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Abstract: Neurotoxicity belongs to the leading factors inducing neurodegeneration-related diseases,
such as Alzheimer’s (AD) and Parkinson’s disease. In particular, accumulation of (-amyloid
proteins in the brain, a hallmark in AD, induces oxidative stress and neurotoxicity. The use of
antioxidants in AD is not sufficiently effective and other pharmacological approaches tested failed
to cure, prevent or retard the progression of the disease. Clinical studies indicated that several
medicinal plants display beneficial effects by improving memory and cognitive functions of patients
with mild and moderate AD. In this study, the potential antioxidant and neuroprotective properties
of Olea europea, Crocus sativus and Salvia spp extracts, as well as their main active compounds on cell
viability was evaluated using an in vitro model of AD, the differentiated human SH-SY5Y
neuroblastoma cells to cholinergic neurons. Their effects were assessed against the H2O»- and {3-
amyloid- induced cell toxicity using the MTS test. Current findings indicated that Salvia fruticosa, S.
officinalis, S. argentea leaf extracts and the active compounds, oleuropein, trans-crocin-3 and -4
display significant dose-dependent antioxidant and neuroprotective properties. It is of note though
that the total phenolic fragment of Olea europea leaf extract includes several toxic compounds, such
as oleocanthal, that markedly reduce cell viability and exacerbate the H20»- and Ap-induced cell
toxicity. In addition, the Crocus sativus hydrophilic and diethyl ether extracts and all their active
compounds tested markedly increased the H202-induced cell toxicity. In conclusion, the medicinal
plants tested contain several compounds displaying dose-dependent effects against H2O2- and A(-
induced neurotoxicity and could be used in AD, but they also contain several neurotoxic agents.

Keywords: salvia; olea europea; crocus sativus; oleuropein; trans-crocin; Alzheimer’s; neurotoxicity

1. Introduction

In the pathogenesis of neurodegenerative disorders including Alzheimer's disease (AD), an age-
related disorder characterized by memory deficits, exposure to neurotoxicants of natural or industrial
origin or those produced by human activities holds a key role (1-6). The neurotoxic substances
including reactive oxygen species (ROS) act either directly on neural cells or produce oxidative stress
and interfere with various metabolic processes of fundamental significance for the functional
integrity of the nervous system (2-6). They also disrupt various brain functions usually related to
abnormalities of ion channel function, neurotransmitter release and receptor activation (1).

The brain is particularly susceptible to oxidative stress due to its high energy demands and the
presence of lipids that are susceptible to oxidation. It is known that lipid peroxidation can produce
reactive compounds that can modify the activity of ion channels and membrane fluidity, among
others. Oxidative stress can also affect the organization and distribution of membrane-associated
proteins, such as receptors and transporters, thus further exacerbating neuronal function (7). In
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particular, in the case of AD, the accumulation of B-amyloid proteins in the brain, a hallmark of this
disease, is thought to contribute to oxidative stress and neurotoxicity, because these proteins can
stimulate the production of reactive oxygen species (ROS). It is considered that these mechanisms
play significant roles in the progressive neurodegeneration observed in AD. Therefore,
pharmacological interventions targeting oxidative stress may have therapeutic potential in the
treatment of AD (8). To date, the use of antioxidants in the treatment regimes to retard the progression
of AD remains a complicated goal. It is of note that some antioxidants have also metal-chelating
capacity, which may be beneficial in certain therapeutic settings (9,10). There is still though no
effective cure for AD and the available options focus on alleviating and retarding the symptoms.

Since ancient times, traditional medicine aims worldwide at strengthening memory. Natural
therapy, employing in most cases herbal preparations, has been extensively used in the treatment of
memory deficits that are observed in dementia, amnesia and AD (11,12). They are utilized in these
disorders mainly because of their antioxidant properties (3-6). Previous studies employing in vitro
and in vivo models of AD reported that several Crocus, Olea europea and Salvia plant species exhibit
beneficial effects that were primarily attributed to the neuroprotective, antioxidant and anti-
inflammatory properties of crude extracts or isolated and characterized active compounds (3,6,11,12).
In particular, in the case of Salvia, also known as Sage, these effects have been attributed to
compounds known as salvianolic acids that have antioxidant properties and can protect the brain
from oxidative stress and improve memory and cognitive functions in patients with mild to moderate
AD (13). It is conceivable that more research is needed to fully understand the mechanisms
underlying the potential benefits of these plant extracts, because they appear to be promising as
natural alternatives or complementary to the traditional treatment of AD.

