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Abstract
!

Many herbs, and recently their biomass from in
vitro cultures, are essential for the treatment of
diseases. The aim of this study was to determine
the optimal growth of Bacopa monnieri (water
hyssop) in an in vitro culture and to examine if extracts of the B. monnieri biomass from the in vitro
culture would affect hydrogen peroxide- and
staurosporine-induced injury of the human neuroblastoma SH-SY5Y cell line. It has been found
that B. monnieri at concentrations of 25, 50, and
100 µg/mL inhibited both hydrogen peroxide-induced efflux of lactate dehydrogenase from damaged cells to culture medium and increased cell
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Many raw materials of natural origin are used in
the treatment of both common health problems
and serious diseases. Bacopa monnieri L. (Pennell)
(Plantaginaceae), known commonly as water hyssop and in India as “Brahmi” or “Jalanimba,” is one
of the most important plants in the traditional Indian medicine Ayurveda [1]. B. monnieri is used in
traditional medicine to improve cognitive function and reduce anxiety [2]. Several studies have
shown that extracts of this plant exerted a memory-enhancing effect both in experimental animals and in humans [3–5]. It has also been found
that B. monnieri has anti-inflammatory, antimicrobial, and antidepressant properties [6] and
antioxidant, antipyretic, antiulcer, cardioprotective, cooling, laxative, and adsorbing effects [7].
Compounds attributing to the abovementioned
actions are bacosides and triterpenoids belonging
to the saponins [1–7]. The demonstration of the
beneficial effects of the plantʼs extract led researchers to study the potential neuroprotective
effect of this preparation. It was found that the
administration of B. monnieri for 30 days attenu-

viability determined by an MTT assay. Moreover,
B. monnieri at concentrations of 10, 25, and
50 µg/mL decreased staurosporine-induced activity of an executive apoptotic enzyme-caspase-3
and protected mitochondrial membrane potential. The obtained data indicate that the biomass
from the in vitro culture of B. monnieri prevented
SH-SY5Y cell damage related to oxidative stress
and had the ability to inhibit the apoptotic process. Thus, this study supports the traditional use
of B. monnieri as a neuroprotective therapy, and
further in vivo studies on the effects of this preparation on morphology and function of nerve
cells could lead to its wider application.

ated acrylamide-induced oxidative damage in the
brain cortex and liver [8]. In prepubertal male
mice, B. monnieri extract reduced oxidative stress
markers in several brain structures induced by 3nitropropionic acid or rotenone [9–11]. The treatment with B. monnieri has also been found to
ameliorate cognitive deficits in mice due to transient occlusion of two vessels [5]. Several in vitro
studies have demonstrated the neuroprotective
effect of B. monnieri on beta-amyloid-induced cell
death in primary cortical culture [12], on N27 cell
culture damage exerted by acrylamide [8], and on
cell injury in organotypic hippocampal slice cultures induced by oxygen and glucose deprivation
[5]. So far, the scientific data indicate that the beneficial effects of B. monnieri may result from its
antioxidant properties, such as metal ion chelation, free radical scavenging, inhibition of lipid
peroxidation, or upregulation of antioxidative enzymes. Most of the existing data suggest the effectiveness of B. monnieri in Alzheimerʼs disease because it was demonstrated that the administration of Brahmi extract reduced the beta-amyloid
concentration in the animal model of Alzheimerʼs
disease [13], and in in vitro conditions, it inhibited
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Fig. 1 RP-HPLC chromatogram of bacoside A (bacoside A3, bacopaside II,
bacopaside X, bacopasaponin C) in the methanolic extract of B. monnieri
biomass from an in vitro culture.

