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Oxidative stress and mitochondrial impairment
mediated apoptotic cell death induced by
terpinolene in Schizosaccharomyces pombe†

Hizlan H. Agus, * Cemaynur Sarp and Meryem Cemiloglu

Terpinolene is one of the most abundant monoterpenes used as a food supplement or odorant in cos-

metics and the pharmaceutical industry. In this study, we aimed to assess apoptotic, oxidative and cyto-

toxic effects of terpinolene. We used the fission yeast (Schizosaccharomyces pombe) as a promising uni-

cellular model organism in molecular toxicology and cell death research, due to its resemblance to mam-

malian cells at the molecular level. After terpinolene exposure (200–800 mg L−1), the IC50 and LC50 were

calculated as 349.17 mg L−1 and 593.87 mg L−1. Cells, stained with acridine orange/ethidium bromide and

DAPI, showed apoptotic nuclear morphology, chromatin condensation and fragmentation. 2,7-

Dichlorodihydrofluorescein diacetate (DCFDA) fluorescence gradually increased (1.5–2-fold increase) in

correlation with increasing concentrations of terpinolene (200–800 mg L−1). Mitochondrial impairment at

higher concentrations of terpinolene (400–800 mg L−1) was shown by Rhodamine 123 staining. Real-

time PCR experiments showed significant increases (1.5–3-fold) in SOD1 and GPx1 levels (p < 0.05) as

well as 2–2.5-fold increases (p < 0.05) in pro-apoptotic factors, Pca1 and Sprad9. The potential effects of

terpinolene on programmed cell death and the underlying mechanisms were clarified in unicellular

model fungi, Schizosaccharomyces pombe.

1. Introduction

Monoterpenic essential oils (also known as monoterpene
hydrocarbons) extracted from glandular trichomes and resin
ducts of aromatic and medicinal plants, such as the Pinaceae
family, are secondary metabolites that play a defensive role
against herbivores and some pathogens.1 Hamamelis water
and sage leaf extracts, containing monoterpenes, sesquiter-
penes and phenolic acids, are known to display anti-inflamma-
tory and antibacterial activity in vitro and in vivo.2–4

Terpinolene, one of monoterpenes used widely as a flavoring
additive and odorant, is extracted by fractional distillation
from turpentine, which is collected from pine balsam5 as well
as Citrus, Juniperus and Myristica species, or produced by the
alcoholic sulfuric acid treatment of pinene.6

The potential toxicity of terpinolene has been evaluated
in vivo7 and in vitro.8 0.025% and higher terpinolene concen-
trations were reported to have a protective role against the oxi-
dation of lipophilic and proteinaceous parts of LDL molecules
when terpinolene was incubated with human blood plasma.9

On the other hand, terpinolene increased total antioxidant
capacity and total oxidative stress without a genotoxic effect in
both primary rat neurons and N2a neuroblastoma cell lines in
a dose dependent manner.10 Besides, inhibition of cell pro-
liferation via down-regulating Akt1 expression in K562 cells
even in 50 µg ml−1 terpinolene concentration was reported.11

Given the significance of terpinolene in the future of medi-
cine, cytotoxic, inhibitory and cancer fighting potentials
together with the underlying mechanisms should be unra-
veled. Research for terpinolene toxicity mainly focused on lab-
oratory experiments with rats,7 some plants,12 plant pests13

and plant pathogenic fungus.1 However, the undefined mecha-
nisms of terpinolene toxicity in model fungi are currently
limited.

The fission yeast Schizosaccharomyces pombe is one of the
most studied unicellular model organisms in molecular toxi-
cology, biochemistry and cell biology.14–16 In laboratory experi-
ments, the fission yeast constitutes a valuable model organism
with its characteristics including short generation time,17 rela-
tively and easily manipulated small genome (approx.
5000 genes),18 cell-cycle control16,19 and mitochondrial biogen-
esis analogous to mammals,20,21 and also conserved different
programmed cell death (PCD) subroutines.22 Furthermore, the
rapid proliferation of yeast cells with metabolic treatments,
resembling the Warburg effect in cancer cells, provides oppor-
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tunities in cancer research.23,24 Therefore, drug candidates for
cancer and other human diseases can be evaluated using yeast
cells to understand cytotoxic, apoptotic and genotoxic effects
not only for risk assessment, but also for underlying mecha-
nisms that are expected to be deciphered.25–27