In this study the potential antioxidant and neuroprotective properties of several medicinal
plants, widely used in folk medicine, were investigated employing an in vitro model of AD. We have
assessed the effects of Salvia, Crocus sativus and Olea europea leaf extracts and several major reactive
compounds against superoxide (H20z)- and -amyloid-induced toxicity on differentiated human SH-
SY5Y neuroblastoma cells . Our results suggest that Salvia fruticosa, Salvia officinalis and Salvia argentea
leaf extracts, along with the reactive compounds trans-crocin-3, trans-crocin-4 and oleuropein display
significant neuroprotective and antioxidant properties.

2. Materials and Methods

2.1. Reagents and Materials

All solvents were purchased from Fisher Scientific. For extraction and isolation procedures,
Dichloromethane (DCM), Diethylether, Ethanol (EtOH), Ethyl Acetate (EtOAc), Acetone, Methanol
(MeOH), and n-Heptane (n-Hept) were of analytical grade, while deionized water was used to
prepare all aqueous solutions. For preparative HPLC analyses, Acetonitrile (AcN), Methanol
(MeOH), and Water were of appropriate grade. Vanillin standard and Sulfuric acid (H2S04) were
obtained from Sigma-Aldrich. Analytical Thin Layer chromatography (TLC) was performed on
Merck 60 F254 pre-coated silica gel plates (Merck Millipore, Billerica, MA, USA). TLC spots were
observed at 254 nm and 366 nm and were visualized by heating silica gel plates sprayed with vanillin
10% H2SOs in EtOH. 1D (1H, 13C) and 2D (COSY, HSQC-DEPT135, HMBC) NMR spectra were
carried out on a Bruker Avance III-600 spectrometer (Karlsruhe, Germany) in 600 puL of deuterated
chloroform. 1H and 13C NMR spectra were acquired at 600.15 MHz and 150.91 MHz, respectively.
Chemical shifts (0) are expressed in ppm while coupling constants (J) in Hz.

The human neuroblastoma SH-SY5Y cell line was provided by Dr. Th. Michailidis (University
of Ioannina, Ioannina, Greece). 7PA2-CHO cells, which were isolated in the laboratory of Dr. D.
Selkoe (Harvard University, Boston, USA), were kindly provided by Dr. K. Vekrellis (BRFAA,
Athens, Greece). Dulbecco's Modified Eagle's Medium (DMEM), Ham's F-12 Nutrient Mixture, Fetal
Bovine Serum (FBS) and Phosphate Buffered Saline (PBS) were purchased from Gibco (Grand Island,
NY, USA). For cell viability assays, CellTiter 96® AQueous One Solution Reagent (G3581) containing
a novel tetrazolium compound, [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
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sulfophenyl)-2H-tetrazolium, inner salt (MTS)], and an electron coupling reagent, phenazine
ethosulfate (PES), was purchased from Promega (Madison, WI, USA). The tested compounds were
dissolved in DMSO in 0.25-50 mM stock solutions. Stock solutions were stored at —20°C. The final
concentration of DMSO (vehicle) that was used in the present biological studies was 0.2% v/v.

2.2. Plant Material

Crocus sativus L. (Iridaceae) stigmas (saffron) were provided from the Cooperative De Safran
(Krokos Kozanis, West Macedonia, Greece). The final product obtained by the dehydration of the
harvested saffron stigmas (first at 20°C and later at 35°C) until the moisture reaches the level of about
10%. Olea europaea var. Koroneiki L. (Oleaceae) leaves were collected in 2018 at the region of Attica
and left to dry in a well-ventilated shady place. Subsequently, the dried leaves were ground using an
AllenWest type SCIS grinder with a sieve of 3 mm. Olive oil used for the extraction of TPF (Total
Phenolic Fraction) was freshly produced from olive fruits of Olea europaea var. Koroneiki and was
kindly provided by Pharmagnose S.A. (Inofyta, Greece). Seven species of genus Salvia (Labiatae)
were studied in the present study. The aerial parts of each species were collected from their natural
environment and were authenticated by the botanist Dr. Eleftherios Kalpoutzakis. In more details,
Salvia officinalis was collected at altitude 800-900 m from Mt. Tzoumerka, Central Greece, in June 2018
(Voucher specimen: TZ 019), Salvia rigens and Salvia verbenaca were collected in April 2018 at a region
near to Varkiza (Attica, Greece) (Voucher specimens: KL 208 and KL 207 respectivelly), Salvia
fruticosa was collected in July 2018 from Mt. Psiloritis (Crete, Greece) near to village Zaros (Voucher
specimens: KL 053), Salvia argentea was collected at altitude 1400 m from Mt. Parnonas (south
Peloponese, Greece) in June 2018 (Voucher specimens: KLPY 289), Salvia amplexicaulis was collected
in June 2018 from Mt. Vurnos (North Greece) at an altitude of 1100 m (Voucher specimens:SM 001),
and Salvia pomifera was collected in August 2018 at a region near to the village of Spili in central Crete
(Voucher specimens: F 016). Specimens of the collected plants were stored in the herbarium of the
Division of Pharmacognosy and Natural Products Chemistry, Department of Pharmacy, National
Kapodistrian University Athens, Greece. The plant material was dried under shadow and pulverized
by a ground mill.