the cell damage induced by beta-amyloid, but not by glutamate
[12]. To date, the effects of B. monnieri on nerve cell damage induced by oxidative stress have not been studied, despite the
demonstration of antioxidant potency of this preparation. Current data report that oxidative stress and an increased production of reactive oxygen species contribute to the pathogenesis
of various neurodegenerative diseases [14, 15]. The brain is characterized by weak antioxidant protection because of the low levels of glutathione and the moderate activity of catalase, superoxide dismutase, and glutathione peroxidase. Furthermore, the metabolism of some neurotransmitters, particularly dopamine and
nitric oxide, and microglial activation lead to the formation of an
increased amount of reactive oxygen or nitrogen species. The
generally accepted model of oxidative stress in vitro is the addition of hydrogen peroxide to the culture medium. In the present
research, an optimal growth of B. monnieri biomass in an in vitro
shoot culture was obtained. In vitro culture allows for having constant access to the material regardless of environmental conditions. It allows the experiments and research to be carried out
under controlled conditions and permits the possibility of supplementing the biomass with the desired micronutrients and organic compounds to obtain potentially better pharmaceutical
material. Our aim in this study was to determine if the methanol
extract of the B. monnieri biomass from an in vitro culture would
affect H2O2-induced injury of SH-SY5Y cells. Much of the data reported so far indicate that in neurodegenerative diseases, the
cells die mainly by apoptosis, and the first apoptotic changes appear many years before the clinical symptoms of these diseases
[16]. In the experimental studies, since apoptosis is induced
mainly by staurosporine, the effect of B. monnieri biomass from
in vitro cultures on the staurosporine-induced activity of an executive enzyme of this process, i.e., caspase-3 and mitochondrial
membrane potential, were also determined.

Results
!

It was established that biomass growth of B. monnieri could be
obtained in stationary liquid cultures on modified MS medium
at 25 ± 2 °C under 24 h lighting with 4 W/m2. A 12- to 14-fold
growth in liquid cultures was obtained within a typical 28-day
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Fig. 2 The influence of B. monnieri extract on the basal (a) and H2O2-induced (b) LDH release in the SH-SY5Y human neuroblastoma cell line. Results are shown as a percentage of control cells not exposed to the B. monnieri extract and H2O2 (a) or in the presence of H2O2 alone (b). The results
are expressed as means ± SEM. The significance of differences between the
means was evaluated by the Bonferroni post hoc test following a one-way
ANOVA analysis of variance (***p < 0.001 vs. control cells; #p < 0.05,
###p < 0.001 vs. cells exposed to H2O2 alone; n = 12). P. C.: positive control.

growth cycle. The average increase of the B. monnieri biomass
from in vitro cultures was 12 g dry weight/L of medium.
Bacoside A3, bacopaside II, bacopaside X, and bacopasaponin C
were determined in the methanolic extracts of the B. monnieri bi" Fig. 1). The total content of baomass by an RP-HPLC method (l
coside A (bacoside A3, bacopaside II, bacopaside X, bacopasaponin C) in the methanolic extract of the plant material was established by an RP-HPLC method and amounted to 8.73 mg/g dry
weight.
The biomass from an in vitro culture of B. monnieri given alone at
a concentration ranging from 25 to 200 µg/mL for 28 h did not affect lactate dehydrogenase (LDH) activity in the culture medium;
however, the highest concentration tested, 200 µg/mL, tended to
" Fig. 2). An approximate
increase the activity of these enzymes (l
24 h incubation of the cells with 0.5 mM hydrogen peroxide increased LDH efflux by ca. fourfold. The biomass from the in vitro
culture of B. monnieri at concentrations of 25, 50, and 100 µg/mL
inhibited about twofold the hydrogen peroxide-evoked LDH release, whereas after the addition of 200 µg/mL, only a tendency
to reduce cell damage was observed. Butylated hydroxyanisole
[(BHA), a synthetic antioxidant used as positive control] present
in the medium alone at a concentration of 20 µg/mL did not
change LDH release, but significantly reduced H2O2-induced
damage.
The addition of biomass from an in vitro culture of B. monnieri at
a concentration of 100 µg/mL to the control culture did not affect
the ability of the cells to reduce MTT, while this compound at the
highest concentration tested (200 µg/mL) significantly reduced
" Fig. 3). The incubation of cells with 0.5 mM hycell viability (l
drogen peroxide inhibited about a 30 % reduction of MTT, indicating reduced SH-SY5Y cell viability. Biomass from an in vitro culture of B. monnieri given at concentrations ranging from 25 to
100 µg/mL for 28 h significantly attenuated the adverse effects of
H2O2, while the lowest (10 µg/mL) and the highest (200 µg/mL)
concentrations of the test preparation had no effect on the hydrogen peroxide-induced reduction in cell viability. BHA had no effect on MTT reduction in the control cells, but inhibited hydrogen
peroxide action.
The incubation of cells with biomass from an in vitro culture of B.
monnieri (10–100 µg/mL) alone did not change basal caspase-3
" Fig. 4). The exposure of cells to 1 µM staurosporine
activity (l
for 24 h ca. six times enhanced the activity of this enzyme. Staur-
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Fig. 3 The influence of B. monnieri extract on the basal (a) and H2O2-induced (b) MTT reduction in the SH-SY5Y human neuroblastoma cell line.
Results are shown as a percentage of control cells not exposed to the B.
monnieri extract and H2O2 (a) or in the presence of H2O2 alone (b). The results are expressed as means ± SEM. The significance of differences between the means was evaluated by the Bonferroni post hoc test following a
one-way ANOVA analysis of variance (**p < 0.01, ***p < 0.001 vs. control
cells; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. cells exposed to H2O2 alone;
n = 12). P. C.: positive control.