In this study, the potential cytotoxic effects of terpinolene
and underlying mechanisms were investigated in experimental
unicellular eukaryotic model S. pombe. We aimed to assess the
effects of terpinolene on the proliferation index, cell viability
and programmed cell death; i.e. apoptosis. Besides, oxidative
stress, mitochondrial impairment or DNA damage induced by
terpinolene were evaluated in molecular levels as accounting
mechanisms. The study contributes to both understanding ter-
pinolene cytotoxicity and managing risk assessment for future
studies.

2. Materials and methods
2.1 Reagents

Methylene blue was obtained from Merck (Istanbul, Turkey).
Components of culture media were from BD Difco (Fisher
Scientific, Turkey). Glucose was from Emboy (Istanbul,
Turkey). Taq polymerase, SYBR Green I Master Mix and cDNA
synthesis kit were from Roche (Elips, Turkey). All other chemi-
cals, terpinolene, arsenic(III) oxide, acridine orange, ethidium
bromide, DCFDA (2,7-dichlorodihydrofluorescein diacetate)
and Rhodamine 123 were purchased from Sigma (Istanbul,
Turkey). NBT (p-nitro-blue tetrazolium chloride) and
DAPI (4′,6-diamidino-2-phenylindole) were kind gifts from
S. Tuncer-Gurbanov (Bilecik SEU) and E. Yoruk (Istanbul YYU).

2.2 Yeast strain, media and growth conditions

S. pombe wild type strain (Sp972h−) was a kind gift from
A. T. Sarikaya (Istanbul YYU). Yeast was grown in a standard
YEL medium (1% yeast extract, 2% glucose) on a rotary shaker
at 150 rpm at 30 °C in all of the experiments. 1 × 106 cells per
ml cultures from overnight incubation (14 h) were used for
experiments.

2.3 Terpinolene exposure and toxicity testing

Yeast cells from overnight culture (OD600 ≈ 1) in YEL media
were washed with 100 mM phosphate buffer (PBS) with pH
7.4, counted under an optical microscope (Karl-Zeiss) and dis-
pensed to conical flasks at a final concentration of 1 × 106 cells
per ml. Cells were exposed to a graded concentration of terpi-
nolene (200–3000 mg L−1 in Tween-20) for 3 h. All concen-
trations were lethal for cells except 200 mg L−1 exposure.
Therefore, the concentration grade was changed to a range of
0–800 mg L−1 (solvent control, 200, 400, 600 and 800 mg L−1 of
terpinolene). Arsenic(III) oxide was used as a positive control
for testing apoptosis.28 Inhibition of proliferation was assessed
using a hemocytometer. Cells were suspended in PBS and a
sample (100 µl) of the cell suspension was stained with 100 µl
methylene blue (0.1 mg ml−1 in 2% sodium citrate buffer) for
mortality evaluation. After 5 min incubation at room tempera-

ture, mortality was examined under a microscope from at least
500 cells in one biological replicate. Dead cells were blue, and
viable cells were colorless. The mortality rate was calculated as
a ratio of stained cells to total cells.

2.4 Detection of apoptosis by acridine orange/ethidium
bromide (AO/EB) and DAPI

Acridine orange/ethidium bromide dual staining was carried
out to detect apoptotic morphology. The AO/EB dual staining
assay was performed as previously described.29 After washing
with PBS (pH: 7.4), 100 µl of cells were mixed with 5 µl of acri-
dine orange/ethidium bromide solution (60 µg ml−1 of AO:
100 µg ml−1 of EB, dissolved in PBS). After 5 min incubation at
room temperature, cells were washed with PBS and examined
under a fluorescence microscope (Karl-Zeiss, Colibri 7) at λex =
500 nm and λem = 530 nm for acridine orange, and λex =
510 nm and λem = 595 nm for ethidium bromide. While acri-
dine orange permeates into the nucleus of all cells and stains
green, ethidium bromide is only taken up by dead cells and
stains orange-red when membrane integrity is lost. The cell
nucleus was also stained with 1 μg ml−1 DAPI (4′,6-diamidino-
2-phenylindole) to visualize apoptotic DNA fragmentation and
chromatin condensation after fixation with 3.7% formaldehyde
for 1 h. The staining assay was performed as previously
described.30 Cells were washed with PBS and examined under
a fluorescence microscope (Karl-Zeiss, Colibri 7) at λex =
358 nm and λem = 461 nm.