2.3. Extraction of Plant Material

The extraction of C. sativus stigmas was carried out in two steps following a well-established
process described previously by Karkoula et.al.(14). In details, 20 g of dried stigmas were initially
defatted with 1L of Diethylether for 2 h at 40°C (Diethilether extract). Subsequently the defatted
stigmas were extracted with 2.5 L of Methanol/Water in ratio 1/1 for 24 h at 25°C in the dark place.
The extraction eluent was then filtered, evaporated under vacuum until the complete removing of
methanol and lyophilized yielding totally 11.7 g of the C. sativus hydrophilic extract.

The Oleuropein enriched extract was obtained from olive leaves following a previously
described extraction process (15)with slight modifications. In details, 200 gr of grounded leaves were
subjected to ultrasound-assisted extraction (UAE). The extraction was carried out with 1.5 L of
acetone at room temperature and lasted 1 h. Then, the extraction eluent was filtered, evaporated to
dryness and weighted yielding 18.1 g of Acetone extract. In order to increase the oleuropein content,
the obtained Acetone extract was further defatted with a solution of dichloromethane/methanol 98/2
resulting in the recovery of 10.6 g of defatted olive leaves extract.

A liquid-liquid extraction process developed by Angelis et. al. (16,17) was applied for the
recovery of TPF from Extra Virgin Olive oil. The extraction was carried out in a pilot-scale extractor
ACE-BXP190 (Rousselet-Robatel Kromaton, Annonay, France) with parallel pumping of the feed oil
phase (n-Hept/EVOO in ratio 3:2 v/v) and aqueous extraction phase (EtOH/H:0O in ratio 3:2 v/v) into
the extractor bowl. By setting the flow rate of both phases at 5 L/min and the rotation speed at 1050
rpm, 80 L of EVOO (diluted in 120 L of n-Hept) were extracted rapidly (40 min) resulting in the
recovery of 200 L of enriched in polyphenols aqueous extraction phase. Then, the enriched aqueous
phase was evaporated under vacuum leading in the recovery of 72 g of Total Polyphenolic Fraction
(TPE).
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The plant material of Salvia species were subjected to ultrasound-assisted extraction (UAE)
using Ethanol as extraction solvent. For each species 20 g of the pulverized aerial parts were extracted
with 200 mL of Ethanol for 30 min at room temperature using a laboratory ultrasonic bath. The
supernatant was filtrated, and the solvent was evaporated under vacuum (at 40°C) to dryness. The
procedure was repeated three times yielding 2.24 g of ethanolic extract (11.2 % w/w) for S. officinalis,
2.02 g of extract (10.1 % w/w) for S. fruticosa, 1.96 g of extract (9.8 % w/w) for S. argentea, 1.82 g of
extract (9.1 % w/w) for S. rigens, 2.06 g of extract (10.3 % w/w) for S. verbenaca, 1.9 g of extract (9.5 %
w/w) for S. amplexicaulis, and 1.92 g of ethanolic extract (9.6 % w/w) for S. pomifera. Details for
chromatographic isolation of secondary metabolites are given as Supplementary material.

2.4. Differentiation of human SH-SY5Y neuroblastoma cells

Human SH-SY5Y neuroblastoma cells maintained in a growth medium consisting of DMEM:F12
(1:1), supplemented with Fetal Bovine Serum (FBS, 10%), penicillin/streptomycin (1%) and L-
glutamine (at a final concentration of 2 mM), were incubated at 37°C and 5% CO:.. Differentiation of
SH-SY5Y cells to cholinergic neurons was induced by retinoic acid (5 uM). The undifferentiated SH-
SY5Y cells were cultured (seeding density of 7.5 x 10¢ cells/well) in DMEM:F12 (1:1) without FBS,
supplemented with retinoic acid, penicillin/streptomycin (1%) and L-glutamine (at a final
concentration of 2 mM) for 4-5 days. Differentiation medium was changed every 48 h.