Fig. 4 The effect of B. monnieri extract on the basal (a) and staurosporineinduced (b) caspase-3 activity in the SH-SY5Y human neuroblastoma cell
line. Results are presented as a concentration of AMC, the product of caspase-3 enzymatic activity, after 1 h reaction per 1 ml of the reaction volume in non-induced cells (a) and in staurosporine-treated cells (b). The results are expressed as means ± SEM. The significance of differences between the means was evaluated by the Bonferroni post hoc test following a
one-way ANOVA analysis of variance (***p < 0.001 vs. non-treated control
cells; ##p < 0.01, ###p < 0.001 vs. staurosporine-treated cells without B.
monnieri extract; n = 12). P. C.: positive control.

osporine is a widely accepted tool for inducing apoptosis in the
majority of cellular models. Biomass from an in vitro culture of
B. monnieri at concentrations ranging from 10 to 50 µg/mL attenuated the effects of staurosporine on caspase-3 activity in a statistically significant manner, whereas a higher concentration
(100 µg/mL) had no effect. The exposure of SH-SY5Y cells to a
specific inhibitor of caspase-3 (Ac-DEVD‑CHO) had no effect on
the activity of this enzyme in the control culture, but it strongly
inhibited the staurosporine-induced increase.
It has been found that staurosporine (at the concentration of
1 µM for 24 h) caused a 2-fold drop in mitochondrial membrane
" Fig. 5). B. monnieri extracts given alone at concentrapotential (l
tions from 10 to 100 µg/mL for 24 h did not distract membrane
potential. However, extracts from the concentrations 10 µg/mL
to 50 µg/mL attenuated the effects of saturosporine on mitochondrial membrane potential. The highest tested concentration of
100 µg/mL had no effect.

Fig. 5 The effect of B. monnieri extract on the basal (a) and staurosporineinduced (b) mitochondrial membrane potential in the SH-SY5Y human
neuroblastoma cell line. Results are presented as a ratio of JC-1 aggregate
fluorescence (red) to JC-1 monomer fluorescence (green) in non-induced
cells (a) and in staurosporine-treated (ST.) cells (b). Fluorescent pictures
present colocalization of aggregated and monomeric forms of the JC-1 dye
in the control cells not exposed to ST. or B. monnieri (c), staurosporinetreated cells (d), and cells treated with staurosporine and pretreated with B.
monnieri at a concentration of 50 µg/mL (e). The results are expressed as
means ± SEM. The significance of differences between the means was
evaluated by the Bonferroni post hoc test following a one-way ANOVA
analysis of variance (***p < 0.001 vs. non-treated control cells; #p < 0.05,
##p < 0.01 vs. staurosporine-treated cells without B. monnieri extract;
n = 12). (Color figure available online only.)

