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ABSTRACT: The expansion of the industrial use of nickel oxide (NiO) nanoparticles (NPs) raises concerns about their
potential adverse effects. Our work aimed to investigate the mechanisms of toxicity induced by NiO NPs, using the yeast
Saccharomyces cerevisiae as a cell model. Yeast cells exposed to NiO NPs exhibited typical hallmarks of regulated cell death
(RCD) by apoptosis [loss of cell proliferation capacity (cell viability), exposure of phosphatidylserine at the outer cytoplasmic
membrane leaflet, nuclear chromatin condensation, and DNA damage] in a process that required de novo protein synthesis. The
execution of yeast cell death induced by NiO NPs is Yca1p metacaspase-dependent. NiO NPs also induced a decrease in the
mitochondrial membrane potential and an increase in the frequency of respiratory-deficient mutants, which supports the
involvement of mitochondria in the cell death process. Cells deficient in the apoptosis-inducing factor (aif1Δ) displayed higher
tolerance to NiO NPs, which reinforces the involvement of mitochondria in RCD by apoptosis. In summary, this study shows
that NiO NPs induce caspase- and mitochondria-dependent apoptosis in yeast. Our results warn about the possible harmful
effects associated with the use of NiO NPs.

■ INTRODUCTION

Because of their unique physiochemical properties and
reactivity, metal oxide nanoparticles (NPs) have been
manufactured in greater amounts in the past decade. Nickel
oxide (NiO) NPs are used for multiple applications, such as
catalysts, memory cells, electrode materials in multilayer
ceramic capacitors, diesel-fuel additives, and pigments for
ceramics and glasses.1 As the nanotechnology industry
expands, exposure to NiO NPs emerges as a significant
occupational hazard. In addition, a deeper understanding of
the potential impact of NiO NPs on the environment and
human health is required.
Adverse effects as a consequence of exposure to NiO NPs,

such as cytotoxicity, inflammation, and genotoxicity in human
pulmonary cells, have been reported.2−5 The International
Agency for Research on Cancer classified nickel compounds as
group 1 (carcinogenic to humans) and metallic nickel as group
2B (possibly carcinogenic to humans).6

Cell death can be classified into not programmed “accidental
cell death” (ACD) and “regulated cell death” (RCD). The first
subtype of cell death (ACD) occurs as a consequence of the
exposure of cells to severe physical, chemical, or mechanical
stimuli; cells die in an uncontrollable manner as a result of
their immediate loss of structural integrity. RCD involves a
genetically encoded machinery and can result from multiple
signaling pathways, including apoptosis. The designation
“programmed cell death” (PCD) is used to refer to RCD
that occurs in specific physiological scenarios.7,8 Many human
diseases, such as several neurological disorders (for example,
Huntington’s, Parkinson’s, and Alzheimer’s disease) and
cancer, are associated with the dysregulation of cell death
pathways.9 In this context, it has been shown that exposure to
NiO NPs induces apoptosis in different cell lines, such as in
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human bronchial epithelial (BEAS-2B),10 lung epithelial
(NCIH460),11 liver (HepG2),12,13 and neuronal (SH-SY5Y)
cells.14

The yeast Saccharomyces cerevisiae is a relevant eukaryotic
cell model in different fields, such as biochemistry and
molecular and cellular biology. In the past decade, this
unicellular microorganism has been used in the study of
RCD.15,16 This yeast displays some similarities (orthologues)
with mammalian (including human) cells, which makes it an
effective cell model for human diseases.17 In a previous work, it
was found that exposure of S. cerevisiae cells to NiO NPs
induced the loss of metabolic activity and cell viability in a
dose-dependent manner.18 In a subsequent work, it was
observed that the loss of cell viability induced by NiO could be
attributed to the intracellular generation of reactive oxygen
species (ROS) and glutathione depletion.19 It has been
described that oxidative stress is a common denominator of
RCD initiation.20 The work presented here aims to character-
ize the cell death observed in S. cerevisiae upon exposure to
NiO NPs. For this purpose, yeast cell death induced by NiO
NPs was assessed by monitoring the loss of plasma membrane
integrity and cell viability. Subsequently, the presence of typical
morphological and biochemical features of apoptotic cell death
was examined in yeast cells exposed to a cytotoxic
concentration of NiO NPs. In addition, the dependence of
known apoptotic regulators/executors (Yca1p and Aif1p) in
RCD induced by NiO NPs was evaluated.

■ EXPERIMENTAL PROCEDURES
Preparation of Nickel Oxide Nanoparticle Suspensions.