2.5 Intracellular ROS detection by DCFDA staining and
colorimetric NBT assay

Intracellular ROS analysis was performed as indicated pre-
viously.31 Cells were incubated with 10 µM DCFDA in culture
media for 1 h before harvesting at 30 °C. Cells were washed
twice in ice-cold PBS and examined under a fluorescent micro-
scope (Karl-Zeiss, Colibri 7) at λex = 495 nm and λem = 529 nm.
Increasing green fluorescence was associated with ROS pro-

Fig. 1 Cell proliferation and viability after exposure to 0–1000 mg L−1

terpinolene solutions for 3 h. Cell proliferation was assessed by a hemo-
cytometer. Mortality of cells was assessed by the Methylene Blue assay.
Values are presented as mean ± SEM. Calculations were made from at
least five independent biological replica (n = 5).
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duction. Intensity analysis was made using a Karl-Zeis Zen 2.3
Blue Edition instrument. The colorimetric NBT assay was per-
formed as previously described.32 NBT stock solution was pre-
pared at 10 mg ml−1 in distilled water. After washing with PBS,
cells were incubated with NBT (a final concentration of 0.1%)
for 1 h at 1 × 106 cells per ml concentration. The supernatants
were removed and the cells were fixed by the addition of
200 µl of absolute methanol and washed twice with 70%
methanol, then dried. The final dry pellet was solubilized
in 120 µl of 2 M KOH and 140 µl DMSO, and was read at

620 nm in a microplate spectrophotometer (Thermo
Scientific, Multiskan Go).

2.6 Detection of mitochondrial transmembrane potential
(MTP) by Rhodamine 123 assay

Mitochondria were stained with Rhodamine 123, which is
readily sequestered by mitochondria depending on mitochon-
drial membrane potential, as indicated previously.33 Cells were
suspended in a final concentration of 50 mM sodium citrate
(pH 5.0), 2% glucose and 25 µM Rhodamine 123, and incu-

Fig. 2 Apoptosis of S. pombe cells was evaluated using acridine orange–ethidium bromide dual staining. Viable, early and late apoptotic/necrotic
cells were visualized using a fluorescent microscope after exposure to 0 (A, a1 and a2), 200 (B, b1 and b2), 400 (C, c1 and c2), 600 (D, d1 and d2),
800 (E, e1 and e2) mg L−1 terpinolene and 3 mM arsenic(III) (F, f1, f2) solutions. Arsenic(III) was used as a positive control. Arrows: Late apoptotic/
necrotic cells; dashed arrows: early apoptotic cells. At least 200 cells were counted in each biological replica (n = 5).
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bated 15 min at room temperature. After washing with PBS,
cells were visualized by fluorescence microscopy at λex =
505 nm and λem = 534 nm.

2.7 Evaluation of antioxidant enzymes and apoptosis-related
genes by mRNA expression assay

The mRNA expression assay for antioxidant enzymes and
apoptosis-related genes is described in the ESI.† Gene specific

primers were designed using Primer3Plus (Version: 2.3.6) soft-
ware and declared in Table S1.†

2.8 Statistical analysis

The data were expressed as mean ± standard error of the mean
(SEM) and at least three independent experiments were per-
formed. The IC50 and LC50 values were calculated by the Probit
method. Differences between groups were analyzed by One-way
ANOVA with Tukey’s multiple comparison test using GraphPad
Prism (California, USA).