Discussion
!

The obtained results show that methanolic extracts of the biomass of B. monnieri from in vitro cultures exerted protective effects in the in vitro model of oxidative stress-induced cell damage. The tested extract inhibited both the hydrogen peroxide-induced damage of cell membranes and the H2O2-induced reduction in cell viability. In addition to the effect on the necrosis, these
extracts of B. monnieri also diminished the activity of caspase-3
increased by staurosporine and a change in mitochondrial membrane potential, suggesting a beneficial effect of this preparation
on the apoptotic process also.
This in vitro study shows that methanolic extracts of the biomass
from in vitro cultures of B. monnieri present in cell cultures in
concentrations up to 100 µg/mL neither damaged cell membrane,
as evidenced by the LDH release, nor evoked mitochondrial dysfunction, as assessed by the MTT reduction. These data are consistent with previous results that showed that Brahmi extract in
the 100 µg/mL concentration, present in cultures for 24 and 72 h,
does not affect the viability of primary cortical cell cultures [12].
In contrast, Brahmi extract in higher concentrations damaged
both primary cortical neurons as well as the human SH-SY5Y
neuroblastoma cell line. The SH-SY5Y cell line of human origin
with a dopaminergic phenotype used in the present study is a
commonly used cell culture model in studies related to neurodegenerative disorders, neurotoxicity, and oxidative stress [17].
Similarly, the addition of hydrogen peroxide to the cell medium,
as a source of detrimental reactive oxygen species, is a well-validated and frequently used model for oxidative stress [18–20]. As
in our previous experiments, the addition of 0.5 mM H2O2 enŁojewski M et al. Protective Effects of …
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hanced LDH release from the cytosol to the medium and decreased activity of mitochondria dehydrogenase enzymes [20,
21]. Cell death induced by hydrogen peroxide is thought to progress mainly via the necrotic mechanism, thus demonstrating that
B. monnieri weakened the effect of this toxic factor, the evidence
of which is in its neuroprotective effect. These data confirmed
and extended previous reports on the neuroprotective action of
Brahmi extract on beta-amyloid-induced cell death in a primary
cortical culture, on the cytotoxic effects of 3-nitropropionic acid
and acrylamide in the rat dopaminergic cell line (N27), and on
cell damage in organotypic hippocampal cultures induced by glucose and oxygen deprivation [5, 8, 9, 12]. These data suggest that
B. monnieri can exert a protective effect on neuronal damage
evoked by many factors, which are important in the pathogenesis
of various neurodegenerative diseases. In Alzheimerʼs and Huntingtonʼs diseases, neuronal damage is evoked not only by betaamyloid and inhibitors of mitochondrial complex II, respectively,
but also by the factors intensifying the formation of reactive oxygen and nitrogen species, which play an important role. The role
of oxidative stress in the development of Parkinsonʼs disease is
particularly well documented. Furthermore, it has also been established that this factor initiates or increases neuronal damage
in other neurodegenerative diseases as well [14–16, 22]. In the
present study, B. monnieri exerted a protective effect on human
SH-SY5Y cells when it was added at concentrations between 10
and 100 µg/mL, the same as in the primary cortical culture [12],
but in a higher concentration than in N27 cells [9–11]. These differences may be due to the varying sensitivity of the tested cells
and/or from the composition and content of active substance in
the used B. monnieri extracts. According to Rastogi et al. [23], bacosides are considered to be the main component of B. monnieri
and these compounds are responsible for plant neuroprotective
activity. Also, Pandareesh and Anand [24] indicates bacosides as
the main active ingredient of the extract; however, they showed
that the extract contained phenolic acids and flavonoids, which
act as primary antioxidants and free radical terminators and contribute to the antioxidant property of the extract.
In addition to demonstrating a protective effect of B. monnieri on
the viability of neurons, this study showed, for the first time, that
this extract can weaken the apoptotic process. B. monnieri at a
lower concentration than in the case of H2O2-induced LDH release and MTT reduction decreased staurosporine-induced caspase-3 activity and prevented a drop of mitochondrial membrane potential caused by staurosporine. Caspase-3 is the executive enzyme in the apoptotic process and is activated by both intrinsic (mitochondrial) and extrinsic (ligand-dependent) pathways [25, 26]. It should be noted, however, that several studies
showed that caspase-3 activation initiated but did not complete
apoptosis and that activation of this enzyme did not always lead
to apoptotic neuronal cell death because of the involvement of
the caspase family in other processes such as migration, proliferation, and differentiation of brain cells [27]. Thus, determination
of mitochondrial membrane potential was performed. Decreased
membrane potential is one of the initial stages of the active process of apoptosis. This marker reflects the malfunction of the
mitochondria due to exposure to harmful and/or proapoptotic
compounds. In our experiment, B. monnieri extracts in the concentration range between 10 and 50 µg/mL protected mitochondria from depolarization induced by staurosporine. Together
with the results of caspase-3 activity, these data suggest that B.
monnieri has antiapoptotic activity and should be subjected to
further research towards its neuroprotective activity.
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Although the neuroprotective action of B. monnieri in in vitro experiments is very promising, only a confirmation of such action
in vivo may be evidence for its potential use in the prevention or
treatment of neurodegenerative diseases. So far, the antioxidant
potency of B. monnieri was observed only under in vivo conditions [5, 8–11], so, further studies on the effects of this preparation on apoptotic markers and on the morphological and functional parameters of nerve cells are urgently needed. In summary, the obtained data indicate that the biomass from in vitro
cultures of B. monnieri prevented SH-SY5Y cell damage related
to oxidative processes and possibly inhibited the apoptotic process. Since oxidative stress is involved in the pathogenesis of neurodegenerative diseases, the confirmation of such a beneficial effect in vivo and the possible identification of active compounds in
the biomass from in vitro cultures of B. monnieri may lead to the
development of a promising neuroprotective procedure in the future.