Commercial NiO NPs (catalog no. 637130, with a particle size of <50
nm and a purity of 99.8%, trace metal basis) were purchased from
Sigma-Aldrich (St. Louis, MO).
NiO NP stock suspensions (at 0.5 g/L) were prepared in deionized

water, sterilized under an ultraviolet lamp for 30 min, and stored at 4
°C (for up to one month). Before being tested, stock suspensions of
NiO NPs were vigorously vortexed and sonicated for 1 h in an
ultrasonic bath (80−160 W, Bandelin Sonorex RK 100).
Physicochemical characterizations of NiO NPs, namely, particle

size and morphology, agglomeration, surface charge, and dissolution
in 10 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer
(Sigma-Aldrich), were previously carried out.18

Strains, Media, Growth Conditions, and Treatments. Experi-
ments were carried out using S. cerevisiae BY4741 (MATα; his3Δ1;
leu2Δ0; met15Δ0; ura3Δ0) as a wild-type strain (WT); in addition,
the respective knockout mutants in the AIF1 or YCA1 genes were also
used. Strains were obtained from the European Saccharomyces
cerevisiae Archive for Functional Analysis (EUROSCARF).
S. cerevisiae BY4741 was maintained at 4 °C on YPD agar

containing 5 g/L yeast extract (Difco-BD), 5 g/L peptone (Difco-
BD), 10 g/L glucose (Merck), and 15 g/L agar (VWR Chemicals).
The knockout strains were maintained on YPD agar with 0.2 g/L
Geneticin (G418 disulfate salt, Sigma-Aldrich). The assessment of
respiratory-deficient (RD) mutants (see below) was carried out using
YPGly agar medium. YPGly agar is similar to YPD agar, with glucose
being replaced with 2% (v/v) glycerol (Merck). In the canavanine
assay (see below), the synthetic dextrose (SD) minimal agar
medium,21 containing 6.7 g/L yeast nitrogen base without amino
acids (Difco-BD), 20 g/L glucose, 15 g/L agar, 0.02 g/L uracil
(Sigma-Aldrich), 0.02 g/L L-methionine (Sigma-Aldrich), 0.1 g/L L-
leucine (Sigma-Aldrich), and 0.02 g/L L-histidine HCl (Sigma-
Aldrich) without or with 60 mg/L canavanine (Sigma-Aldrich)
(SD+can), was used.
All strains were grown in YPD broth to exponential phase by

incubating the cells overnight, to an OD600 of ∼1.0, with continuous
shaking (150 rpm) at 30 °C.

After growth, cells were harvested by centrifugation (2500g, 5 min),
washed twice with water, resuspended at a density of 1 × 107 cells/mL
in 10 mM MES buffer (pH 6.0) with 20 g/L glucose, and incubated
without (control) or with 100 mg/L NiO NPs at 30 °C and 150 rpm
for ≤48 h.

The effect of 25 mg/L cycloheximide (cyh, Sigma-Aldrich) on the
toxicity induced by NiO NPs was assessed by preincubation with this
compound for 30 min before exposure to NiO NPs. Control
experiments have shown that, at the concentration used, cyclo-
heximide was not toxic to yeast cells.

Survival Assay. The effect of NiO NPs on yeast cells was assessed
by a cell viability assay (clonogenic test), as previously described.18

Briefly, after exposure to NiO NPs, yeast cells were serially diluted in
deionized water, plated on YPD agar, and incubated for 72−96 h at 30
°C. Cell viability was calculated considering the number of colony-
forming units (CFUs) per milliliter at time zero as a reference
(100%).

Evaluation of Plasma Membrane Integrity. Plasma membrane
permeability was assessed using the nonpermeant propidium iodide
(PI) probe. Yeast cells (1 × 107 cells/mL) were incubated with 4.5
μM PI (Sigma) for 10 min at room temperature in the dark.

The plasma membrane potential was monitored by staining the
cells with bis-1,3-dibutylbarbituric acid trimethine oxonol
[DiBAC4(3)], known as Oxonol (Oxo) (Molecular Probes,
Invitrogen).22 Yeast cells (1 × 107 cells/mL) were incubated with
1.94 μM Oxo (final concentration) for 10 min at 30 °C in the dark. In
the double-staining protocol (Oxo/PI), cells were first stained with
Oxo and, subsequently, with PI, as described above.

As a positive control (cells with a depolarized and permeabilized
membrane), yeast cells were heated at 65 °C for 1 h.