Isolation of the AP peptides containing supernatant of 7PA2-CHO cell cultures

7PA2-CHO, mutant APP-expressing cells, were cultured in 10 cm plates containing DMEM
growth medium supplemented with FBS (10%), penicillin/streptomycin (1%), L-glutamine (at a final
concentration of 2 mM) and G418 (100 ug/ml). After two passages, they were shifted to medium
without G418 for at least 24 h and after extensive washing, they were incubated overnight in 10 ml
of DMEM:F12 (1:1) medium supplemented with 1% penicillin/streptomycin and L-glutamine (at a
final concentration of 2 mM) . The supernatant of the cells, containing APP and a mixture of A3
peptides in oligomeric forms, was collected and centrifuged in order to remove cells and cell debri
(18). The final cleared supernatant was aliquoted and stored at

-20°C. The same protocol was used for the isolation of the supernatant of naive CHO cell cultures
(CHO-K1), which was used as control.

2.5. Compound toxicity

The potential toxicity of the compounds and plant extracts tested in this study was assessed
using differentiated human SH-SY5Y neuroblastoma cells (7.5 x 10 cells/well), which were cultured
in 96-well plates. Five days following the differentiation of SH-SY5Y cells, the incubation medium
was changed to DMEM:F12 (1:1) without FBS, which was supplemented with penicillin/streptomycin
(1%) and L-glutamine (final concentration 2 mM). The compounds and plant extracts were added at
various concentrations. As a vehicle, either DMSO or DMSO: ethanol (3:1), at a final concentration of
0.2% v/v was used. After 48 h, cell viability was assessed at 492 nm using the MTS assay.

2.6. AP peptide- and HOx-induced toxicity

Human SH-SY5Y neuroblastoma cells (7.5 x 10 cells/well of a 96-well plate) were differentiated
for 5 days. The medium was changed to DMEM:F12 (1:1) without FBS, supplemented only with
penicillin/streptomycin (1%) and L-glutamine (at a final concentration of 2 mM) and after 24hr, the
medium was aspirated, the cells were washed with Phosphate Buffered Saline (PBS) and were pre-
incubated for 4h in DMEM:F12 (1:1) medium containing the medicinal plant extracts and compounds
tested at various concentrations or the vehicles used. Subsequently, either H2O: (final concentration
750 pM), the 7PA2-CHO supernatant (final concentration 75% v/v) or the control CHO-K1
supernatant (final concentration 75% v/v) was added. Following incubation for 48hr, cell viability
was assessed using the MTS assay at 492 nm.

do0i:10.20944/preprints202307.2104.v1
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2.7. Cell viability

MTS reagent (20 pl of a solution 1.90 mg/ml MTS) and 300 puM PES in Dulbecco’s PBS (pH 6.0)
was added into control and differentiated SH-SY5Y treated cells (total volume 120 pl) seeded in 96-
well plates and the plates were incubated at 37 °C and 5% CO2 for 90 min. Absorbance was measured
in an ELISA spectrophotometer at 492 nm. All MTS assays were performed using triplicate samples
and the Data were expressed as % cell viability. DMSO-ethanol (3:1) or DMSO medium-treated cells
(controls) represented 100% cell viability.

2.8. Statistical analysis

All experiments were repeated at least twice using different cell batches and samples in
triplicates. The present data are presented as the mean + SEM and their statistical analysis was
performed using the one-way analysis of variance (ANOVA) followed by the Bonferroni’s and
Tuckey’s post-hoc tests. The significance level for all analyses was set at probability of less than 0.05
(* P<0.05, ** P <0.01, ** P <0.001).

3. Results

3.1. Assessment of the effects of extracts and compounds on H20:-induced cell toxicity

H20: is a widely used oxidative stress inducer, which can generate exogenous free radicals that
cause cytotoxicity. It constitutes a popular model to study the oxidative stress -induced neuronal cell
death (10,19).

Multiple dose-response experiments indicated that treatment of differentiated human SH-SY5Y
neuroblastoma cells with 750 uM H20: reduced cell viability by 40-60%, as expected (Figure 1)(10).
Notably, pretreatment of the cells with either the hydrophilic or diethyl ester extract of Crocus sativus
augmented the H20z-induced cell toxicity (Figure 1). Furthermore, treatment of differentiated cells
with either crocetin, picrocrocin, cis-crocin 2, trans-crocin 2, cis-crocin 3, trans-crocin 3, cis-crocin 4 or
trans-crocin 4 did not provide any protection against the H20z-induced reduction of cell viability, but
exacerbated the H20z-induced toxicity (Figure 1).
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Figure 1. Antioxidant effect of Crocus sativus extracts and individual compounds against H20»-
induced cell toxicity. Differentiated human SH-SY5Y neuroblastoma cells were treated with H2O2
(750uM) and Crocus extracts or compounds for 48h. Cell viability was assessed using the MTS assay.
All Crocus sativus extracts and active compounds tested augmented the H O -induced cell toxicity.
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Values are expressed as mean + SE (n=8). Treatment group differences were calculated using one-way
ANOVA, followed by Bonferroni’s and Tuckey’s post-hoc tests; *P < 0.05, **P<0.01 and ***P< 0.001.
HY extract: hydrophilic extract, DEE extract: diethyl ether extract, c-crocin: cis-crocin, t-crocin: trans-
crocin.

