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Abstract Parkinson’s disease (PD) is an adult-onset
neurodegenerative condition caused by oxidative
stress and mitochondrial malfunction. In this study,
the neuroprotective and neuritogenic activity of water
fraction (Sw-fr) containing sorbicillin-like active
metabolites of halotolerant P. flavigenum isolated
from Salt Lake in Konya, Turkey were investigated on
a 6-hydroxydopamine (6-OHDA )-induced PD in vitro
PC-12 Adh cell model. Firstly, Sw-fr containing
sorbicillin-like active metabolites were extracted from
P. flavigenum and was compared with a sorbicillin
standard by liquid chromatography-mass spectrome-
try (LC-MS). Then, the effects of non-cytotoxic
concentrations of Sw-fr on the 6-OHDA-induced PD
cell model were investigated via real-time cell prolif-
eration analysis using the RTCA DP instrument. The
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effects of these concentrations on mitochondrial
membrane integrity, caspase-3 were investigated by
flow cytometry. Neurite outgrowth analysis and
immunofluorescence staining were used to explore
the neuritogenic effects of neuroprotective doses. By
improving PC-12 Adh cell viability, decreasing reac-
tive oxygen species production, and reducing apop-
totic cell death, 1 and 10 pg/mL Sw-fr and sorbicillin
standard proved neuroprotective against 6-OHDA-
induced neurotoxicity. Furthermore, 1 and 10 pg/mL
Sw-fr significantly induced neurite outgrowth. As a
result, sorbicillin-like active metabolites containing
Sw-fr were found to have neuroprotective and neuri-
togenic effects. Sorbicillin-like metabolites obtained
from fungi may be novel natural medicines for
neurodegenerative diseases.

Keywords Neuritogenic - Neuroprotection -
Parkinson’s disease - Penicillium flavigenum -
Sorbicillin

Introduction

Mitochondrial deterioration caused by increased elec-
tron release-related oxidative stress and the induction
of reactive oxygen species (ROS) production is
involved in the pathogenesis of neurodegenerative
diseases such as Alzheimer’s, Huntington’s and
Parkinson’s disease (PD) (Andersen 2004). Excessive
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free radical formation caused by electron transfer in
the electron transport chain during dopamine and
energy metabolism leads to oxidative stress. Notably,
this event causes mitochondrial dysfunction and
subsequent processes that lead to impaired brain
function. Reducing oxidative stress and excitotoxicity
is one of the most important purposes of neuroprotec-
tion and involves preventing or slowing down neu-
ronal damage (Potashkin and Seidl 2011).

Some compounds that serve an important role in the
adaptation of halophilic and halotolerant fungi to high
salt concentrations by helping to balance cellular
redox potential are unique sources of natural antiox-
idants (Frisvad and Filtenborg 1990). In biotechnol-
ogy, microfungi have important potential for obtaining
secondary metabolites with fermentative processes
(Dominguete and Takahashi 2018). Moreover, fungal
secondary metabolites are rich sources of novel
bioactive compounds. Many metabolites such as
fumaric acid, kojic acid, penicillic acid, quinones,
statins, cyclosporin, fumagillin, and mycophenolic
acid are isolated from fungi (Grijseels et al. 2017).
However, few studies have examined the screening of
fungal neuroprotective compounds (Dominguete and
Takahashi 2018).

ROS formation is one of the most important factors
in the pathogenesis of neurodegenerative disorders,
while imbalances between antioxidant enzyme activ-
ities contribute to the brain damage process (Chu et al.
2012). Due to their strong antioxidant and anti-
inflammatory properties, microfungi have drawn
attention as novel sources (Gunawardena et al.
2014). Besides penicillin, roquefortine and sorbicillin
are the most common active metabolites of Penicil-
lium chrysogenum, which is one of the most common
fungal species (Nicolaou et al. 1999). These com-
pounds are diketopiperazine alkaloids with antibiotic
and neurotrophic properties derived from tryptophan
and histidine (Bringmann et al. 2005).