The percentage of PI or Oxo negative cells was determined with a
fluorescence microscope (Leica DLMB), equipped with an HBO-100
mercury lamp and filter set I3 [excitation filter (band-pass filter, BP)
BP 450−490, dichromatic mirror 510, and suppression filter (long
pass filter, LP) LP 515] from Leica. Doubly stained (Oxo/PI) yeast
cells were observed using filter set I3, GFP (excitation filter BP 450−
490, dichromatic mirror 500, and suppression filter BP 500−550), or
N2.1 (excitation filter BP 515−560, dichromatic mirror 580, and
suppression filter LP 590) from Leica. In each experiment, two
samples of at least 200 cells (total of ≥400 cells) were counted in
randomly selected microscope fields.

Images were acquired with a Leica DC 300 F camera and processed
using Leica IM 50-Image Manager software.

Annexin V Staining. Annexin V [fluorescein isothiocyanate
(FITC), FITC-conjugated], a protein that specifically binds to
phosphatidylserine (PS) residues, was used to detect the external-
ization of PS.23 After treatment, yeast cells were collected, washed
twice with 40 mM phosphate-buffered saline (PBS) (pH 6.8), and
resuspended at a density of 1 × 107 cells/mL in sorbitol buffer [1.2 M
sorbitol, 0.5 mM MgCl2, and 35 mM K2HPO4 (pH 6.8)]. Cell walls
were digested by incubation with 90 units/mL lyticase (Sigma-
Aldrich) in sorbitol buffer for 45 min at 28 °C. Then, cell suspensions
(1 mL) were centrifuged (250g, 5 min), resuspended in 60 μL of
incubation buffer (containing the Annexin-V-FLUOS labeling
solution and PI) (Roche), and incubated for 10 min at 25 °C.
Cells were observed in a fluorescence microscope using filter set I3. In
each experiment, two samples containing at least 100 cells (total of
≥200 cells) were counted in randomly selected microscope fields.
Images were acquired and processed as described above.

Assessment of the Mitochondrial Membrane Potential. The
evaluation of the mitochondrial membrane potential (ΔΨm) was
carried out using the probe 3,3′-dihexyloxacarbocyanine iodide
[DiOC6(3)] (Sigma-Aldrich).24,25 Yeast cells (1 × 107 cells/mL)
were collected and incubated with 30 nM DiOC6(3) for 20 min at 30
°C in the dark. Then, the cells were dispensed (200 μL per well), in
quintuplicate in a 96-well flat microplate (Orange Scientific). The
fluorescence intensity [in relative fluorescence units (RFUs)] was
measured in a PerkinElmer (Victor3) microplate reader at a
fluorescence excitation wavelength of 485/14 nm and an emission
wavelength of 535/25 nm. ΔΨm was expressed as the ratio between
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the fluorescence in the assay and the fluorescence in the control
(nontreated cells).
Cells were also doubly stained with DiOC6(3) and PI. After

DiOC6(3) staining, cells were incubated with PI, as described above.
Stained cells were observed in an epifluorescence microscope
equipped with filter set GFP [DiOC6(3)] or N2.1 (PI). Images
were acquired and processed as described above.
Evaluation of Nuclear Alterations. After treatment with NiO

NPs, cells were fixed with 3.5% (w/v) formaldehyde, stained with 3
μM diaminophenylindole (DAPI) (Sigma-Aldrich) for 15 min at
room temperature in the dark, and mounted with ProLong Gold
antifade reagent (Molecular Probes, Invitrogen), as previously
described.26 Cells were observed in an epifluorescence microscope
equipped with filter set A (excitation filter BP 340−380, dichromatic
mirror 400, and suppression filter LP 425) from Leica. In each
experiment, two samples containing at least 200 cells (total of ≥400
cells) were evaluated in randomly selected microscope fields. Images
were acquired and processed as described above.
Mitochondrial Mutation Assay. The quantification of RD

mutants induced by NiO NPs was assessed by the complete lack of
growth of these mutants on nonfermentable medium (YPGly).27,28

Appropriate dilutions of cell suspensions were plated on YPD and
YPGly. The percentage of RD cells was calculated as previously
described.29