Materials and Methods
!

Chemicals and biochemicals
The growth regulators 1-naphthaleneacetic acid (NAA), 6-benzylaminopurine (BAP), nicotinic acid, DMSO, 3-[4,5-dimethylthiazol-2-yl]2,5-diphenyltetrazolium bromide (MTT), streptomycin,
staurosporine, BHA (purity > 98 %), and caspase-3 inhibitor (AcDEVD‑CHO; purity > 95 %) were purchased from Sigma-Aldrich.
Vitamin B1 was obtained from TEVA pharmaceuticals. Myo-inositol was purchased from Fluka. Hydrogen peroxide, methanol,
acetonitrile, phosphoric acid, and petroleum ether were obtained
from Merck (purity > 98 % by HPLC). Quadruple-distilled water
with a conductivity of less than 1 µS/cm was achieved using an
S2–97A2 distillation apparatus, ChemL. Dulbeccoʼs modified Eagleʼs medium and 10 % fetal bovine serum were purchased from
FBS, Gibco-BRL. The standard of bacoside A (bacoside A3, bacopaside II, bacopaside X, bacopasaponin C) was purchased from Sigma-Aldrich.

Plant material
The in vitro cultures of B. monnieri were established from commercially available in vitro cultures of this plant. This material
was identified by Associate Professor B. Muszyńska, Department
of Pharmaceutical Botany UJ CM. Shoots were cut into small
pieces and placed in Erlenmeyer flasks with liquid medium according to Murashige & Skoog [28] and with our modifications
consisting of the addition of nicotinic acid (0.5 mL/L), myo-inositol (100 mg/L), vitamin B1 (4.0 mL/L), and growth regulators BAP
1.0 mg/L and NAA 0.2 mg/L; the pH was adjusted to 5.7–5.8 before autoclaving [29].
Cultures were grown under constant artificial light (4 W/m2, Philips Lighting LF-40 W lamp, daylight) at 25 ± 2 °C for 4 weeks (representative samples of B. monnieri cultures were deposited at the
Department of Pharmaceutical Botany, Jagiellonian University
Collegium Medicum, Kraków, Poland; voucher specimen number: BF 196). After this period, the fresh biomass was frozen and
lyophilized (lyophilizer Freezone 4.5, Labconco, temp: − 40 °C).
The lyophilized biomass (5 g of each) was ground in a mortar and
then subjected to extraction with petroleum ether (2 × 100 mL) to
remove lipids. Defatted material was extracted in a glass percolator by methanol (7 × 100 mL, 3 h each at room temperature). The
obtained extract was evaporated (Rotavapor® R-210; Büchi Labortechnik AG) under pressure of 200 mPa at 40 °C down to dry-
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Reversed-phase high-performance liquid
chromatography analysis of bacoside
RP-HPLC analysis was conducted according to Pratibha and the
European Pharmacopeia described elsewhere [32, 33] with our
modifications on a Merck-Hitachi liquid chromatograph (LaChrom Elite) equipped with a DAD detector L-2455 and Purospher®
RP-18e (250 × 4 mm/5 µm) column. Analyses were carried out at