Cellular signal transduction initiates with the
binding of a ligand—such as nerve growth factor
(NGF) or neurotransmitters—to a specific receptor on
the cell. This event systematically activates signal
cascades that initiate responses such as cell differen-
tiation and neurite outgrowth (Phan et al. 2015). NGF
is a polypeptide that acts as a neurotrophic factor
prototype, which is required for the development of
neurons in the peripheral nervous system as well as in
the central nervous system. However, NGF cannot
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cross the blood-brain barrier due to its high molecular
weight. Therefore, the use of NGF as a medicine is not
convenient due to the need for intraventricular
administration to patients. To overcome this chal-
lenge, low molecular weight compounds that exhibit
neurotrophic effects or strengthen the effects of
exogenic NGF secreted from brain cells are very
important in developing a therapeutic agent against
neuronal cell death (Eguchi et al. 2000). To date,
various NGF-inducing fungi-derived bioactive com-
pounds have been reported. Fungi from halotolerant
environments, where conditions are extreme and
competition to exploit resources is low, evolve
peculiar antioxidant capabilities to adapt to the
environment; therefore, their secondary metabolites
might have the potential to induce or mimic neu-
rotrophic activity (Phan et al. 2017).

Sorbicillinoids are metabolites isolated from mar-
ine and terrestrial fungal sources (Du et al. 2009).
These metabolites represent strong candidates for the
development of new pharmaceutical agents due to
their special structural features, and many biological
activity studies have especially focused on their
antioxidant and anticancer activity (Harned and Volp
2011). The free radical scavenging (Washida et al.
2007), anticancer (Wang et al. 2015), antimicrobial
(Maskey et al. 2005) and antiviral activity (Bringmann
et al. 2003) of sorbicillinoids have previously been
reported. In addition to these effects, sorbicillinoids
are potent tumour necrosis-alfa (TNF-o) inhibitors.
Therefore, they may hold potential for the treatment of
diseases such as arthritis, Alzheimer’s, cancer and
depression, which are defined by the abnormal regu-
lation of TNF-o—a cytokine that plays a key role in
inflammation and immune response (Warr et al. 1996).

Tuz Lake is a salt lake (salinity above 30% NaCl)
located in the Central Anatolia Region, Konya,
Turkey. Until recently, it was thought that only
prokaryotic organisms could survive in this lake’s
extreme hypersaline environment. However, fungi
that can tolerate hypersalinity and low water activity
conditions were recently discovered. Additionally,
due to their adaptations to this extreme environment,
the secondary metabolites of these fungi have remark-
ably high antioxidant and anti-inflammatory features,
which makes them interesting natural drug candidates
(Dikmen et al. 2017a). In this study, the neuritogenic
and neuroprotective potential of sorbicillin-like active
metabolites containing water fraction (Sw-fr)
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extracted from halotolerant P. flavigenum isolated
from Tuz Lake were investigated.

Materials and methods
Extraction of Sorbicillin-like active metabolites

P. flavigenum was isolated from Tuz Lake water
samples, and classical and molecular identification
was previously completed and stocked (Canturk et al.
2017). The stock culture represents part of the
Anadolu University Pharmaceutical Microbiology
Laboratory Culture Collection. The activated culture
was produced in a liquid medium within an incubator
at 27 °C, and was incubated for 7 days (Malpure et al.
2006). Additionally, 15% of salt brought from Tuz
Lake was added to the medium. After the incubation
period, the isolates were filtered and separated from
micelles. The collected supernatant was extracted
three times with 1:1 hexane and three times with 1:1
ethyl acetate. The remaining water fraction from the
fermentation liquid was extracted with two different
organic solvents and lyophilised.

Liquid chromatography/mass spectrometry (LC—
MS)

The standard sorbicillin (catalogue no.: 79950-85-9,
Hengda Biotech, China) and P. flavigenum culture
liquid water fraction were analysed using LC-MS
(Agilent Technologies 1290 series UPLC (Ultra
Performance Liquid Chromatography) with 6460
Triple Quad LC/MS (Agilent, Waldbronn, Germany)
at the Anadolu University Plant, Medicine and Scien-
tific Research Centre (BIBAM). The mobile phase
consists of two solvent systems: (A) 0.2% formic acid/
water and (B) 0.2% formic acid/acetonitrile. Gradient
elution was then performed, followed by separation in
a Zorbax Eclipse Plus C18 column (2.1 x 50 mm,
1.8 um particle size). Gradient elution conditions
were as follows: 0 min, 100% A, 0% B; 0—15 min, 0%
A, 100% B. Moreover, a 0.2% formic acid—water
mixture was used as a solvent with a flow rate of
0.2 mL/min and an injection volume of 2 pL. The
column temperature was kept constant at 30 °C
throughout the analysis.