On the other hand, pretreatment of differentiated cells with either the Olea europea leaf extract,
oleacein or oleanolic acid did not affect the H2O2-induced cell toxicity (Figure 2). It should be noted
though, that exposure of differentiated cells to either the total phenolic fragment of the olive leaf
extract or oleocanthal exacerbated the H2Oz-induced toxicity (Figure 2). Of all the compounds tested
from Olea europea extracts, only oleuropein at a concentration of 20uM efficiently protected the
differentiated cells against the H20»-induced toxicity (Figure 2).
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Figure 2. Neuroprotective effect of Olea europea extracts and individual compounds against H20>-
induced toxicity. Differentiated human SH-SY5Y neuroblastoma cells were treated with H202 (750
puM) and Olea extracts or comounds for 48h. Cell viability was assessed using the MTS assay.
Treatment group differences were calculated using one-way ANOVA, followed by Bonferroni’s and
Tuckey’s post-hoc tests; *P < 0.05, **P<0.01 and ***P< 0.001.

Exposure of differentiated cells to either Salvia fruticosa or Salvia officinalis leaf extract (10pg/ml
and 5ug/ml, respectively) completely prevented the H2Oz-induced cell toxicity (Figure 3). Of note,
the Salvia officinalis extract induced a significant trophic effect on these cells in the presence of H20-.
All the other Salvia leaf extracts tested (S. rigens, S. argentea, S. verbenaca, S. amplexicaulis and S.
pomifera) augmented the H2O2-induced cell toxicity (Figure 3).
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Figure 3. Neuroprotective effect of different Salvia species extracts against H20Oz-induced toxicity.
Differentiated human SH-SY5Y neuroblastoma cells weretreated with H202 (750 uM) and different
Salvia extracts for 48h. Cell viability was assessed using the MTS assay. Treatment group differences
were calculated using one-way ANOVA, followed by Bonferroni’s and Tuckey’s post-hoc tests; *P <
0.05, **P<0.01 and ***P< 0.001.

3.2. Assessment of the effects of extracts and compounds on Ap-amyloid-induced cell toxicity

Treatment of differentiated cells with a natural mix of Ap-amyloid peptides present in the
supernatant of the stable cell line CHO 7PA2 (18) markedly reduced cell viability to approximately
45% of control (Figure 4) as reported previously (10). Of all the reactive compounds of Crocus sativus
tested, only trans-crocin 3 and trans-crocin 4 at 10uM protected the cells from the AB-induced cell
toxicity by increasing cell viability to 70-80% of control level (Figure 4). All other compounds had no
effect, while interestingly, exposure of the cells to the diethyl ether extract (DEE) of Crocus sativus
leaves exacerbated the Ap-induced cell toxicity (Figure 4).
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Figure 4. Neuroprotective effect of different Crocus sativus extracts and individual compounds
against Ap-protein-induced cell toxicity. Differentiated human SH-SY5Y neuroblastoma cells were
treated with the supernatant of 7PA2-CHO cells (75% v/v) containing AB-proteins and Crocus sativus
extracts or compouds for 48h. Cell viability was assessed with MTS. Treatment group differences were
calculated using one-way ANOVA, followed by Bonferroni’s and Tuckey’s post-hoc tests; *P < 0.05
and **P<0.01. HY extract: hydrophilic extract, DEE extract: diethyl ether extract, c-crocin: cis-crocin, t-
crocin: trans-crocin.

Treatment of the differentiated cells with either the total olive leaf extract, oleacein or oleanolic
acid had no effect on the AB-induced cell toxicity (Figure 5). Notably, exposure of the cells to the total
phenolic fragment of the olive leaf extract or oleocanthal markedly augmented the AB-induced
reduction of cell viability (Figure 5). It is of interest though to note that oleuropein was able to protect
to some extent the cells from the AB-induced toxicity (Figure 5).