25 °C, with a mobile phase consisting of A-acetonitrile, B-acetonitrile: 0.5 % phosphoric acid 0.01 mol/L 35: 65 (v/v), gradient elution: A (0 : 100%), B (100 : 0%) at a flow rate of 1 mL/min,
λ = 205 nm. The identification was done by comparing the retention times of the peaks with an authentic reference compound
and cochromatography with the standard. Quantification was
done by measuring the peak area with reference to the standard
of the bacoside A (bacoside A3, bacopaside II, bacopaside X, bacopasaponin C) curve derived from five concentrations (0.1875 to
3 mg/mL).

Cell culture
The SH-SY5Y neuroblastoma cell line was obtained from the
American Type Culture Corporation (ATCC). Cells were cultured
in Dulbeccoʼs modified Eagleʼs medium supplemented with 10 %
fetal bovine serum, 100 units/mL of penicillin, and 100 µg/mL of
streptomycin and were kept in a humidified atmosphere of 5 %
CO2/95% O2 at 37 °C. After reaching 80 % confluence, cells were
seeded at a density of 5 × 105 cells per well onto 96-well plates
to determine the LDH release and the MTT reduction at a density
of 8 × 105 cells per well on 96-well plates for the caspase-3 activity assay.

Treatment of cells
Dry extracts of B. monnieri biomass from in vitro cultures were
prepared by dissolving ddH2O (v/v, 2 : 3) in a small volume of
ethanol and then adding them to SH-SY5Y cells at final concentrations ranging from 10 to 200 µg/mL (the final concentration
of ethanol in the cell cultures did not exceed 1%). Hydrogen peroxide (0.5 mM) and staurosporine (1 µM) were added 4 h later,
and the cells were cultured for the next 24 h. Staurosporine was
dissolved in DMSO (the final concentration of DMSO in the cell
cultures did not exceed 0.1 %). The control cultures were supplemented with an appropriate amount of a vehicle. For LDH release
and MTT reduction assays as a positive control, BHA, a synthetic
phenol derivative compound of known antioxidant activity, in
concentration of 20 µg/mL, was used. In the caspase-3 activity assay as a positive control, a selective inhibitor of the enzyme AcDEVD‑CHO (Acetyl-Asp-Glu-Val-Asp-al) in a concentration of
1 µM was applied.

Measurement of lactate dehydrogenase release
Hydrogen peroxide toxicity was quantified by measuring the efflux of LDH into the culture media 24 h after hydrogen peroxide
treatment. LDH activity was determined in medium using the
colorimetric method (Cytotoxicity Detection Kit, Roche Diagnostic GmbH), according to which the amount of colored hydrazone,
formed in the reaction of pyruvic acid with 2,4-dinitrophenylhydrazine, was inversely proportional to the LDH activity in the
sample and could be quantified by measuring the absorbance at
400–550 nm. The results are expressed as a percentage of the

control cells incubated in the absence of B. monnieri biomass
from in vitro cultures and without hydrogen peroxide.