3. Results and discussion
3.1 Toxicity testing, cell proliferation and viability

Growth inhibition of cells significantly increased (p < 0.01)
after exposure to terpinolene at 200–1000 mg L−1 (Fig. 1). The
IC50 value (inhibition concentration 50%) was 349 mg L−1. On
the other hand, cell survival notably decreased (p < 0.01)
gradually after exposure to terpinolene at 200–1000 mg L−1.
The LC50 value (lethal concentration 50%) was 593 mg L−1.
Turkez et al. (2015) reported that terpinolene induced cytotoxic
cell death even at lower doses (150–200 mg L−1) in human peri-
pheral lymphocyte culture.34 The difference in mortality rates
is probably due to the rigid and relatively impermeable yeast
cell wall enforced by crosslinkages between chitin, mannopro-
teins and β-glucan,35 although terpinolene, as well as other
monoterpenes, is a membrane permeable lipophilic com-
pound.10 The inhibitory and anti-fungal potentials of terpino-
lene were found less effective in comparison to other monoter-
penes, α-terpineol and 1,8-cineole.36 Necrosis following
changes in cell-membrane fluidity was proposed to explain the
anti-fungal action of some monoterpenes.36 Pontin et al.

Fig. 3 Percentage of viable and late apoptotic/necrotic cells after
exposure to 0–800 mg L−1 terpinolene and 3 mM arsenic solutions. At
least 200 cells were counted in each biological replica. A small number
of early apoptotic cells were ignored. Values are presented as mean ±
SEM. Calculations were made from at least five independent biological
replicas (n = 5).

Fig. 4 Nuclear morphology was evaluated using 4,6-diamidino-2-phenylindole (DAPI) staining after exposure to 0 (A), 200 (B), 400 (C), 600 (D),
800 (E) mg L−1 terpinolene and 3 mM arsenic(III) (F) solutions. Arsenic(III) was used as a positive control. Arrows: Degraded and fragmented DNA.
Images were taken using a fluorescent microscope from at least three independent biological replica (n = 3).
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(2015) suggested that alteration in fungal cell membrane per-
meability was a possible explanation for the anti-fungal activity
of terpinolene.37 In addition, significant increases in lipid per-
oxidation, ROS levels and total oxidative stress were reported
after terpinolene exposure in a variety of species.10,38 It is well
known that excessive ROS production could promote mito-
chondrial disruption- and oxidative DNA damage-mediated
cell death signaling.39,40

3.2 Detection of apoptosis

Late apoptotic/necrotic and early apoptotic cells were observed
with acridine orange–ethidium bromide dual staining (Fig. 2).
Apoptotic and late apoptotic cells were stained bright green
and orange-red due to nuclear conformation and cell-mem-
brane status. Apoptotic cells display fragmented and con-
densed orange-red chromatin, and live cells display a regular
green nucleus. Apoptotic cells were indicated by arrows in
Fig. 2 (Fig. 2, b2: 200 mg L−1; c2: 400 mg L−1; d2: 600 mg L−1;

e2: 800 mg L−1 terpinolene and f2: 3 mM arsenic trioxide). As
shown in Fig. 3, percentages of the late apoptotic/necrotic cells
and viable cells were significantly different in experimental
groups (200–800 mg L−1) compared with the control (p <
0.001). While apoptotic cells were shown in all concentrations
of terpinolene, apoptosis was markedly increased at 600
mg L−1 (39.85%), which was close to the mortality rate (47.53%),
similar to arsenic induced apoptosis (31.89% at 3 mM). At
800 mg L−1, apoptotic cell death and mortality rates were very
similar (75.52% and 77.12%). In order to confirm apoptosis
following exposure to terpinolene, cells were fixed with formal-
dehyde and stained with DAPI. Chromatin condensation and
DNA fragmentation, as typical markers of apoptosis, were
observed in experimental groups (200–800 mg L−1 terpinolene)
as shown in Fig. 4. While the nuclei of control cells were seen
intact, terpinolene- and arsenic-treated cell nuclei were con-
densed dot-shaped and crescent-shaped masses, which were
previously reported as apoptotic markers.41–43 Similar results