Cell culture and differentiation of PC-12 Adh cells

The PC-12 Adh (CRL-1721.1™) cell line was
obtained from the American Type Culture Collection
(ATCCQ). Cells were maintained as undifferentiated at
37 °C in a humidified incubator with 5% CO, in a
growth medium consisting of Dulbecco’s Modified
Eagle Medium (DMEM) containing 10% horse serum,
5% fetal bovine serum and 1% penicillin/strepto-
mycin. Cell differentiation into the neuronal pheno-
type was induced with the replacement of growth
medium with 100 nM NGF, 1% fetal bovine serum
and 1% penicillin—streptomycin containing DMEM,
and the cells were incubated for 5 days. Cell differ-
entiation was visualised under a light microscope after
the incubation period (Mustafa et al. 2016).

Determination of non-cytotoxic concentrations
by WST-1 assay

The non-cytotoxic concentrations of the samples on
the PC-12 Adh cells were determined by WST-1 (2-(4-
iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium sodium salt) assay (Roche, Man-
nheim, Germany) (Lian et al. 2003). Previously
differentiated PC-12 Adh cells were seeded at a
1 x 10* density per well onto 96-well plates. After the
24 h incubation period, cells were treated with 400,
100, 10, 1 and 0.1 pg/mL concentrations of sorbicillin
standard and Sw-fr in fresh medium. After 24 h, WST-
1 reagent was added to wells and incubated for 3 h.
The absorbance values of the wells were measured at
420 nm after incubation by using a Cytation 3 Cell
Imaging Multi-Mode Reader (BioTek, Vermont,
USA). The absorbance values obtained from the wells
were directly correlated to the number of viable cells
that were expressed as a percentage of the control

group.

Determination of 6-OHDA toxicity on PC-12 Adh
cells using a real-time cell analyser

The RTCA DP instrument (Roche, Mannheim, Ger-
many) measures changes in impedance as cells
attached with a read out given as cell index (CI)
values and monitors cell proliferation (Mustafa et al.
2016). PC-12 Adh cells were added to the 96-well
E-plates at a 1 x 10" density per well and incubated
until they reached the log phase after 24 h. PC-12 Adh
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cell viability was monitored in real time after applying
25, 50, 100, 200 and 400 puM 6-OHDA to determine
the concentration to be used in the in vitro PD model.
Dose-response curves at 24 h were generated to
determine ICs, values during the incubation period
using RTCA DP 1.2.1 software.

Investigation of the neuroprotective effects using
a real-time cell analyser

The neuroprotective potentials of standart sorbicillin
and Sw-fr were determined by an in vitro 6-OHDA-
induced neurotoxicity PD model. PC-12 cells were
plated onto 96-well E-plates in 100 pM differentiation
medium at a 1 x 10* density per well and incubated
for 24 h. After incubation, cells were treated with 1, 10
ve 100 pg/mL concentrations of sorbicillin and Sw-fr
(non-cytotoxic concentrations based on WST-1
assay). After 6 h, the medium containing sorbicillin
and Sw-fr was removed from wells. Then the cells
were treated with 150 uM 6-OHDA (ICsy value:
Supplemental Fig. 1) for 24 h, and the results were
analysed using RTCA DP (Liu et al. 2015). Notably,
the 100 pg/mL concentration group was removed
from subsequent studies because of the cytotoxicity
determined in real time analyse.

