney test,
Fig. 6e). Additionally, AP duration was significantly shorter in
He-treated cells (CTR: 38.44 £ 11.41 ms, n = 8; He: 23.95 4 11.65 ms,
n =9; p = 0.0254, Mann-Whitney test, Fig. 6f), and the AP threshold
was more depolarized (CTR: —53.13 + 1.67 mV, n = 8; He: —45.56
+2.69 mV, n = 9; p = 0.046, Mann-Whitney test, Fig. 6g).

These findings suggest that He treatment enhances the excitability of
SH-SY5Y cells, likely due to increased functional expression of Nav
channels, thereby enhancing AP characteristics and differentiation to-
ward a neuronal-like phenotype.

To corroborate the differentiation induced by He treatment, we
evaluated the expression of neuronal markers, specifically pIII-tubulin
and synaptotagmin, which are indicative of neuronal differentiation and
synaptic vesicle release, respectively (Fig. 6h,k). Immunofluorescence
evaluation, assessed both in terms of immunopositive cell frequency and
optical density (OD), revealed that pIlII-tubulin immunoreactivity was
significantly higher in He group (BIlI-tubulin: CTR: 40.5 % + 5.8,
n =10/23; He: 72.2 % + 4.5, n = 13/18; p < 0.001, unpaired t-test,
Fig. 6h,i) which also showed a significantly higher BIII-tubulin expres-
sion, as indicated by OD (>200 hours CTR: 34.66 + 3.69 A.U., n = 37;
>200 hours He: 72.26 + 6.81 A.U., n = 37; p = 0.00039, unpaired t-
test, Fig. 6h,j). Similarly, synaptotagmin-immunopositive cells fre-
quency was significantly higher in the He group (synaptotagmin: CTR:
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10 % + 3.5,n = 1/10; He: 65 % + 6.8, n = 6/10; p < 0.0001, unpaired
t-test, Fig. 6k,1). Synaptotagmin expression, associated with the SNARE
complex and neurotransmitter release, was also significantly elevated in
He-treated cells (>200 hours CTR: 29.87 +1.28 A.U., n=10; He:
67.50 + 10.86 A.U., n = 10; p < 0.0001, unpaired t-test, Fig. 6k,m).
These results support the hypothesis that prolonged He exposure pro-
motes SH-SY5Y cell differentiation toward a neuronal-like state, paral-
leled by reduced proliferative capacity. To assess whether the
differentiation effects observed with the He blend could be attributed to
a single compound, we exposed SH-SY5Y cells to Ergothioneine (ERGO)
alone for > 200 hours at the same concentration present in the blend
(2.98 mg/g). While no significant changes were detected in action po-
tential (AP) properties such as amplitude, duration, or threshold, a
higher proportion of cells were able to elicit a single AP compared to the
control group (Supplementary Fig. 1). The absence of more robust
electrophysiological changes and repetitive firing, however, indicates
that ERGO alone is insufficient to reproduce the full neuronal pheno-
type. Consequently, these findings support the conclusion that the
complete He metabolite spectrum, with its nootropic properties, is
required to achieve the full extent of neuronal differentiation and
functional maturation previously described. To strengthen the physio-
logical relevance of our findings and address concerns about appropriate
controls, we additionally tested the effect of the He extract on LUHMES
cells differentiated into dopaminergic-like neurons. In this model, He
treatment did not significantly alter resting membrane potential, rheo-
base, or spontaneous firing frequency, suggesting the extract does not
interfere with the basal electrophysiological properties of healthy
neuronal cells (Supplementary Fig. 2).

4. Discussion

In the present study, we demonstrate that treatment with He extract
for approximately 200 hours induces a pronounced shift towards a
neuron-like phenotype in SH-SY5Y cells, a well-established human
neuroblastoma cell line commonly utilized as an in vitro model for
studying neurodevelopmental processes and evaluating potential ther-
apeutic interventions. This neurogenic effect is characterized by
enhanced voltage-gated sodium current and expression of neuronal
markers such as pIII-tubulin and reduction in markers linked to cell
proliferation such as PCNA, corroborating the differentiation process.