Fig. 5 Measurement of ROS levels using DCFDA (2’,7’-dichlorofluorescin diacetate) staining. ROS generation of cells exposed to 0 (A and a), 200 (B
and b), 400 (C and c), 600 (D and d) and 800 (E and e) mg L−1 was visualized and measured by a fluorescence microscope. (F) ROS generation of
cells exposed to 0–800 mg L−1 terpinolene was calculated as normalized fluorescence intensity. Values are presented as mean ± SEM. Statistical
analysis was made to compare experimental groups and the control group. Significantly different values are indicated by asterisks (One-way ANOVA,
**p < 0.01). Images were taken from at least three independent biological replicas (n = 3).
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were declared by Okumura et al., (2012), who demonstrated
that terpinolene induced cell apoptosis in K562 cells.11

3.3 Quantification of ROS and antioxidant enzyme mRNA
levels

Intracellular ROS levels were shown using the DCFDA fluo-
rescence assay. DCFDA is a membrane permeable dye and
reacts with ROS to transform into an oxidized fluorescent
form, DCF. As shown in Fig. 5, ROS levels significantly
increased (p < 0.01) after exposure to terpinolene in a dose-
dependent manner (200–800 mg L−1) as indicated by increas-
ing green fluorescence (Fig. 5A and a: control; Fig. 5B and b:
200 mg L−1; Fig. 5C and c: 400 mg L−1; Fig. 5D and d:
600mg L−1; Fig. 5E and e: 800 mg L−1; Fig. 5F: normalized
fluorescence intensity). To confirm the results, ROS levels were

measured by the NBT assay. The reduction of NBT to insoluble
blue formazan is a marker for superoxide generation.32 Similar
to the DCFDA assay, as shown in Fig. 6A, NBT reduction dra-
matically increased (p < 0.05) at 200–600 mg L−1 terpinolene
exposure analogous with H2O2 exposure (0.4 mM).
Interestingly, NBT reduction markedly increased more than
two-fold (p < 0.001) at 800 mg L−1 terpinolene exposure
similar to arsenic(III) exposure (3 mM). This dramatic increase
at 800 mg L−1 was consistent with increase in mortality rates
(77.21%) and apoptotic cell death (75.52%) at 800 mg L−1 (see
Fig. 1 and 3). As shown in Fig. 6B and C, SOD1 and
GPx1 mRNA levels firstly increased 2–3-fold between 400 and
600 mg L−1 terpinolene, however, followed by decreases at
800 mg L−1 terpinolene. Upregulation of antioxidant enzyme
gene expression generally correlates with increased ROS

Fig. 6 Cellular ROS levels and gene expression levels of antioxidant enzymes. (A) ROS levels in cells exposed to 0–800 mg L−1 terpinolene were
measured by the NBT (3,3’-(3,3’-dimethoxy-4,4’-biphenylene)bis[2-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride) assay. ROS generation of
cells was determined as absorbance of reduced NBT at 620 nm in a microplate reader and expressed as normalized NBT reduction compared to the
control group. (B and C) mRNA levels of SOD1 and GPx1 in cells exposed to 0–800 mg L−1 were measured by RT-PCR. Values are presented as
mean ± SEM. Statistical analysis was made to compare experimental groups and the control group. Significantly different values are indicated by
asterisks (One-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001). Values were taken from at least three independent biological replicas (n = 3).
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levels44,45 in order to recover the scavenging activity of anti-
oxidant enzymes inhibited by the elevated ROS level.46 On the
other side, recovered gene expression levels at 800 mg L−1 may
be due to high concentrations of ROS and related increases of
mortality rates. Turkez et al. (2015) reported a two-fold increase
in total oxidative stress levels and mortality rates in cultured
human blood cells after exposure to 200 mg L−1 terpinolene.34

Similar results were declared above 200 mg L−1 terpinolene in
rat brain cells10 in contrast to other monoterpenes, α-pinene,
cineol and myrtenol.47,48

3.4 Measuring the mitochondrial transmembrane potential
(MTP)

Measuring the mitochondrial transmembrane potential (ΔΨm)
is a reliable method to evaluate the vitality of mitochondria.49