18

*kk

16
14
12

1 l

08

0.6

Relative cell viability

0.4

0.2

_ b1

| |5 pug/mi 10 pg/mi|5 pg/ml 10 pg/mi| 5 pg/ml 10 ug/mll S pg/mi 10 pg/ml| 5 pg/ml 10 pg/mi| 5 pg/mi 10 pg/mi| 5 pg/mi 10 pg/mi|

o

c VEH Salvia Salvia Salvia Salvia Salvia Salvia Salvia
fruticosa officinalis rigens argentea verbenaca amplexicaulis pomifera

H,0,

Figure 3. Neuroprotective effect of different Salvia species extracts against H20z-induced toxicity.
Differentiated human SH-SY5Y neuroblastoma cells weretreated with H202 (750 uM) and different
Salvia extracts for 48h. Cell viability was assessed using the MTS assay. Treatment group differences
were calculated using one-way ANOVA, followed by Bonferroni’s and Tuckey’s post-hoc tests; *P <
0.05, **P<0.01 and ***P< 0.001.

Pretreatment of differentiated cells with Salvia argentea and Salvia verbenaca leaf extracts
protected to some extent from the Ap-induced toxicity (Figure 6). But, the extracts from other Salvia
species, such as Salvia fruticosa, Salvia rigens, Salvia amplexicaulis did not provide any protection
(Figure 6). Interestingly, Salvia officinalis and Salvia pomifera enhanced the AB-induced cell toxicity in
the concentrations tested (Figure 6). It appears that the different Salvia spp leaf extracts differ
significantly in their effects on the AB-induced cell toxicity in a concentration-dependent manner.
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Figure 6. Neuroprotective effect of different Salvia species extracts against Ap-protein-induced cell
toxicity. Differentiated human SH-SY5Y neuroblastoma cells were treated with the supernatant of
7PA2-CHO cells (75% v/v) containing A{-proteins and the extracts of different Salvia species for 48h.
Cell viability was assessed using the MTS assay. Treatment group differences were calculated using
one-way ANOVA, followed by Bonferroni’s and Tuckey’s post-hoc tests; *P < 0.05, **P<0.01 and ***P<
0.001.

3.3. Assessment of extract- and compound-induced cell toxicity

To assess the potential cellular toxicity of crude extracts and isolated fractions or individual
compounds, differentiated human SH-SY5Y neuroblastoma cells were incubated with different
concentrations of them for 48 h. Exposure of the cells to the hydrophilic extract of Crocus sativus
(10pg/ml) markedly reduced cell viability about 70%, whereas this extract at a concentration of
5pg/ml had no effect (Suppl. Figure S1A). The diethyl ester extract of Crocus sativus and all the active
compounds of this medicinal plant tested, including crocetin, picrocrocin, cis-crocin 2/3/4 and trans-
crocin 3/4 did not display any toxic effect on the differentiated cells, except for trans-crocin 2, which
at a concentration of 20uM slightly reduced cell viability by 15% (Suppl. Figure S1A).

Treatment of the cells with the extract of olive leaves, oleuropein, oleacein or oleanolic acid did
not reduce cell viability. On the contrary, cell viability was increased by 20-40%, suggesting a
significant trophic effect of olive leaf extract and oleuropein (Suppl. Figure S1B). Interestingly, the
total phenolic fraction of the olive leaf extract and oleocanthal appear to display a strong toxic effect
on the differentiated cells as they reduced cell viability by about 80-90% (Suppl. Figure S1B).

Salvia species leaf extracts were tested at a concentration of 5pig/ml and 10pug/ml. Although these
extracts at the low concentration did not affect cell viability (Suppl. Figure S1C), they markedly
reduced it by 30-65% at the high concentration (Suppl. Figure S1C). Notably, the Salvia fruticosa leaf
extract at the high concentration displays the strongest toxic effect (approximately 80% reduction of
cell viability; Suppl. Figure S1C).

4. Discussion

Previous preclinical and clinical studies indicated the beneficial impact of several plant species
including Crocus, Olea and Salvia in AD that has been primarily attributed to neuroprotective,
antioxidant and anti-inflammatory properties of crude extracts or isolated and characterized active
compounds (3,6,11,12). However, only a few comparative studies have been performed to assess
these properties of medicinal plant extracts and compounds, as well as their toxicity in differentiated
human neuronal cells. Such comparative studies using relevant cellular models may well reveal
additional compounds or extracts that warrant further development and also highlight specific
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aspects of neuroprotective action of medicinal plant extracts. In this study, we embarked on a
comprehensive investigation of the antioxidant and neuroprotective properties of several medicinal
plants, widely used in folk medicine, using a well-established in vitro model of AD, the differentiated
human SH-SY5Y neuroblastoma cells. We have focused on the effect of Olea europea, Crocus sativus
and seven Salvia species leaf extracts and several of their bioactive constituents on the H202- and Af3-
amyloid-induced neurotoxicity. These two neuroxicity assays are well established and highly
relevant to AD.