Medicinal mushrooms have been increasingly recognized for their
potential anticancer properties, as highlighted in several recent reviews
[47-49]. These fungi, particularly those used in traditional Chinese
medicine, contain a plethora of bioactive compounds such as poly-
saccharides, lectins, and triterpenoids, which exhibit a variety of anti-
tumor activities [50].

Another significant aspect of He’s anticancer activity is its ability to
inhibit angiogenesis [51]. By blocking angiogenesis, He effectively
starves the tumor, preventing its growth and spread. Studies have
identified that the erinacines [52] and hericenones in He can inhibit
angiogenesis, highlighting their potential in anti-tumor strategies.

Moreover, He has been found to possess immunomodulatory prop-
erties, enhancing the body’s immune response against cancer cells [53].
Polysaccharides from this mushroom stimulate the activity of macro-
phages, natural killer cells, and lymphocytes, which are crucial for
detecting and destroying malignant cells. This immunostimulatory ef-
fect not only aids in direct tumor suppression but also enhances the
effectiveness of other cancer treatments [54].

Clinical studies and animal models further support the anticancer
potential of He. For instance, in models of colon cancer, extracts from He
has been shown to reduce tumor size and inhibit metastasis [55].
Additionally, in vitro studies on human gastric cancer cells have
demonstrated that He extracts can suppress cell proliferation and induce
apoptosis [56].

He has garnered attention for its remarkable pro-neuronal proper-
ties, underpinned by its rich composition of bioactive compounds [33,
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Fig. 6. SH-SY5Y cells treated with He exhibit increased excitability and expression of neuronal markers compared to the control group. a) Representative action
potential (AP) traces recorded in current clamp mode from SH-SY5Y cells in the control group (black, CTR) and the He-treated group (blue, He) in response to the
same current injection (15-40 nA). Parameters measured include AP amplitude, duration, threshold, and rheobase. (b) Percentage of cells responding to the current
injection protocol with no AP, single AP, or repeated firing of APs in both conditions (CTR vs. He). (c) Comparison of the latency to the first AP as a function of
injected current between CTR and He-treated cells. (d) Frequency of events (Hz) in He-treated cells as a function of incremental current steps (AnA). (e) Quanti-
fication of AP amplitude (mV) showing significant differences between CTR and He groups. (f) Quantification of AP duration (ms), revealing a significant reduction in
He-treated cells compared to CTR. (g) Comparison of AP threshold (mV) between CTR and He cells. (h) Representative micrographs showing immunofluorescence
labelling for pIII-tubulin in CTR and He-treated cells. (i) BIII-tubulin-immunopositive cell frequency (%) in both groups, demonstrating a significant increase in He-
treated cells. (j) pIII-tubulin mean fluorescence intensity per cell, revealing a marked upregulation in He group after > 200 hours exposure. k) Representative mi-
crographs depicting immunofluorescence labelling for synaptotagmin in CTR and He-treated cells. (1) Synaptotagmin-immunopositive cell frequency (%) showing
significantly higher levels in He group. (m) Synaptotagmin mean fluorescence intensity per cell in CTR and He groups after > 200 hours exposure, indicating a

significant increase in the expression of synaptic marker after He treatment.

57]. These compounds, including polysaccharides and hericenones,
have been extensively studied for their ability to promote neuronal
survival, neurite outgrowth, and synaptic plasticity [58,59]. Brandalise
et al. demonstrated the pro-neuronal potential of He extract in a study
where treatment with the extract led to enhanced synaptic pruning in
hippocampal rat organotypic slice cultures [28]. Similarly, Mori et al.
conducted a clinical trial in elderly individuals with mild cognitive
impairment, showing significant improvements in cognitive function
following supplementation with He extract [60]. These findings un-
derscore the promising role of in promoting neurogenesis and neuronal
function, offering potential therapeutic perspective for neurological
disorders.

