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Thymoquinone Induces Mitochondrial Damage
and Death of Cerebellar Granule Neurons
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Abstract—Thymoquinone (TQ) exhibits a wide spectrum of biological activities. Most studies on the neurotoxic action of
TQ have been carried out in cancer cell lines. Here, we studied the toxic effect of TQ in primary neuronal cultures in vitro.
Incubation with 0.04-0.05 mM TQ for 24 h induced the death of cultured cerebellar granule neurons (CGNs) in a dose-
dependent manner. Neuronal death was preceded by an increase in the reactive oxygen species (ROS) generation, as
demonstrated using CellROX Green and MitoSOX Red. Confocal and electron microscopy showed that incubation with
0.05 mM TQ for 5 h induced changes in the intracellular localization of mitochondria and mitochondria hypertrophy and
cell swelling. The antioxidant N-acetyl-L-cysteine (2 mM) protected CGNs from the toxic action of TQ. Taken together,
these facts suggest that TQ is toxic for normal neurons, while ROS-induced changes in the mitochondria can be one of the
major causes of the TQ-induced neuronal damage and death.
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Thymoquinone (2-methyl-5-isopropyl-1,4-benzo-
quinone, TQ) is one of the main constituents and an
active ingredient of the volatile oil of Nigella sativa seeds
[1]. This quinone exhibits a wide spectrum of beneficial
biological activities (e.g., immune enhancing, as well as
anti-inflammatory and antimutagenic activities) [2-4].
TQ scavenges superoxide, hydroxyl radical, and singlet
oxygen [5]. It exhibits protective effects by suppressing
lipid peroxidation during ischemia-reperfusion injury in
the rat hippocampus [6] and prevents -amyloid (Abeta)-
induced neurotoxicity in cultured rat primary neurons [7]
by inhibiting mitochondrial dysfunction and oxidative
stress [8]. TQ protects cultured SH-SYS5Y cells and rat
hippocampus against arsenic-induced mitochondrial
dysfunction and cytotoxicity [9, 10] and prevents
1-methyl-4-phenylpyridinium-induced dopaminergic

Abbreviations: CGN, cerebellar granule neuron; NAC, N-
acetyl-L-cysteine; ROS, reactive oxygen species; TQ, thymo-
quinone.
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cell death in the primary mesencephalic cell culture [11].
TQ-containing mitochondria-targeted antioxidants dis-
play neuroprotective properties [12, 13]. There is a grow-
ing interest in the therapeutic potential of TQ in different
research fields, particularly, in cancer therapy. Recent
studies have shown that TQ exhibits cytotoxic effects in
several cancer cell lines [14-16], including those derived
from nervous tissue [17-20]. The oxidant/antioxidant
effects of TQ depend on its concentration. As a quinone,
TQ can be reduced by various reductases with the forma-
tion of semiquinone (one reduction) or thymohydro-
quinone (two reductions). While the latter was reported to
have the antioxidant properties, semiquinone acts as a
prooxidant by generating reactive oxygen species (ROS)
[14, 21]. TQ induces apoptotic death in cancer cells
through the oxidative stress [14]. However, most studies
on the TQ toxicity have been carried out in cancer cell
lines, while there are only few studies performed in nor-
mal cultured neurons of the central nervous system. Here,
we investigated the toxic action of TQ in primary neu-
ronal cultures in vitro.
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MATERIALS AND METHODS

Reagents. Unless otherwise noted, all media and
supplements used in the experiments were purchased
from Biochrom KG (Germany). CellROX Green,
MitoSOX Red, and rhodamine 123 were from Invitrogen
(USA). Thymoquinone and other reagents were from
Sigma Chemicals (Germany).