Nuclear DNA Mutation Rate Detection (canavanine assay).
The rate of mutation induced by NiO NPs was determined by the
selection of inactivation of the permease CAN1 gene (canavanine
assay).30 Cell suspensions (1 × 107 cells/mL) were appropriately
diluted and plated on a medium without arginine but with 60 mg/L L-
canavanine (SD+can). In parallel, convenient dilutions of the cell
suspensions were plated on the same medium (SD) without
canavanine. The plates were incubated for 5−7 days at 30 °C. The
frequency of mutation was calculated considering the number of CFU

per milliliter on SD+can plates (Can
R cells) and the number of CFU

per milliliter on SD plates (total viable cells).
Reproducibility of the Results and Statistical Analysis. All

experiments were performed at least three times in duplicate. The
data are presented as mean values ± standard deviations (SD); where
no error bars are shown, SDs are within the points. In the experiment
in which fluorescence was quantified, a typical example of an
experiment repeated at least three times is presented; each datum
represents the mean (±SD) of five fluorescent readings.

Statistical differences between control and treated cells were tested
using an unpaired t test. P values of <0.05 were considered statistically
significant.

■ RESULTS

Impact of NiO NPs on Cell Viability and Plasma
Membrane Integrity. Cell viability was evaluated by
quantification of the reduction of the number of CFUs after
different periods of contact time of yeast with NiO NPs.
Exposure to NiO NPs induced an abrupt loss of cell
cultivability. Cell viability dropped to ∼60% in the first 8 h
(Figure 1A); later exposure to NiO NPs induced a slower
reduction in cell viability, ∼33% of the cells being viable at 48
h (Figure 1A).
To define a lethal scenario in yeast cells exposed to NiO

NPs, a kinetic assessment of cell membrane integrity was
carried out through the monitoring of PI uptake. It is assumed
that viable cells exclude PI (PI negative cells) (Figure 1D,
control). As one can see in Figure 1B, a small proportion of the
cell population (2%) remained permeable to PI after contact
with NiO NPs for 8 h.

Figure 1. Cell viability and plasma membrane integrity in yeast cells of S. cerevisiae BY4741 exposed to NiO NPs. Cells were suspended in MES
buffer in the absence (control) or presence of 100 mg/L NiO NPs. (A) Cell viability evaluated by colony-forming unit (CFU) counting. (B)
Membrane permeability assessed by propidium iodide (PI) exclusion. (C) Membrane polarization monitored by Oxonol (Oxo) exclusion. (D)
Photomicrographs of cells not exposed (control) or exposed to 100 mg/L NiO for 24 h and then doubly stained with PI and Oxo. Cells were
visualized by fluorescence, using filter set I3 (green and orange-red fluorescence), GFP (green fluorescence), or N2.1 (orange-red fluorescence), or
by phase contrast microscopy. The data represent the means (±SD) of at least three independent experiments.
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The uptake of PI requires significant damage to the cell
membrane. This means that the permeability to PI represents
irreparable damage of the plasma membrane (permanent loss
of barrier function)31 and cell death.7,32 On the other hand, it
has also been reported that the uptake of the lipophilic anionic
probe DiBAC4(3), known as Oxonol (Oxo), occurs in less
damaged cells33 with a reduced membrane potential
(depolarized cell membrane).22,34 Nonstressed cells displayed
a polarized membrane that remained unstained (Oxo negative
cells) (Figure 1D, control). To obtain further information
about the impact of NiO on the yeast plasma membrane, after
exposure to NPs, cells were stained with Oxo. The exposure of
yeast cells to NiO NPs for ≤8 h did not have any impact on
the plasma membrane potential, as cells remained Oxo
negative (Figure 1C). After this time, the cells became
permeable to Oxo. Thus, after exposure to NPs for 24 and 48
h, ∼20 and ∼50% of the cell population were Oxo positive,
respectively (Figure 1C). After the same period of exposure to
NPs, ∼8 and 15% of the yeast cells were PI positive,
respectively (Figure 1B). Comparative analysis of the cells
stained with Oxo and PI revealed that there was a fraction of
cells which membrane presented a reduced potential,
becoming Oxo positive, although they maintained their
impermeability to PI (Figure 1B,C). These results indicate
that under NiO stress, de-energization precedes permeabiliza-
tion of the cell membrane. This possibility was confirmed by
fluorescence microscopic observation of the yeast cells exposed
to NPs and doubly stained with Oxo and PI, where it was
possible to detect PI negative/Oxo positive cells (Figure 1D).
However, all cells that were PI positive presented a depolarized
membrane (Oxo positive) (Figure 1D). Altogether, the results
show that the loss of cultivability preceded the loss of
membrane potential and plasma membrane integrity (Figure
S1).
After the exposure of yeast cells to NiO NPs for 24 h, ∼8%

of yeast cells have passed the “point of no return”,35 as they
exhibited irreversible plasma membrane permeabilization (PI
positive cells) and thus can be classified as dead.7 At this time
(24 h), although only ∼55% of the cell population displayed
the ability to undergo proliferation (Figure 1A and Figure S1),
∼80% of the cell population had intact membranes (PI
negative/Oxo negative) and, thus, can be classified as viable,
which suggests RCD in yeast cells exposed to NiO NPs. These
results prompted us to further characterize the cell death
phenotype NiO NPs induced through the assessment of
different morphological and biochemical features.
NiO NPs Induce Cell Death with Typical Apoptotic