4.1. Toxicity of the extracts and individual compounds in differentiated human SH-SY5Y neuroblastoma cells

Cellular toxicity of extracts and individual compounds is often studied using proliferating
human or rodent cell lines, as their ability to inhibit cellular growth can serve as an indication of their
toxicity. Critical factors, such as the specific cell type, the duration of treatment and the composition
of culture medium (i.e., the concentration of serum) may significantly affect the toxicity outcomes
(20). In the present study human SH-SY5Y neuroblastoma cells were employed, which were
differentiated to a neuron-like cell population by adding retinoic acid in the cell culture in the absence
of serum (10,21,22). Under these conditions, toxicity (i.e., decrease of cell viability) likely corresponds
to deregulation of neuronal survival pathways and it is irrelevant to antiproliferative effects observed
in proliferating human or murine cell lines used in other studies, including non-differentiated,
proliferating SH-SY5Y neuroblastoma cells (23-25).

Current study indicated that extracts and individual compounds from Crocus sativus exhibited
no significant toxicity at the low concentrations tested, while all Salvia extracts exhibited a moderate
dose-dependent toxicity (Suppl. Figure S1). Previous studies, using proliferating cell lines, such as
human melanoma cell lines and non-cancerous human fibroblasts (26), indicated that some Salvia
species, (e.g Salvia pomifera and Salvia fruticosa) may exhibit a dose- and time-dependent toxicity with
ICs0 values in the range of 7-20 ug/ml. Our results suggest lower levels of cytotoxicity of Salvia
extracts in differentiated human SH-SY5Y cells compared to other human cell lines. Interestingly,
extracts and individual compounds from Olea europea leaves, namely the total phenolic fraction and
oleocanthal, exhibited high toxicity even at low concentrations (Suppl. Figure S1). It should be noted
that oleocanthal represents a constituent of the total phenolic fraction of Olea leaves (27). Previous
studies using SH-SY5Y cells reported no effects on cell viability by submicromolar or micromolar (1-
10 uM) concentrations of oleocanthal (28,29). The apparent discrepancy between our results and those
of previous studies (29) could be attributed to the different time of incubation and the composition
of the differentiating medium, which in the latter case contained 1% fetal bovine serum. It has been
postulated that the effects of olive oil phenols, including oleocanthal, can be neutralized by binding
to proteins (30). Thus, even small amounts of serum may sequester oleocanthal and other phenolic
compounds and hence, blunt their cytotoxicity in vitro. In sharp contrast to oleocanthal, oleuropein,
oleacein and oleanolic acid were virtually devoid of any toxicity at the tested concentrations, as
shown previously in neuronal cell lines (31-33).

4.2. Antioxidant and neuroprotective properties of Crocus sativus extracts and individual compounds

We assessed the possible effects of Crocus sativus extracts and several individual compounds
against the H20z-induced oxidative stress and toxicity using differentiated human SH-SY5Y cells.
Surprisingly, under these conditions, we found that all Crocus extracts and individual compounds
augmented the H20O2-induced cell toxicity (Figure 1). It is suggested that this synergistic effect is not
associated with a direct reaction of H202 with the compounds, since in this experimental protocol the
cells were preincubated with the extracts or compounds for 4h and then, they were challenged with
H:0:. To our knowledge, the synergistic toxicity of crocins at low micromolar concentrations with
that of H202 has not been previously reported. Notably, only few studies have assessed the potential
protective effect of Crocus sativus extracts and individual compounds against oxidative stress using
neuronal cells, despite the significant antioxidant properties of crocins that are observed in animal
and cellular models of neurodegenerative disorders (34,35). Previous studies employing neuronal
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retinal ganglion cells or proliferating SH-SY5Y cells reported a protective effect of low crocin
concentrations (0.1-1 uM) against H2Oz-induced toxicity (36), or other types of oxidative stress (36,37).

Despite the apparent synergistic toxicity of Crocus sativus extracts and individual compounds
with H202, specific crocins appeared to exhibit significant neuroprotective activity against Ap-
induced toxicity. Trans-crocin-3 and -4 at 10uM protected cells from the Ap-induced toxicity by
increasing cell viability to 70-80% (Figure 4). It has been reported that crocins and specifically, trans-
crocin-4 display the capacity to interfere with amyloid-forming peptides either by binding to
hydrophobic regions of Af3 (the hydrophobic carotene backbone) thus inhibiting the formation of
fibrils or by interacting with water molecules in the immediate environment of A3 molecules via the
sugar units (38,39). Furthermore, the trans-crocin-4-mediated inhibition of GSK3[, an important
kinase for the aberrant phosphorylation of Tau, may explain the protective effect of this compound
(40,41). To our knowledge, this is the first report that trans-crocin-3 exhibits significant
neuroprotection in in vitro cellular AD models. Trans-crocin-3 may utilize similar mechanisms with
trans-crocin-4, but this hypothesis requires further investigation in the framework of a new study
(38,39,41).