3-[4,5-Dimethylthiazol-2-yl]2,5-diphenyltetrazolium
bromide reduction assay
Cell viability was measured, as described previously in Ref. [21],
by determining the cellular reducing capacity, estimated through
the extent of MTT reduction to the insoluble intracellular formazan, which depends on the activity of intracellular dehydrogenases and is independent of changes in the integrity of the plasma
membrane. Briefly, culture medium was removed and SH-SY5Y
cells were incubated with MTT for 3 h at 37 °C. MTT was prepared
in PBS and added at a final concentration of 0.15 mg/mL. Then,
the crystals of formazan were dissolved in DMSO, and the absorbance of each sample was measured at 570 nm in a Multiscan
plate reader (Labsystem). The results are expressed as a percentage of the control cells incubated in the absence of B. monnieri biomass from in vitro cultures and without H2O2.

Caspase-3 activity assay
After 24 h treatment with staurosporine, the cells were lysed in
lysis buffer [25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 5 mM MgCl2, 5 mM ethylenediaminetetraacetic acid (EDTA), 5 mM dithiothreitol, 2 mM phenylmethanesulfonyl fluoride, and 10 µg/mL of both leupeptin and pepstatin
A] by shaking on ice for 25 min, and the supernatants were used
to determine the caspase-3 activity. The activity of caspase-3 was
measured using a fluorometric caspase-3 assay kit (Sigma Aldrich), according to which fluorochrome 7-amino-4-methylcoumarin (AMC) is released from the substrate Ac-DEVD‑AMC (caspase-3 fluorogenic substrate) upon cleavage by caspase-3-like
enzymes. A yellow-green fluorescence produced by free AMC is
proportional to the caspase-3 activity present in the sample. Cell
lysates were incubated with Ac-DEVD‑AMC (50 µM) for 60 min at
30 °C in the absence and presence of a specific caspase-3 inhibitor
(Ac-DEVD‑CHO; 50 µM), and the fluorescence was measured
with a fluorescence plate reader at 360 nm excitation and
460 nm emission wavelengths. Caspase-3 activity was calculated
from the standard curve and presented as nmol of AMC/h/mL.

Mitochondrial membrane potential – JC-1 assay
The mitochondrial membrane potential was determined based
on Menon et al. [34] method. The principal of this assay is the
ability of the 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimi-dazolylcarbocyanine iodide (JC-1) cationic dye to enter and accumulate in the mitochondria. In healthy cells with a high mitochondrial membrane potential, JC-1 dye forms aggregates with
an intense red fluorescence (excitation 550 nm, emission
600 nm). In apoptotic cells with a decreased mitochondrial membrane potential, JC-1 remains in the monomeric form, exhibiting
a green fluorescence (excitation 485 nm, emission 535 nm). The
ratio of red to green fluorescence indicates the severity of apoptosis.
In this experiment, after a 24-hour treatment with staurosporine, cells were harvested and incubated with JC-1 solution at 37 °
C for 15 min. Next, cells were washed and the fluorescence was
measured at both 600 and 535 nm using a fluorescence plate
reader (Fluoroscan, Ascent, Thermo Labsystem). The results are
presented as a red/green fluorescence ratio.
In the JC-1 microplate assay, it was not possible to use any positive control due to the lack of reference compounds specifically
protecting and/or increasing the mitochondrial membrane po-
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tential. However, to additionally confirm the acquired results, the
analogical experiment was conducted on cells seeded on glass
microscopic slides (Millicell EZ slide, Millipore) at a concentration of 60 000 cells per well. After the incubation period with
the JC-1 dye solution, cells were washed and analyzed using a fluorescence microscope (Leica Microscope DM IL LED FLUO). Digital photos were taken by means of a digital camera (Leica DFC
3000). The JC-1 slide assay results were comparable to the microplate assay results.

Statistical analysis
The data are presented as the means ± SEM of three independent
experiments, and the significance of differences between the
means was evaluated by the Bonferroni post hoc test following
one-way analysis of variance.
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