Our study adds relevant insights to the growing body of publications
supporting the differentiation-inducing effects of He extract. Mori et al.
provided insights into the underlying mechanisms, demonstrating the
nerve growth factor (NGF)-inducing activity of He in human astrocy-
toma cells [8]. NGF plays a crucial role in promoting neuronal differ-
entiation and survival, making it a key mediator of He-induced
differentiation. The bioactive compounds in He, particularly erinacines
and hericenones, are most likely responsible for mimicking NGF activity
or enhancing NGF production, as evidenced by studies demonstrating
their ability to stimulate NGF synthesis in astrocytes and promote
neuronal differentiation [8,13,33]. In cancer biology, inducing differ-
entiation is a recognized strategy to impede cancer progression, as
differentiated cancer cells typically exhibit reduced proliferative rates
and increased susceptibility to therapeutic interventions. The
differentiation-inducing potential of He extract offers a promising
avenue for combating neuroblastoma and other neurodevelopmental
disorders.

While various differentiation protocols already exist, such as those
utilizing retinoic acid and TPA, their clinical translation is hindered by
several limitations. Retinoic acid, for example, is known to exhibit
teratogenic effects and has poor blood-brain barrier permeability,
limiting its therapeutic utility in neurological disorders. TPA, on the
other hand, is associated with cytotoxicity and inflammation, posing
safety concerns for long-term use. In contrast, He extract is well-
tolerated and capable of crossing the blood-brain barrier, making it an
attractive candidate for therapeutic interventions. Furthermore, its
differentiation-inducing effects offer a safer and more efficacious alter-
native to existing protocols, potentially overcoming the translational
barriers associated with conventional agents. Voltage-gated ion chan-
nels play a pivotal role in neuronal differentiation and maturation, with
their expression and activity dynamically regulated during
development.

Voltage-gated calcium channels (VGCCs) are crucial for mediating
calcium influx, which drives processes such as neurotransmitter release,
gene expression, and neurite outgrowth. However, their expression
tends to decrease as neurons mature, reflecting a shift in ion channel
functionality during differentiation. For instance, high-voltage-
activated calcium currents decrease during cerebellar granule cell
development in situ [43,44], while inwardly rectifying potassium cur-
rents and VGSC expression patterns emerge distinctively during differ-
entiation [43]. These changes underscore the critical shift from voltage

13

gated calcium channel towards voltage dependent sodium channel
supporting the functional maturation of neurons.

In the context of He treatment, our findings suggest that He modu-
lates this ion channel remodeling process. Specifically, He treatment
leads to a significant upregulation of VGSC-mediated inward currents,
accompanied by a reduction in VGCC activity. This shift may reflect an
advanced differentiation and maturation state induced by He, aligning
with its observed ability to promote neuronal marker expression and
suppress proliferation.

The observed effects of He extract on neurite outgrowth and inward
current amplitude upregulation suggest a multifaceted mechanism of
action. The rapid onset of these effects, evident within 24 hours of
application, implies the involvement of fast-acting signaling pathways,
such as possibly the NGF-TrkA pathway. NGF, a key neurotrophic factor,
plays a pivotal role in promoting neurite outgrowth and synaptic plas-
ticity, suggesting its potential involvement in mediating He-induced
differentiation [13,33,58]. Additionally, the progressive enhancement
of these effects over 200 hours suggests a more profound influence,
potentially involving modulation of gene expression. This prolonged
effect may entail the activation of transcription factors and epigenetic
modifiers, leading to sustained changes in neuronal phenotype and
function. Further elucidation of these mechanisms is essential for un-
derstanding the therapeutic potential of He extract and its implications
for neuroblastoma management. In conclusion, our study demonstrates
that He extract promotes neuronal differentiation and reduces prolifer-
ation in SH-SY5Y neuroblastoma cells. The observed shift toward a
neuron-like phenotype, characterized by increased expression of
neuronal markers and enhanced voltage-gated sodium currents high-
lights the extract’s potential as a differentiation-inducing agent. Given
the known blood-brain barrier permeability of HE extract [61] and its
pronounced in vitro effects on neuronal differentiation, further in vivo
studies are currently being planned to evaluate its efficacy in neuro-
blastoma models. These investigations will also explore potential syn-
ergistic effects with existing therapies and assess the safety profile of
prolonged exposure.
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