Loss of MTP, generally accepted as a marker for early apopto-
sis, is monitored using the Rhodamine 123 stain, which is

sequestered by intact mitochondria.50 As shown in Fig. 7,
Rhodamine fluorescence was markedly decreased in a dose-
dependent manner (200–800 mg L−1) (Fig. 7A, a: control;
Fig. 7B, b: 200 mg L−1; Fig. 7C, c: 400 mg L−1; Fig. 7D, d:
600 mg L−1 and Fig. 7E, e: 800 mg L−1). Calculated fluo-
rescence intensities dramatically decreased at least 2-fold (p <
0.01) at 600 and 800 mg L−1 compared with the control
(Fig. 7F). Mitochondrial impairment may be due to highly elev-
ated ROS concentrations. It is well known that oxidative stress
can result in altered mitochondrial membrane permeability
and mitochondrial DNA damage.51,52 However, mitochondrial
dysfunction can stimulate ROS production.53,54 Our results
indicate that apoptosis following terpinolene exposure was
related to the dissipation of mitochondrial membrane poten-
tial. Similarly, terpinen-4-ol, one of the most known monoter-
penes, was shown to induce apoptosis via disruption of MTP
in human lung cancer cells.55

Fig. 7 The mitochondrial transmembrane potential (MTP) of S. pombe cells was evaluated using Rhodamine123. The MTP of cells exposed to 0 (A
and a), 200 (B and b), 400 (C and c), 600 (D and d) and 800 (E and e) mg L−1 terpinolene solutions was visualized and measured by a fluorescence
microscope. (F) Dose-dependent decline in the fluorescent intensity of cells exposed to increasing concentrations of terpinolene (0–800 mg L−1)
was measured as normalized fluorescence intensity. Values are presented as mean ± SEM. Statistical analysis was made to compare experimental
groups and the control group. Significantly different values are indicated by asterisks (One-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001). Images
were taken from at least three independent biological replicas (n = 3).
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3.5 Evaluation of apoptotic gene expression

S. pombe caspase 1 (Pca1), homologous to Yca1 of S. cerevisiae,
is encoded in the S. pombe genome and predicted to play a
role in apoptosis,56 whereas Lim et al. (2007) suggested that
Pca1 can also act as an anti-apoptotic factor in response to
chemical stress and relevant toxicity.57 The precise function of
Pca1 in apoptosis still remains unclear.22 However, as shown
in Fig. 8A, Pca1 expression significantly (p < 0.05) increased
(2-fold) at 400 mg L−1 correlating with mortality rates and
apoptotic cell death (see Fig. 1 and 3). Interestingly, the
obvious decline in Pca1 mRNA levels at 600 and 800 mg L−1,
which are close to mRNA levels of untreated cells, may be due
to rapid increase in mortality. Another pro-apoptotic gene,
Sprad9 (S. pombe rad9), which is homologous to human Rad9,
functions in DNA damage response.58 Sprad9 was suggested to
have a dual and opposing role in the regulation of apoptosis
caused by nutritional and nitrosative stress.59,60 As illustrated
in Fig. 8B, Sprad9 expression dramatically increased (p < 0.05)
at 600 mg L−1 terpinolene and 0.4 mM H2O2 concentrations
indicating severe DNA damage. The dose-dependent decline of
Sprad9 mRNA levels was quite similar to that of Pca1.
However, Pca1 and Sprad9 expression were induced up to
4–5-fold in response to 3 mM arsenic trioxide (p < 0.001),
which reveals the importance of these pro-apoptotic genes in
the apoptotic process.

4. Conclusion

In this study, S. pombe was assessed as a unicellular eukaryotic
model organism to shed light on the potential toxic effects of

terpinolene and the underlying mechanism. Cell proliferation
and viability significantly decreased after terpinolene exposure.
Besides, apoptosis in relation to terpinolene toxicity was
shown to be mediated by oxidative stress and reduction of the
mitochondrial transmembrane potential. This is the first com-
plete mechanistic study for providing experimental data on ter-
pinolene-induced apoptosis in S. pombe. However, experi-
mental data for other programmed cell death mechanisms,
autophagy and lipotoxic cell death, are still lacking and
warrant further study.
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