Hallmarks. In a previous work, yeast cells exposed to NiO
NPs presented an intracellular overload of reactive oxygen
species (ROS),19 which can mediate yeast cell death by
apoptosis. To confirm this possibility, yeast cells exposed to
NiO NPs were doubly stained with Annexin V-FITC and PI to
detect the externalization of phosphatidylserine (PS). The
exposure of PS at the outer leaflet of the plasma membrane
(loss of membrane asymmetry) is considered an early sign of
apoptosis and one of the most reliable apoptosis markers.36

Cells that were Annexin V positive and PI negative (Figure
2A) are considered apoptotic.15 As one can see in Figure 2B,
after exposure to NiO NPs for 6 h, the percentage of yeast cells
that were Annexin V positive and PI negative was significantly
different from the control; after this time, an increase in the
number of apoptotic cells was observed.

Another feature of apoptosis is the requirement of de novo
protein synthesis.37−41 To test this possibility, the effect of cyh,
a protein synthesis inhibitor in eukaryotes,42 on RCD induced
by NPs was investigated. Yeast cells were incubated for 6 or 24
h with NiO in the presence or absence of 25 mg/L cyh, and
CFUs were counted. NiO- and cyh-treated cells displayed a
higher percentage of CFUs compared to the NiO-treated cells
in the absence of cyh (Figure 2C). This result suggests that the
loss of cell viability in response to NPs stress requires the
participation of cellular machinery, namely de novo protein
synthesis, which is consistent with an apoptotic program.

Figure 2. S. cerevisiae BY4741 cells exposed to NiO NPs exhibited
typical apoptotic hallmarks. Cells were suspended in MES buffer in
the absence (control) or presence of 100 mg/L NiO NPs. (A)
Visualization of cells doubly stained with Annexin V-FITC and PI.
Fluorescence microscopy and respective phase contrast images
(right). (B) Evolution of the percentage of apoptotic cells (Annexin
positive and PI negative). (C) Cell viability, in the absence (NiO
without cyh) or presence (NiO with cyh) of the protein synthesis
inhibitor cycloheximide (cyh), evaluated by CFU counting. (D)
Photomicrographs of cells stained with DAPI. Fluorescence
microscopy and respective phase contrast images (right). Control
cells presented homogeneous round nucleui and mitochondria
(arrows). Mitochondria appeared as small dots predominantly located
at the periphery of the cells. Cells treated with NiO NPs for 24 h
displayed kidney-shaped (middle) or ring-shaped (bottom) nuclei,
characteristic of apoptotic cells; in these cells, it was not possible to
visualize mtDNA. (E) Determination of cells exhibiting chromatin
condensation (apoptotic nuclei) monitored by fluorescence micros-
copy after DAPI staining. The data represent the means (±SD) of at
least three independent experiments. Mean values are significantly
different: *P < 0.05 in comparison with untreated cells (control);
unpaired t test.

Chemical Research in Toxicology Article

DOI: 10.1021/acs.chemrestox.8b00265
Chem. Res. Toxicol. 2019, 32, 245−254

248

http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.8b00265/suppl_file/tx8b00265_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.8b00265/suppl_file/tx8b00265_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.8b00265/suppl_file/tx8b00265_si_001.pdf
http://dx.doi.org/10.1021/acs.chemrestox.8b00265


Apoptotic cells present condensed chromatin and mod-
ification of the shape of the nucleus as a consequence of the
proteolysis of key nuclear proteins.43 To evaluate if NiO NPs
induce chromatin condensation and modification of the
morphology of the nucleus, nontreated (control) and NiO-
treated yeast cells were stained with the DNA-binding dye
DAPI. Fluorescence microscopy observations revealed that
NiO-treated yeast cells displayed ring- and kidney-shaped
condensed chromatin, characteristic of apoptotic cells (Figure
2D). Control cells displayed homogeneous round nuclei
(Figure 2D). A yeast population exposed for 8 h to NiO
NPs presented a percentage of cells with apoptotic nuclei
significantly different from those of the control (cells not
exposed to NiO); the percentage of cells with apoptotic nuclei
increased with NP exposure duration (Figure 2E).
Altogether, the results presented above indicate that NiO