Determination of mitochondrial membrane
potential and caspase-3 activity

The loss of mitochondrial membrane potential and
caspase-3 level of cells were determined with Flow
Cytometry Mitochondrial Membrane Potential Detec-
tion and Caspase-3 Apoptosis Kits (BD Pharmingen,
CA,USA). Differentiated PC-12 Adh cells were plated
on six-well plates at a 1 x 10° density per well for
24 h and then incubated with 1 and 10 pg/mL
sorbicillin and Sw-fr for 6 h. To induce neurodegen-
eration, the medium was replaced with fresh medium
including 150 pM 6-OHDA and then cells were
incubated for 24 h. Finally, methods were conducted
according to the kit’s procedure and results were
analysed on a BD Accuri'™ C6 Flow Cytometry
(Engiir et al. 2016).
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Determination of reactive oxygen species
accumulation

The total amount of ROS of groups was measured
using a Total ROS/Superoxide Detection Kit (Enzo
Life Science, Germany). Differentiated PC-12 Adh
cells were plated on 96-well plates at a density of
2 x 10* per well and incubated for 24 h. Then, the
medium was replaced with fresh medium containing 1
and 10 pg/mL sorbicillin and Sw-fr, followed by
incubation for 6 h. After the incubation period, cells
were treated with 200 uM ROS inducer (pyocyanin)
and 150 pM 6-OHDA for 24 h. Consequently, 5 mM
ROS inhibitor (N-acetyl cysteine (NAC)) was applied
as negative control and the experimental procedure
was continued in accordance with the kit manufac-
turer’s instructions. Fluorescence measuremets were
performed using a Cytation 3 Cell Multi-Mode Reader
(BioTek). ROS accumulation was expressed as a
percentage of the control.

Neurite outgrowth analysis
and immunofluorescence staining

To determine the neurite outgrowth, cells were seeded
in differentiation medium at a density of 2 x 10° cells
per well onto 96-well plates coated with collagen IV
(BD BioCoat™ Collagen IV Cellware, BD Bio-
sciences, Germany). Then, cells were incubated with
1 and 10 pg/mL sorbicillin and Sw-fr as well as 50 nM
positive control NGF for 5 days. Morphometric anal-
ysis was performed on 5th day using images of live
cells taken with a Leica DM 300 inverted microscope.
Neurite outgrowth analysis was performed as previ-
ously described (Kaya-Tilki et al. 2016; Mustafa et al.
2016). Briefly, the longest neurite length and (if
present) branch length were measured by manually
tracing the images using the Leica LAS Image
Analysis program (measurements in pm). A total of
50 neurites were randomly chosen from five different
photograph for each group and neurites were mea-
sured. The average neurite length per group was
determined by dividing the total length by 50. The
statistical significance of the results was calculated
according to the NGF positive control group with
GraphPad Prism 6 (GraphPad Campany, San Diego).

After the neurite outgrowth analysis experiment
was performed, immunofluorescence staining was
carried out. Cells were fixed and then permeabilised
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with 0.1% Tween 20 containing PBS for 20 min and
washed twice. After the cells were incubated to block
solution, cells were treated with 100 pL of anti-beta III
tubulin antibody [2G10] (Abcam, catalogue no.:
ab78078) in the blocking solution at + 4 °C over-
night. Then, cells were washed twice with PBS and
treated with goat anti-mouse IgG H and L (Alexa
Fluor® 488) (Abcam, catalogue no: ab150113) sec-
ondary antibody and stored at room temperature for
1 h. Cell nuclei were stained with Hoechst
33258(sigma) for 10 min before imaging with a
Cytation 3 Cell Imaging Multi-Mode Reader (Bio-
Tek, USA) (Kaya-Tilki et al. 2016; Dikmen et al.
2017b).

Statistical analysis

Statistical analysis of the results was performed using
one-way ANOVA and Tukey’s post hoc test via
GraphPad Prism 6.0 software (GraphPad Campany,
San Diego). The results are the means of three
independent experiments and expressed as mean =+ s-
tandard deviation. p values represent the significance
of the results compared to the control group (n.s;
p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and
*HEED < 0.0001).

Results
Evaluation of LC-MS analysis

According to the LC-MS analysis results, sorbicillin
and Sw-fr had similar peaks of 233 Da molecular
weight. Moreover, standart sorbicillin and Sw-fr peaks
coincide completely (Fig. 1A-C).