Rat primary cerebellar neuronal cultures. Primary
cultures were prepared from the cerebella of 7- to 8-day-
old Wistar rats as described previously [22]. The cerebella
were washed with Ca?"- and Mg?"-free PBS (Dulbecco)
and incubated in the same solution containing 0.05%
trypsin and 0.02% EDTA (Invitrogen) for 15 min at 37°C.
After incubation, the tissue was washed twice with PBS
and dissociated by repeated pipetting in a nutrient medi-
um of the following composition: Eagle’s minimum
essential medium (MEM, 90%), fetal calf serum (10%),
glutamine (2 mM), and HEPES (10 mM). After mild
centrifugation, the cells were resuspended in a required
volume of the nutrient medium of the same composition
containing 25 mM KCI. Cell suspension was added to
poly-L-lysine-coated 96-well plates (0.1 ml), 35-mm
Petri dishes (0.2 ml), or coverslips in a 40-mm Petri dish-
es (0.8 ml) and kept in a CO,-incubator (5% CO,, 36.5 +
0.5°C). The cells were cultured for up to 6-7 days in vitro
without medium replacement.

Pharmacological treatment. The viability of rat cere-
bellar granule neurons (CGNs) was studied in Eagle’s
MEM with 1% B-27 supplement minus antioxidants,
0.5 mM glutamine, 25 mM KCI, 10 mM HEPES, and
2 g/liter NaHCOj, which was supplemented with thymo-
quinone (0.01-0.06 mM) and other reagents depending
on the experiment. Evaluation of free radical content and
visualization of mitochondria with rhodamine 123 were
carried out in balanced salt solution of the following com-
position (mM): NaCl (154), KCI (25), CaCl, (2.3),
MgCl, (1), NaHCO; (3.6), Na,HPO, (0.35), glucose
(5.6), HEPES (10), pH 7.3. The concentration of KCI in
the incubation solution was the same as in the culture
medium to prevent a decrease in the intracellular calcium
levels and initiation of apoptosis [23].

Assessment of neuronal viability. The viability of
CGNis in the experiments on the TQ toxicity and protec-
tive effect of N-acetyl-L-cysteine (NAC) was determined
as described previously [22]. After incubation with TQ
(0.01-0.05 mM, 24 h), the cells were fixed with
ethanol/formaldehyde/acetic acid (7 : 2 : 1 v/v), stained
with trypan blue, and analyzed under an inverted phase-
contrast microscope Olympus CKX41 (Japan) equipped
with a CC12 camera for light microscopy. The percentage
of survived neurons was estimated by counting morpho-
logically intact CGN nuclei in five adjacent fields of view
along the well diameter using a x40 objective, which pro-
vided an accurate estimate of cell survival. The viability of
cells in the untreated control cultures was taken as 100%;
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the viability of treated cultures was counted as a percent-
age of the control value. This method is more accurate
than the MTT assay, but much more laborious.

Evaluation of reactive oxygen species (ROS) content.
CellROX Green and MitoSOX Red are fluorescent dyes
used for measuring ROS content in the cells. These dyes
can penetrate into the cell and fluoresce only in the oxi-
dized state. Five hours after the beginning of the experi-
ment, the cultures were stained with CellROX Green
(0.005 mM) or MitoSOX Red (0.005 mM) for 30 min at
36.5 £ 0.5°C and then washed thrice with balanced salt
solution. The dyes were added at a time when the cultures
showed marked morphological changes in the mitochon-
dria that were detected with rhodamine 123. CellROX
Green fluorescence was excited by blue light at 485 nm
and recorded at 530 nm using a SpectraMax M2
microplate fluorescent scanner (Molecular Devices,
USA); MitoSOX Red fluorescence was excited by green
light at 510 nm and recorded at 580 nm.

Visualization of mitochondria. After incubation with
0.05 mM TQ for 5 h, the cells were loaded with 0.005 mM
rhodamine 123 for 15 min at 36.5 £ 0.5°C, followed by
triple washing in balanced salt solution. The mitochon-
dria were visualized using an Olympus IX71 confocal
microscope (Japan) with a spinning-disk, x100 objective,
and 488-nm OBIS (USA) laser controlled by the
Coherent Connection 3 program. Fluorescence images of
the cells for mitochondria imaging were captured with
emission at >500 nm and excitation at 488 nm.