4.3. Antioxidant and neuroprotective properties of Olea europea leaf extracts and individual compounds

Oleacein and Oleanolic acid did not exhibit any effect on H202-induced cell toxicity, whereas
oleuropein appears to display a significant antioxidant effect (Figure 2). Interestingly, oleuropein
exhibited also significant neuroprotection against the Ap-induced toxicity (Figure 5). Of note, these
results have been replicated in an parallel independent study by our group (42). These findings
indicate that neuroprotection against oxidative stress and Ap peptides, along with the induction of
neural plasticity indices in several brain areas belong to the broad spectrum of the beneficial effects
of oleuropein. Some, but not all, of these functions appear to depend on PPARa activation, since
oleuropein can act as a PPARa agonist, thus modulating a variety of functions in the central and
peripheral nervous system (43,44). These results are consistent with similar cellular studies and
suggest that oleuropein has anti-amyloidogenic and antioxidant properties (45,46).

4.4. Antioxidant and neuroprotective properties of Salvia species extracts

As far as the possible antioxidant and neuroprotective properties of Salvia spp leaf extracts is
concerned, we found a significant diversification between the different Salvia species. In particular,
Salvia fruticosa (10ug/ml) and Salvia officinalis (5pg/ml) extracts exhibited a mild antioxidant effect as
they efficiently protected the differentiated SH-SY5Y cells from the HxOz-mediated cell toxicity
(Figure 3) (47). These results are consistent with those from similar studies reporting Salvia officinalis
antioxidant effects on a broad variety of different cell types (48). In contrast though, other Salvia
species exhibited negligible protective actions or even exacerbated oxidative toxicity (Figure 3). It is
of note that the antioxidant capacity of the Salvia species polar extracts has been investigated mainly
using in vitro chemical and enzymatic assays and less using cellular in vitro models (48). Interestingly,
the antioxidant effects of Salvia fruticosa and Salvia officinalis extracts may be attributed to their
flavonoid and phenolic compounds. These compounds bear Zn, Cu and Mg, which are essential in
the antioxidant mechanisms (49-51). It is likely that differences in the abundance of specific flavonoid
and phenolic compounds in the distinct Salvia species could explain the diversity in the antioxidant
properties within different Salvia species (52). Along with their antioxidant properties, flavonoids,
could also act as acetylcholinesterase inhibitors. These actions combined could make flavonoids
promising multipotent drugs for the prevention and symptomatic treatment of AD (50). Indeed, we
found that Salvia argentea and Salvia verbenaca leaf extracts exhibited significant neuroprotection
against Af-induced toxicity, whereas other Salvia species had no similar effects even at high
concentrations (Figure 6). Salvianolic acid B is a major constituent of the Salvia extracts that
dissociates amyloid fibrils of the full-length A342 peptide at the low micromolar range (49,50). The
above results suggest a significant diversification of antioxidant and neuroprotective effects of the
distinct Salvia species at least, when evaluated in differentiated human SH-SY5Y neuroblastoma cells.
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5. Conclusions

In conclusion, several medicinal plant extracts and some of their main constituents appear to
display protective effects against oxidative stress and the Ap-induced toxicity in human
differentiated SH-SY5Y cells. Oleuropein exhibited a consistent protective effect against both
toxicities, while trans-crocin 3 and trans-crocin 4 significantly reduced the Ap-induced neuronal cell
toxicity. A significant diversification of the distinct Salvia spp extracts regarding their protective
properties against cell toxicity was also observed. While Salvia fruticosa and Salvia officinalis exhibit a
mild antioxidant effect, Salvia argentea and Salvia verbenaca exhibit significant neuroprotection against
ApB-induced toxicity. Surprisingly, and unlike most reports in the literature, we found that some
extracts or individual compounds exhibited significant levels of toxicity under certain experimental
conditions. For example, oleocanthal, isolated from the total phenolic fraction of Olea europea leaf
extract, was highly toxic at low micromolar concentrations in all assays tested, while the Crocus sativus
extract and its compounds potentiated significantly the H2Oz-induced toxicity on differentiated SH-
SY5Y cells. Apparently, taken together these results cannot be directly extrapolated to the in vivo
animal and human condition. They should be though considered in depth and be the basis of further
investigation in the framework of in vitro and in vivo studies. It is possible that under certain limiting
or pathological conditions in vivo, some of these extracts and compounds are toxic. On the other hand,
the significant neuroprotective properties of the extracts and compounds detected using the in vitro
AD model of this study should be further evaluated in clinical studies.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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