Evaluation of non-cytotoxic Sw-fr and Sorbicillin
concentrations by WST-1 assay

According to WST-1 assay results, the non-cytotoxic
concentrations of sorbicillin and Sw-fr on PC-12 Adh
cells were determined (Fig. 2). Notably, 400 pg/mL
sorbicillin, as well as 100 and 400 pg/mL Sw-fr
concentrations, significantly decreased PC-12 Adh
cell viability. Therefore, further neuroprotective activ-
ity analyses were conducted with 100, 10 and 1 pg/mL
concentrations.

Determination of neurotoxic 6-OHDA
concentration using a real-time cell analyser

To determine the neurotoxic concentration of
6-OHDA to induce neurodegeneration on the in vitro
PD model with PC-12 Adh cells, IC5, value was
calculated as 150 uM at 24 h according to the CI
values presented in (Supplemental Fig.1A, B).

Evaluation of the neuroprotective effects

Since evaluation of the neuroprotective effects of
sorbicillin and Sw-fr agains to 6-OHDA-induced
neurotoxicity, PC-12 cell viability was recorded and
analysed using RTCA DP 1.2.1 software (Fig. 3A).
The slope of cell viability was calculated according to
the CI values presented in Fig. 3B. In this study, 1 and
10 pg/mL sorbicillin and Sw-fr showed to neuropro-
tective effects on 6-OHDA-induced neurotoxicity.
Especially, it was determined that, the neuroprotective
effects of Sw-fr were slightly higher than standart
sorbicillin.

The effects of Sw-fr and Sorbicillin
on mitochondrial membrane potential and caspase-
3 activation

According to the mitochondrial membrane potential
analysis results (Table 1, Suplemental Fig.2 and
Fig. 4A), mitochondrial depolarisation increased by
approximately sevenfold with 6-OHDA treatment
(34.4%), which is a demonstration of proper cellular
damage, according to the control group (5.5%). The
mitochondrial depolarisation levels of the cells treated
with sorbicillin and Sw-fr without 6-OHDA treatment
were similar to the control group. But, pre-treatment of
cells with 1 and 10 pg/mL sorbicillin and Sw-fr before
6-OHDA administration significantly decreased mito-
chondrial depolarisation levels by 13.8, 13.5 and 10.4,
15.3%, respectively (p < 0.0001#**%*),

As the caspase-3 analysis results (Table 1, Fig. 4B
and Suplemental Fig. 3), caspase-3 enzyme activation
increased by approximately sixfold with 6-OHDA
treatment (27.4%) according to the control group
(4.4%). The caspase-3-positive levels of the cells
treated with sorbicillin and Sw-fr without 6-OHDA
treatment were similar to those of the control group. In
parallel with the mitochondrial membrane potential
results, pre-treatment with 1 and 10 pg/mL sorbicillin
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Fig. 2 Effects of sorbicillin and Sw-fr concentrations on the cell viability of the PC-12 Adh cell line. Cells were treated with sorbicillin

for 24 h (mean =+ standard deviation) (n = 8) (p < 0.0001%***%*)

and Sw-fr before 6-OHDA administration signifi-
cantly decreased caspase 3 positive cells by 13.8, 14
and 6.3, 6.8%, respectively (p < 0.0001****), Nota-
bly, 1 pg/mL Sw-fr was determined as the most
effective concentration on the mitochondrial mem-
brane potential and caspase-3 activity.

Evaluation of the effects of Sw-fr and Sorbicillin
on total ROS levels

According to the total ROS level results presented in
Fig. 5A and B, 6-OHDA increased ROS production by
50% (p < 0.01**) compared to the control group with
or without the presence of ROS inducer. The total ROS
levels of the PC-12 cells treated with sorbicillin or Sw-
fr were not significantly altered. However, the induc-
tion of ROS levels with 6-OHDA decreased with the
10 pg/mL Sw-fr treatment in the presence of the ROS
inhibitor, and also decreased with the 1 pg/mL
sorbicillin treatment without the ROS inhibitor. These
results indicate that sorbicillin and Sw-fr can poten-
tially protect neurons against 6-OHDA damage by
reducing the intracellular production of ROS.