Electron microscopy. Cell grown on poly-L-lysine-
coated coverslips in 40-mm Petri dishes were used for
electron microscopy studies [24]. The cells grown for 6-7
days in vitro were exposed to 0.05 mM TQ for 4 to 6 h and
then fixed in aqueous solution of 2.5% glutaraldehyde
(SPI Inc., USA), 100 mM sodium cacodylate for 48 h at
4°C [25]. The fixed cells were washed twice with fresh
100 mM sodium cacodylate solution and post-fixed with
1% osmium tetroxide dissolved in 100 mM sodium
cacodylate for 60 min at 4°C. The samples were then
dehydrated in a series of increasing ethanol concentra-
tions. Dehydration included en-bloc staining with 2%
uranyl acetate in 70% ethanol for 1 h at 4°C. Ethanol was
followed by acetone and increasing series of acetone resin
mixes and two changes of pure freshly made resin. Finally,
the coverslips were placed in silicone rubber molds filled
with pure Spi-pon 812 resin (SPI Inc.) and cured at 70°C
for 72 h. The cured blocks were trimmed with a razor
blade and 90-nm ultrathin sections were prepared with an
Ultracut E ultramicrotome (Reichert-Jung, Germany)
equipped with an Ultra 45 diamond knife (Diatome,
Switzerland). The sections were mounted on formvar-
coated copper slot-grids and additionally contrasted with
2% aqueous uranyl acetate for 40 min and with lead cit-
rate for 3 min. The samples were studied and pho-
tographed under a JEM-1400 electron microscope
(JEOL, Japan) operating at 100 kV and equipped with
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Fig. 1. TQ effect on the CGN viability. a) Cell cultures fixed with ethanol/formaldehyde/acetic acid (7 : 2 : 1) and stained with trypan blue.
Pyknotic nuclei are indicated by arrows. Scale bar, 15 um. b) Quantitative evaluation of neuronal survival by counting morphologically intact
nuclei of CGNs; *p < 0.01, statistically significant difference with the control (0 mM TQ). (Colored versions of Figs. 1 and 5 are available in
electronic version of the article on the site http://sciencejournals.ru/journal/biokhsm/)

a Quemesa CCD camera (Olympus Soft Imaging
Solutions, Japan).

Statistical analysis. All data were obtained from 9-12
individual cultures in 3-4 independent experiments.
Variation of the examined parameters had normal distri-
bution and was analyzed using the #-test or the one-way
ANOVA with Neuman—Keuls and Bonferroni post hoc
tests. The value p < 0.05 was considered as statistically
significant; the results are presented as mean £ SEM.

RESULTS

Thymoquinone toxicity was investigated in the 0.01-
0.05 mM concentration range. Incubation of cultured
CGNs with TQ (0.04-0.05 mM) for 24 h led to the
appearance of pyknotic nuclei, which reliably indicated
cell death. The loss of cell viability was evaluated by
counting morphologically intact CGNs (Fig. 1). The tox-
icity of TQ depends on its concentration in the culture
medium. For further experiments, we selected TQ con-
centrations that were toxic to cancer cells according to
the earlier published studies.