NPs induced an apoptotic phenotype in yeast cells.
NiO NPs Induce Mitochondrial Membrane Depolari-

zation. It has been shown that mitochondria play a central
role in the execution of RCD by apoptosis in yeast cells.40,44−47

Modification of ΔΨm led to the disruption of mitochondrial
function. In the work presented here, ΔΨm was assessed by
quantification of the fluorescence of cells stained with the
membrane potential-sensitive probe DiOC6(3). This probe
accumulates in the negatively charged mitochondrial matrix,
and the extent of its uptake, as measured by the intensity of
cellular fluorescence, reflects the ΔΨm.

25,48 The observation of
the control cells by fluorescence microscopy allowed the
visualization of the typical mitochondrial networks as a result
of the polarization of the inner mitochondrial membrane
(Figure 3A). Fluorescence quantification revealed that after
exposure to NiO NPs for 1 h, yeast cells presented a
progressive reduction in fluorescence (≤6−8 h), compared to
that of control cells (Figure 3B). These results indicate that
NiO NPs induce the depolarization of the mitochondrial
membrane. Microscopic observation of cells exposed to NPs
for 8 h confirmed the presence of yeast cells with decreased
green fluorescence and even the presence of yeast cells in
which DiOC6(3) failed to accumulate (Figure 3A) probably as
a consequence of the dissipation of the mitochondrial
membrane potential. Yeast cells exposed to NiO NPs for 24
h presented a fluorescence higher than that of cells exposed for

6−8 h (Figure 3B). However, this increase in fluorescence can
be explained by the presence of some cells exhibiting a strong
green fluorescence, all over the cells, as a result of the
accumulation of DiOC6(3) in the cytosol and not due to the
repolarization of the mitochondrial membrane. Double
staining of these cells with DiOC6(3) and PI confirmed that
the strongly fluorescent cells presented a permeabilized plasma
membrane (PI positive cells) (Figure S2).

NiO NPs Induce Yca1p- and Aif1p-Dependent
Apoptosis. To better characterize RCD, the effect of NiO
NPs on the cell viability of knockout mutant strains yca1Δ and
aif1Δ, devoid of protein known to be involved in apoptotic cell
death, was evaluated.
The proteases known as caspases are usually activated in the

early stages of apoptosis and play a pivotal role in yeast cell
death execution.49,50 Yeast cells bear the metacaspase Yca1p,
which is an ortholog of mammalian caspases.51 The disruption
of the YCA1 gene (yca1Δ strain) renders cells significantly
more resistant to the toxic effect of the NPs (Figure 4), which
suggests that NiO-induced cell death is caspase-dependent.
The apoptosis-inducing factor (Aif1p) is a flavoprotein with

NADH oxidase activity localized in the mitochondrial

Figure 3. NiO NPs induce depolarization of the mitochondrial membrane in S. cerevisiae BY4741. Cells were exposed for 24 h in the absence
(control) or presence of 100 mg/L NiO NPs and, subsequently, stained with DiOC6(3). (A) Visualization of yeast cells. Arrow 1 denotes cells with
decreased green fluorescence; arrow 2 denotes a cell in which DiOC6(3) failed to accumulate. Fluorescence microscopy (left) and respective phase
contrast images (right). (B) Mitochondrial membrane potential (ΔΨm) monitored with the probe DiOC6(3). This is a typical example of an
experiment performed at least three times. The data represent the means (±SD) of five fluorescent readings. Mean values marked with asterisks are
significantly different (P < 0.05).