The effects of Sw-fr and Sorbicillin on neurite
outgrowth

After 5-day incubation period, the effects of the
neuritogenic activity on PC-12 cells of sorbicillin and

Sw-fr concentrations was observed by immunofluo-
rescence staining (Fig. 6A—F). At the 1 and 10 pg/mL
sorbicillin and Sw-fr concentrations, mean neurite
lengths were calculated as 63.26, 67.25, 68.07, 87.06
and 84.46 um, respectively. According to the neurite
outgrowth analysis results (Fig. 6G), a significant
increase in neurite lengths at 1 and 10 pg/mL of Sw-fr
produced compared to the NGF group
(p < 0.0001****)  Sorbicillin concentrations also
resulted in slightly increased neurite lengths according
to the NGF group; however, this increase was not
statistically significant. The highest effects on neu-
ronal differentiation and neurite elongation of PC-12
Adh were obtained with 1 and 10 pg/mL Sw-fr
concentrations.

Discussion

Parkinson’s disease is one of the most common
neurodegenerative disorders in humans, and its preva-
lence increases with age. Although the exact mecha-
nisms underlying neuronal damage in PD remain to be
fully elucidated, oxidative stress and impaired mito-
chondrial function are known to serve important roles
in PD development (Lin et al. 2015). The results of
various studies that have elucidated the ability of
fungi-derived natural compounds to overcome chal-
lenging disorders such as PD have demonstrated the
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Fig.3 A Evaluation of the neuroprotective effects of sorbicillin
and Sw-fr on PC-12 Adh cells using a real-time cell analyser
(Arrow: Sw-fr and sorbicillin treatment period. Following this
incubation period, the medium was replaced with 150 pM of
6-OHDA-containing medium to induce oxidative stress and

potential for using fungal secondary metabolites in the
development of effective new compounds. Sorbicillin
compounds are pharmaceutically valuable metabolites
that exhibit bioactivity. Sorbicillin is a metabolite that
belongs to a large group of hexaketides known as
sorbicillinoids. Currently, more than 10 sorbicillinoid
analogues have been isolated from P. chrysogenum
(Meng et al. 2016). In addition to producing sor-
bicillin, P. flavigenum produce metabolites such as
penicillins, penitrem A, roquefortine C and meleagrin
(Frisvad and Samson 2004). Notably, the active
metabolites of P. flavigenum from Tuz Lake have
previously shown common antimicrobial and anti-
cancer effects (Canturk et al. 2017). Therefore, the
present study was conducted to discover novel
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determined the neuroprotective effects of the samples). B Slope
graph of the neuroprotective effects of sorbicillin and Sw-fr
concentrations against 6-OHDA-induced neurodegeneration on
PC-12 Adh cells after a 24 h incubation period (n = 5,p < 0.1%,
p < 0.01%%, p < 0.001%%%)

neuritogenic and neuroprotective effects of sor-
bicillin-like secondary metabolites of halotolerant P.
flavigenum isolated from Tuz Lake in Turkey.

To obtain sorbicillin-like active metabolites of P.
flavigenum culture, pre-solvent fractionation was
performed with hexane and ethyl acetate. The
obtained Sw-fr was lyophilized and LC-MS analysis
was performed by coinciding with a sorbicillin
standard. According to the LC-MS results, the similar
peaks of 233 Da molecular weight of sorbicillin and
Sw-fr were shown. In a similar study, P. chrysogenum
mycelia were separated from a fermentation liquid by
centrifugation and analysed using LC-MS after filter-
ing without solvent fractionation (Salo et al. 2016).
The genus Penicillium currently includes more than
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Table 1 The effects of sorbicillin and Sw-fr on the mitochondrial membrane potential and the caspase-3 enzyme activation levels of

PC-12 Adh cells were determined using flow cytometry

Concentration groups JC-1-negative cells

JC-1-positive cells

Caspase-3-negative cells  Caspase-3-positive cells

(%) (%) (%) (%)
Control 94.4 5.5 95.3 4.7
6-OHDA 64.1 34.4 72.6 27.4
Sorbicillin 1 pg/mL 92 74 92 8
Sorbicillin 10 pg/mL 95 4.9 90.8 9.2
Sw-fr 1 pg/mL 94.8 52 92.8 7.2
Sw-fr 10 pg/mL 93.9 54 95.8 4.2
Sorbicillin 1 pg/mL + 6- 86.1 13.8 86.2 13.8
OHDA
Sorbicillin 10 pg/mL + 6- 85.4 13.5 86 14
OHDA
Sw-fr 1 pg/mL + 6-OHDA  89.2 104 93.7 6.3
Sw-fr 10 pg/mL + 6-OHDA  84.3 15.3 93.2 6.8
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Fig. 4 Effects of sorbicillin and Sw-fr on the mitochondrial
membrane potential levels (A) and caspase-3 enzyme activation
levels (B) of the PC-12 Adh cells (shown as a percentage value