Evaluation of oxidative stress. Assessment of ROS
level using fluorescent probes showed that 5-h exposure to
0.05 mM TQ led to an increase in CellROX Green fluo-
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rescence in live CGNs to 334 + 50% and MitoSOX Red
fluorescence to 144 + 10% (Fig. 2). MitoSOX Red per-
meates live cells where it selectively targets mitochondria.
It is rapidly oxidized by superoxide, and the dye is highly
fluorescent upon binding to nucleic acids. CellROX
Green is a cell-permeant dye which exhibits bright green
photostable fluorescence upon oxidation with ROS.
Electron microscopy. Morphological changes in the
TQ-treated CGNs were studied by electron microscopy.
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Fig. 2. Increase in the CellROX Green (a) and MitoSOX Red (b)
fluorescence as indication of free radical generation in CGNs
after 5-h treatment with 0.05 mM TQ.
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The control cells cultured under normal conditions had
round body shape; most cell volume was occupied by a
nucleus with diffuse chromatin and small clumps of con-
densed chromatin. The ultrastructure of mitochondria
was typical for normal cells, with highly organized cyto-
plasm and mitochondria of regular size (not enlarged)
with slightly oval or elongated shape. The cristae were
clearly seen, and the mitochondrial matrix had a higher
electron density than the surrounding cytoplasm (Fig. 3).
Most mitochondria were located around the nucleus. In
neurons treated with TQ for 5 h, the mitochondria were
hypertrophied, but the electron density of their matrix
did not change significantly. The mitochondria them-
selves were gathered in a group in the cytoplasm. The
electron density of the cytoplasm and the nuclei of
the TQ-treated neurons was noticeably lower than in
the control, which was apparently due to cell swelling
(Fig. 3).
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NAC protects against TQ toxicity. Mitochondria
were stained with rhodamine 123 (dye that emits green
fluorescence when excited with blue light) and studied by
confocal microscopy. The mitochondria of control cells
actively accumulated rhodamine 123. They had a uniform
thickness and rod-like shape and were positioned around
the nucleus (Fig. 4). In neurons treated with 0.05 mM TQ
for 5 h, the mitochondria were concentrated in a group in
the cytoplasm; some of them were swollen. Treatment of
CGNs with the antioxidant NAC (2 mM) prevented
abnormal repositioning and swelling of the mitochondria
(Fig. 4).

Counting neurons with normal morphology in histo-
logical specimens is a very laborious method for assessing
neuronal viability, but it is much more accurate than the
MTT assay. For this reason, we used neuron counting to
assess with a high accuracy the combined effect of studied
substances.

Fig. 3. Transmission electron micrograph of cultured CGNss. a, b) Control culture. Mitochondria and other compartments appear undamaged;
¢, d) cells after exposure to 0.05 mM TQ for 5 h. Mitochondria are swollen and grouped at the cytoplasm periphery in the vicinity of outgo-
ing protrusion. There is a noticeable swelling of the cell body and the nucleus. Scale bar, 1.5 pm.

BIOCHEMISTRY (Moscow) Vol. 85 No. 2 2020
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Fig. 4. NAC prevents TQ-induced (0.05 mM, 5 h) alterations in the mitochondrial localization and swelling of these organelles. CGNs were
stained with rhodamine 123; arrows show mitochondria; triangle indicates swollen mitochondria. Scale bar, 15 pm.

Assessment of cell viability by counting neurons with
normal morphology in histological preparations demon-
strated that 24 &+ 5% of cells survived after exposure to TQ
(0.05 mM, 24 h). Simultaneous administration of 2 mM
NAC protected the neurons from the deleterious action of
TQ and increased neuronal survival to 82 + 2% (Fig. 5).