Figure 4. NiO NPs induce Yca1p- and Aif1p-dependent cell death in
S. cerevisiae BY4741. Viability evaluated by CFU counting of wild-type
(WT), yca1Δ, and aif1Δ exposed to 100 mg/L NiO NPs. The data
represent the means (±SD) of at least three independent experiments.
Mean values are significantly different: *P < 0.05 in comparison with
untreated cells (control); unpaired t test.
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intermembrane space of healthy cells; yeast Aif1p undergoes a
translocation to the nucleus upon induction of apoptosis.52 As
one can see in Figure 4, the aif1Δ strain exhibited enhanced
survival in response to NiO NPs compared to that of the WT
strain; this fact suggests the involvement of this mitochondrial
apoptotic regulator in RCD induced by NiO NPs.
Altogether, the results presented above argue in favor of the

involvement of the metacaspase Yca1p and the mitochondrial
apoptotic factor Aif1p in the execution of apoptosis induced by
NiO NPs.
NiO NPs Induce Mitochondrial and Nuclear DNA

Damage. Mitochondrial DNA (mtDNA) encodes several
subunits of the electron respiratory chain.53,54 The damage of
mtDNA leads to the abolishment of respiration (formation of
RD cells, also known as petite mutants). RD cells are unable to
grow on nonfermentable carbon sources, such as glycerol.55 In
a previous work, it was found that the mitochondrion is the
main source of intracellular ROS induced by NiO NPs.19

Because mtDNA is very susceptible to oxidative injury,56 the
possibility of the mitochondrial genome being damaged upon
exposure to NiO was evaluated by determining the percentage
of RD cells. As one can see in Figure 5A, the percentage of RD

cells increased with NiO NP exposure duration. Consistent
with this result, the presence of cells lacking mtDNA (as
revealed by DAPI staining) in the population exposed to NPs
for 24 h (Figure 2D, NiO-treated cells) was observed. In
control cells, the percentage of RD cells remained approx-
imately constant (2%), which corresponded to the values
usually described for the spontaneous formation of these
mutants.57 The results obtained indicate the damage of
mtDNA, which means that the mitochondrial genome is one
of the targets of the ROS generated in the mitochondria.
The canavanine assay was used to evaluate the possible

damage of nuclear DNA due to intracellular ROS accumu-
lation in yeast cells exposed to NiO. This assay is based on the
mutation in the plasma membrane arginine permease
(encoded by CAN1), which originates in cells (canR mutants)

resistant to L-canavanine (an analogue of L-arginine).58 It was
possible to observe an increase of the number of CanR colonies
(among the population of viable cells) in cells exposed to NiO
NPs compared to the control. The mutation frequency
induced by NiO NPs increased with exposure duration: after
exposure to NiO NPs for 6 and 24 h, the frequency of CanR

mutations was approximately 7- and 12-fold higher,
respectively, compared with that of cells not exposed to NiO
NPs (Figure 5B). These results demonstrate the damage of
nuclear DNA by NiO NPs. In the control, the frequency of
CanR mutations was similar after 6 and 24 h (7 per 107 viable
cells), which is similar to the rate described in the literature
(10−20 per 107 viable cells).59

■ DISCUSSION

The level of manufacturing and use of metal oxide NPs, such as
NiO NPs, has increased greatly in the past decade and,
inevitably, raised concerns and uncertainties about the possible
adverse effects of NPs on the environment and human health.
In a previous work, it was proposed that NiO NPs exert their
toxic effect on yeast cells by an indirect mechanism: NiO NPs
adsorb to the cell wall and release nickel at the NP−cell wall
interface, producing a toxic response.18 To date, little has been
known about the mechanisms underlying the loss of yeast cell
viability induced by NiO NPs. To understand deeply the
mechanism of the toxicity induced by NiO NPs, the well-
known apoptotic model S. cerevisiae was used.
It was shown that the exposure of yeast cells to NiO NPs for

≤24 h induced a loss of cell proliferation (cell viability)
without disrupting cell membrane integrity (Figure 1).
However, extending the exposure of yeast cells to NiO yielded
cell death (plasma membrane breakdown, assessed through PI
staining) (Figure 1). It was also found that yeast cells exposed
to NPs lost their plasma membrane asymmetry (PS exposure
to the outer membrane leaflet) (Figure 2). The loss of cell
viability induced by NiO required the involvement of the
metacaspase Yca1p (Figure 4) and was attenuated by the
presence of a protein synthesis inhibitor (cyh) (Figure 2C). All
of these features are typical hallmarks of RCD by apoptosis in
yeast cells.32,39,49 Our results are in agreement with those that
described the PS externalization10,14 and the involvement of
caspase-3 in apoptosis induced by NiO NPs in mammalian cell
lines.10−12,60 These results also suggest that S. cerevisiae and
mammalian cell lines, exposed to NiO NPs, share some
common apoptotic features.
In a previous work, it was observed that antioxidants [L-

ascorbic acid (an efficient scavenger of free radicals)61,62 and
N-tert-butyl-α-phenylnitrone, known as PBN (a free radical
spin trapping agent)]63 prevented ROS overload and almost
fully abolished the loss of cell viability induced by NiO NPs;19