354 accepted species (Visagie et al. 2014), many of
which are capable of producing a wide variety of
secondary metabolites, including the most well-
known secondary metabolite—the antibiotics peni-
cillin and griseofulvin (Oxford et al. 1939). A previous
study demonstrated that using low-molecular weight
compounds (NG-011 and NG-012) of P. verrucosum
in microbial fermentation liquid can mimic or poten-
tiate NGF following peripheral administration (Ito
etal. 1992). In another study using sorbicillactone A (a
member of the sorbicillinoid family), low cytotoxic
effects on Hela S3 and PC-12 cells, but higher
cytotoxic activity on L5178y leukaemia cells, were

Concentrations

graph based on the JC-1 analysis (A) and caspase-3-positive
cells (B) results) (n = 3, p < 0.0001%*%%*)

reported (Bringmann et al. 2005). To date, the
bioactivity of fungal secondary metabolites has been
studied in a wide variety of pathways. However,
studies involving the screening of fungi-derived
compounds according to their neuroprotective features
remain rare in the literature. In this study, we first time
evaluated the neuroprotective effects of Sw-fr, a
6-OHDA-induced neurotoxicity model of PD.
According to our results, 1 and 10 pg/mL Sw-fr and
sorbicillin standard were determined to be signifi-
cantly neuroprotective when compared to the
6-OHDA group. Additionally, the effects of Sw-fr
and sorbicillin on mitochondrial membrane potential
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Fig.5 A Effects of sorbicillin and Sw-fr on the total ROS levels
of the PC-12 Adh cells (shown as a percentage value graph
based on the results obtained using the ELISA method with the
presence of the ROS inhibitor 5 mM N-acetylcysteine (NAC)

were also investigated and espicially 1 and 10 pg/mL
Sw-fr and sorbicillin reduced mitochondrial depolar-
isation, which increased approximately sevenfold with
6-OHDA compared to the control. Caspases are a
family of cysteinyl aspartate-specific proteases that
serve an important role in regulating and performing
apoptotic cell death. Caspase-3 is an important
effector in most studied apoptotic protein and apop-
tosis pathways, which strengthens the signal from the
initiator caspases (such as caspase-8) and triggers
apoptotic breakdown (Iijima 2006). Since caspase-3 is
known to be a major contributor to the apoptotic
machinery in many cell types (including neurons),
potent caspase-3 inhibitors have emerged as a thera-
peutic target for developing neuroprotective com-
pounds. According to our results, caspase-3 levels
increased with 6-OHDA treatment by approximately
sixfold compared to the control, while caspase-3 levels
decreased significantly with both Sw-fr and sorbicillin
concentrations. But, 1 and 10 pg/mL Sw-fr was
determined to be more neuroprotective than standart
sorbicillin in both flow cytometry experiments. To
determine whether Sw-fr protects against 6-OHDA
toxicity by reducing ROS production, ROS quantities
were measured after 24 h of treatment. Notably,
6-OHDA increased ROS production by 50% when
compared to the control group with or without the
ROS inducer. ROS formation caused by 6-OHDA was
slightly suppressed with both pre- or post-treatment
with Sw-fr and sorbicillin concentrations. This indi-
cates that Sw-fr and sorbicillin can potentially protect
neurons against 6-OHDA damage by reducing the
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and, B without the presence of the ROS inhibitor NAC. (n = 3,
p <0.5% p <0.01*%*%, p < 0.001*%%* p < 0.0001**** relative
to the control group)