DISCUSSION

TQ possesses a wide spectrum of biological activities
and exhibits antioxidant, neuroprotective, antiprolifera-
tive, anti-metastatic, cytotoxic, pro-apoptotic, and natu-
ral killer-dependent cytotoxic effects [26-30]. The anti-
tumor effects of TQ are mainly associated with the induc-
tion of the G2/M cell cycle arrest and initiation of apop-
totic pathways. TQ inhibits autophagy, angiogenesis, cell
invasion and migration and enhances the efficacy of
chemotherapeutic drugs [31]. Several studies have
demonstrated that TQ shows therapeutic effects in
tumors of the central nervous system. TQ inhibited the
growth of human medulloblastoma cells by inducing
oxidative stress and caspase-dependent apoptosis while
suppressing NF-kB signaling and IL-8 expression [32]. It
also reduced migration and invasion of human glioblas-
toma cells [33]. Most research on the neurotoxic action of
TQ has been carried out in cancer cell lines; there are
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only a few studies performed in normal cultured neurons
of the central nervous system. In our study, we used disso-
ciated neuronal cultures isolated from the rat cerebellum.
A significant advantage of such neuronal culture is mor-
phological and neurochemical uniformity of neurons,
which makes it a good model for studying pathological
processes, including cytotoxicity [22, 25, 34, 35].
Administration of 0.03-0.05 mM TQ induced the con-
centration-dependent cell death in the neuronal cultures.
The cytotoxic action of TQ on neurons might be associ-
ated with the disruption of ionic balance in the cytoplasm
and cell swelling, since the study of the neuronal ultra-
structure revealed a decrease in the electron density of the
cytoplasm and the nuclei of the TQ-treated cells. The
range of the cytotoxic TQ concentration has been esti-
mated in earlier studies in human medulloblastoma,
mouse neuroblastoma (Neuro-2a), and human glioblas-
toma cells [18, 32, 33]. It was also observed that TQ at a
concentration of 0.05 mM demonstrated the cytotoxic
effect on glioblastoma cells without significantly affecting
the viability of astrocytes or fibroblasts [33]. The toxicity
of 0.05 mM TQ has been shown for medulloblastoma
cells as well: TQ increased the level of ROS responsible
for the apoptosis induction in these cells [32]. Using
CellROX Green and MitoSOX Red as probes for estimat-
ing the content of intracellular free radicals, we showed
that TQ caused an excessive formation of free radicals in
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Fig. 5. NAC attenuates the toxic effect of TQ in CGNs. The cells were fixed with ethanol/formaldehyde/acetic acid (7 : 2 : 1) and stained with
trypan blue. Normal CGN nuclei are indicated by arrows. a) Control; b) TQ; ¢) TQ + NAC. Scale bar, 15 um. d) Quantitative evaluation of

neuronal survival.

the CGNs. The fact that the antioxidant NAC protected
neurons from the TQ-induced death also confirms the
involvement of oxidative stress in the mechanism of neu-
ronal damage caused by TQ. MitoSOX Red is a fluores-
cent dye specifically targeted to mitochondria in live cells
that can be used for evaluation of superoxide production
by these organelles [36, 37]. Mitochondria not only are
important producers of ROS in the cell, but also one of
the main targets of these chemically active molecules.
TQ-induced production of free radicals in neuronal cul-
tures was accompanied by changes in the localization of
mitochondria. Typically, the mitochondria of CGNs are
positioned around the nucleus, whereas TQ caused an
unusual accumulation of these organelles in a limited
region of the cytoplasm. In addition, TQ treatment led to
the increase in the size and swelling of these organelles.
The presence of the antioxidant NAC in the culture
medium prevented all changes caused by the toxic action
of TQ, which indicates a direct role of free radicals in the
mitochondrial damage caused by TQ. It should be noted
that TQ in the concentrations toxic to neurons induces
cytotoxicity and trigger mitochondrial dysfunction in
bladder cancer cells [38]. Interestingly, one of the mech-
anisms of the protective effect of TQ is its antioxidant
action [39]. However, it is known that many antioxidants
in high concentrations exhibit the prooxidant properties
and can cause oxidative stress and cell death. The mani-
festation of the prooxidant properties depends on the

chemical nature of the antioxidant, presence of variable
valence metals, and concentrations used. By the way of
illustration, the strong antioxidant SkQ1 [10(6'-plasto-
quinonyl)decyltriphenylphosphonium] in high concen-
trations displays the properties of a prooxidant [40].

Taken together, these facts lead us to suggest that TQ
can be toxic for normal neurons, while TQ-induced
ROS-dependent processes of mitochondrial destruction
can be one of the major causes of neuronal damage and
TQ-induced death.
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