these results strongly suggest that oxidative damage plays a
central role in yeast cell death. The increased level of ROS,
previously observed, was most likely the origin of the damage
of the nuclear DNA (observed through the increase in the
number of can1R mutants) (Figure 5B). Our results are in
agreement with those describing DNA damage in human cell
lines exposed to NiO NPs.2,12,14,60 In addition, in the work
presented here, the induction of RD mutants in yeast cells
exposed to NPs was shown (Figure 5A), which can also be
attributed to the increased ROS levels in these cells. The loss
of part or all of the mtDNA was further confirmed through the
observation by fluorescence microscopy of yeast cells stained

Figure 5. NiO NPs induce mitochondrial and nuclear DNA damage
in S. cerevisiae BY4741. Cells were suspended in MES buffer in the
absence (control) or presence of 100 mg/L NiO NPs. (A)
Mitochondrial DNA damage assessed through the formation of
respiratory-deficient cell mutants (cells without the capacity to grow
on a nonfermentable carbon source, YPGly). (B) Nuclear DNA
damage evaluated through the formation of canavanine resistant
(CanR) mutants. The data represent the means (±SD) of at least
three independent experiments. Mean values are significantly
different: *P < 0.05 in comparison with untreated cells (control);
unpaired t test.
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with DAPI; in the cells exposed to NiO for 24 h, it was not
possible to visualize mtDNA (Figure 2D, NiO-treated cells).
The involvement of mitochondria in yeast apoptosis upon

exposure to different stimuli has been described.38,44,45

Consistent with the possibility of NiO NPs inducing
mitochondria-dependent apoptosis, in a previous work, it was
shown that the mitochondria is the main contributor for ROS
production.19 Here, it is described mitochondrial membrane
depolarization (Figure 3), most likely, as a consequence of the
permeabilization of the membrane. The dissipation of ΔΨm
and the preservation of cell membrane integrity (Figure 1A,B)
are usually characteristic of early apoptotic cells.64 The
induction of formation of mutants with a petite phenotype,
as described above (Figure 5A), together with our previous
results, which have shown that cells from a derivative ρ0

mutant (without mitochondrial DNA) presented reduced
levels of ROS and increased resistance to NiO NPs,19

reinforces the possibility of an active role of mitochondria in
the execution of an apoptotic program in response to exposure
to NiO NPs.
Previous studies have described the requirement of the

apoptosis inducing factor (Aif1p) in RCD induced by several
stimuli.20,45 Yeast cells without the mitochondrial pro-
apoptotic factor Aif1p (aif1Δ strain) presented higher
resistance to NiO NPs (Figure 4), which suggests the
participation of the Aif1p in the execution of RCD by
apoptosis. This result also supports the role of mitochondria in
apoptosis induced by NiO NPs. It is also described that in
response to apoptotic stimuli, Aif1p is released from
mitochondria and translocated into the nucleus, where
chromatin condensation and DNA fragmentation are carried
out and, thus, cellular demise is provoked.52 Modifications of
the nucleus morphology (including the increase in the number
of cells with ring- and kidney-shaped condensed chromatin)
were observed in yeast cells treated with NPs (Figure 2D);
these facts are compatible with the possibility of the
participation of Aif1 as the executioner of NiO-induced RCD.
In summary, it was shown that exposure of yeast cells to

NiO NPs induces cell death, which exhibits several typical
features of RCD by apoptosis: (i) loss of proliferation capacity
dependent on the participation of cellular machinery, namely,
de novo protein synthesis and the activation of the metacaspase
Yca1p; (ii) externalization of PS at the surface of the
cytoplasmic membrane in cells retaining membrane integrity;
and (iii) modification of nucleus morphology. Other further
insights were also obtained, namely, mitochondrial membrane
potential dissipation, induction of petite mutants, and the

participation of the Aif1p; these facts support the involvement
of mitochondria in the RCD induced by NiO NPs. An
overview of the sequence of detrimental effects associated with
NiO NPs induced in S. cerevisiae is presented in Figure 6.
In conclusion, the results presented here strongly suggest

that NiO NPs induce caspase- and mitochondrial dependent
RCD by apoptosis in S. cerevisiae. Using this yeast, as a model
organism, new information’s about the events underlying
cellular death, more specifically, about the role of mitochondria
in the apoptosis induced by NiO NPs, are given. The data
presented might contribute to the understanding and
prevention of the possible detrimental effects associated with
the use of NiO NPs.
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