Fig. 6 Neuritogenic activity of NGF, sorbicillin and Sw-fr onp
PC-12 Adh cells. PC-12 Adh cell images were taken at the end
of a 5-day incubation period with the following treatments:
A control (0.1% DMSO); B positive control (NGF, 50 nM);
C sorbicillin (1 pg/ml); D sorbicillin (10 pg/ml); E Sw-fr
(1 pg/ml); F Sw-fr (10 pg/ml). Cell nuclei (stained blue with
Hoechst 33,258) and tubulins (neurofilaments, stained green
with Alexa Fluor® 488). Images were taken using a Cytation 3
Cell Imaging Multi-Mode Reader, 20 x objective). G Morpho-
metric analysis was performed on 5th day by manually tracing
live-cell images using the Leica LAS Image Analysis program
(measurements in pm). A total of 50 neurites were randomly
chosen for each group. The measured and mean neurite length
values were obtained by averaging the length of 50 neurites
(p < 0.0001**** relative to the NGF)

intracellular production of ROS. In this context,
similar results have been reported from various studies
conducted with primary neurons and neuronal cell
lines, in which 6-OHDA-induced cell death was
associated with increased ROS formation. Sensitivity
to 6-OHDA-induced apoptosis has been reported in
various cell types, including primary rat striatal and
ventral mesencephalic neurons, PC-12 Adh pheochro-
mocytoma cells and other human neuroblastoma
strains. However, the mechanisms that trigger and
maintain 6-OHDA-induced neurotoxicity remain
unclear. 6-OHDA is an oxidative toxic metabolite of
dopamine, while PD pathogenesis involves exposure
to 6-OHDA. Moreover, 6-OHDA has been identified
as endogenous in humans and clinical suitability was
supported by detecting high concentrations of the
compound in urine and brain samples of PD patients
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treated with L-DOPA (Gliyazova and Ibeanu 2016).
This is the first study to investigate the effects of
sorbicillin-like compounds on ROS formation in
neuronal cell culture. In parallel with our findings, a
study investigating the effects of 6-OHDA caused
toxicity on SH-SYSY cells, 6-OHDA reduced in vitro
cell viability and increased the level of intracellular
ROS production (Jaisin et al. 2018). Also, 6-OHDA-
induced ROS initiates the phosphorylation of p38
MAPK, which is a key apoptotic event that leads to the
induction of cytochrome c release and the cleavage of
caspase-8 and caspase-9. In response to 6-OHDA-
induced apoptosis, p38 MAPK phosphorylation, cas-
pase and Bax are activated (Choi et al. 2004).
Moreover, it was reported that HT22 cell death
induced by 6-OHDA as a murine neuronal cell model
initiates through a pathway including the mitochon-
dria by increasing ROS levels, raising intracellular
calcium ([Ca2+]i), enhancing the release of cyto-
chrome c to the cytosol, and promoting activation of
stress-activated protein kinase/c-Jun NH2-terminal
kinase (SAPK/JNK) signalling (Kim et al. 2019).
According to our results, 6-OHDA causes cell death
by increasing ROS levels by increasing the release of
cytochrome c to the cytosol via the mitochondrial
route in PC-12 cells. PC-12 cells are protected by
sorbicillin and Sw-fr against 6-OHDA-induced neu-
ronal cell death via ROS production reducing and the
inhibition of mitochondrial depolarisation and cas-
pase-3 activation.

According to our results, neurite length signifi-
cantly increased with 1 and 10 pg/mL Sw-fr concen-
trations when compared to the positive control NGF.
In parallel with our neurite length analysis results, the
highest neurite differentiation and elongation was also
visualised with immunofluorescence staining. As far
as we know, this is the first study that evaluates the
significant effects of sorbicillin-like fungal metabo-
lites derived from P. flavigenum on neurite prolonga-
tion and differentiation.

Conclusions

In conclusion, PD is an incurable disease that signif-
icantly reduces patients’ quality of life. Sorbicillin-like
secondary metabolites of halotolerant P. flavigenum
isolated from Tuz Lake may have clinical potential,
with their neuroprotective and neuritogenic effects

@ Springer

potentially serving as a new treatment strategy for
neurodegenerative diseases such as PD. Such active
compounds with natural origins, especially from
extreme environments, might represent a new thera-
peutic approach that should be investigated further.
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