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induced by camphor in sod1-deficient
Schizosaccharomyces pombe
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Camphor is one of the monoterpenes widely used in cosmetics, pharmaceutics and the food industry. In

this study, we aimed to assess the oxidative, cytotoxic and apoptotic effects of camphor on the fission

yeast (Schizosaccharomyces pombe), which is a promising unicellular model organism in mechanistic

toxicology and cell biology. Since Sod1 is the main radical scavenger in the cell, we used sod1 mutants to

understand whether camphor-induced ROS accumulation caused higher cytotoxicity and apoptosis.

Camphor exposure (0–2000 mg L−1) caused significant cytotoxicity in yeast, particularly in sod1Δ cells.

DCFDA (2,7-dichlorodihydrofluorescein diacetate) fluorescence and NBT (p-nitro-blue tetrazolium chlor-

ide) reduction increased (at least 2.5–3-fold in sod1Δ cells) in correlation with camphor concentrations

(800–1200 mg L−1), showing higher ROS levels and oxidative stress. Moreover, cells, stained with acridine

orange/ethidium bromide, showed an apoptotic morphology with nuclear fragmentation and conden-

sation. DAPI (4’,6-diamidino-2-phenylindole) staining was used to validate the apoptotic nuclear mor-

phology. Dramatically increased mitochondrial impairment, which was higher in sod1Δ cells than in wild

type cells, was shown by rhodamine 123 staining. In conclusion, camphor-induced excessive ROS pro-

duction, which could not be prevented significantly in sod1 mutants, caused a dramatic increase in mor-

tality rates due to intrinsic apoptosis revealed by mitochondrial impairment and apoptotic nuclear mor-

phology. The potential effects of camphor on apoptotic cell death and the underlying mechanisms were

clarified in the unicellular eukaryotic model, S. pombe.

1. Introduction

Terpenic essential oils having defensive roles against patho-
gens and parasites1 are among the most known natural pro-
ducts,2 which are extracted from the resin ducts and glands of
aromatic plants, such as Pinaceae. The anti-inflammatory, bac-
tericidal and bacteriostatic effects of monoterpenes, sesquiter-
penes, terpenoids and phenolic acids were reported
previously.3–5 Camphor (1,7,7-trimethylbicyclo[2.2.1]heptan-2-
one), which is a white colored powder and used in odorants,
pharmaceuticals and flavorings,6 is one of the bicyclic mono-
terpenes7 and widely found in the wood of camphor trees
(Cinnamomum camphora) and aromatic plants.8

Although camphor is not recognized as a potentially fatal
toxic compound in general,9 researchers have identified its
neurotoxic effects following ingestion, inhalation and dermal
exposure.10 50 µg ml−1 and higher camphor concentrations

were reported to induce oxidative stress and an altered mito-
chondrial membrane potential in rat thymocytes.11 In
addition, camphor increased the activities of cytochrome
P450, cytochrome b5, aryl hydrocarbon hydroxylase and gluta-
thione S-transferase in female Swiss albino mice when treated
daily by the oral route at the 300 mg kg−1 body weight dose
level.12 Besides, inhibition of cell proliferation and viability in
the human colon cancer cell line HCT-116 was reported when
camphor was combined with lynalyl acetate and terpineol;
however, the inhibitory effect was also reported in mutant
HCT-116 (p53−/−) cells indicating that cells also undergo apop-
tosis via a caspase-independent pathway, particularly the
intrinsic apoptotic pathway.13 On the other hand, camphor
was shown to induce proliferative and anti-senescence activi-
ties through the PI3K/AKT and ERK signaling pathways in a
dose-dependent manner in human dermal fibroblast cells.14

Given the significance of camphor in the future of the medical
and pharmaceutical industries, possible metabolic, anti-aging,
cytotoxic, inhibitory and cancer fighting activities together
with the underlying mechanisms are under debate and should
be unraveled. Research on camphor toxicity mainly focused on
laboratory experiments with cell lines,13,15 rodents,11,16,17 and†Both authors contributed equally to this work.
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pests.18 However, the undefined mechanisms of camphor tox-
icity in model fungi are currently limited.

In molecular cell biology, biochemistry and toxicology
studies, the fission yeast (Schizosaccharomyces pombe) constitu-
tes a valuable model organism19–21 with its characteristics
including cell cycle control,21,22 easily manipulated small
genome,23 mitochondrial biogenesis analogous to
mammals,24,25 and also conserved programmed cell death
(PCD) subroutines.26 Moreover, a high proliferation rate of
yeast cells resembles the Warburg effect (the reprogramming
of energy metabolism) in cancer cells27 and presents a valuable
possibility in cancer research.28–30 Therefore, potential drug
candidates for cancer can be evaluated using the cell biology
of yeast, and the underlying mechanisms for cytotoxic, geno-
toxic and apoptotic effects are to be deciphered.31–34

In this study, a unicellular eukaryotic model, S. pombe,
was used to investigate the potential cytotoxic effects of
camphor and the underlying mechanisms. Cell viability, pro-
liferation and apoptotic cell death were assessed. In addition,
oxidative stress, mitochondrial impairment, and DNA
damage as accountable molecular mechanisms were evalu-
ated. To show the effect of oxidative stress on cytotoxicity, we
used sod1 (S. pombe superoxide dismutase1)-deficient cells in
which Sod1 is the main ROS (reactive oxygen species) scaven-
ger and the most abundant antioxidant enzyme in the cell.
We hypothesized that excessive ROS production could cause
mitochondrial disruption following oxidative DNA damage
and activate intrinsic cell death signaling and apoptosis.35,36

The data contribute to understanding the potential cyto-
toxicity of camphor and support possible future studies in
molecular medicine.

2. Materials and methods
2.1 Reagents

Methylene blue was from Merck (Istanbul, Turkey).
Components of culture media were from BD Difco (Fisher
Scientific, Turkey). Glucose was from Emboy (Istanbul,
Turkey). Camphor (product number: 148075-100G) (1,7,7-tri-
methylbicyclo[2.2.1]heptan-2-one), arsenic(III) oxide, acridine
orange, ethidium bromide, DCFDA (2,7-dichlorodihydrofluor-
escein diacetate), rhodamine 123, NBT (p-nitro-blue tetra-
zolium chloride) and DAPI (4′,6-diamidino-2-phenylindole)
were purchased from Sigma (Istanbul, Turkey).

2.2 Yeast strain, media and growth conditions

S. pombe wild type strain ED666 (h− ade6-M210/ura4-D18 leu1-
32) and ED666 with sod1Δ::KanR (sod1 defective: sod1 was
replaced by kanamycin resistance gene) were kind gifts from
B. Palabiyik (Istanbul University). Yeast was grown in a stan-
dard 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 Camphor exposure and cytotoxicity

Yeast cells from the overnight culture (OD600 ≈ 1) in YEL
media were counted under an optical microscope (Carl-Zeiss,
Axio Observer 3) and dispensed into conical flasks at a final
concentration of 1 × 106 cells per ml. Camphor stock solution
was prepared at 100 g L−1 concentration in ethanol. Cells were
exposed to a solvent control (%0.05 ethanol) and a graded con-
centration of camphor (0–2000 mg L−1 in ethanol) for 24 h.
Arsenic(III) oxide was used as the positive control for testing
apoptosis.37 The evaluation of relative cell proliferation was
made 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. Mortality was examined under
a microscope for at least 200 cells in each of the five indepen-
dent biological replicates (n = 5). Dead cells were blue, and
viable cells were colorless. Mortality rate was calculated as the
ratio of stained cells to total cells. A spot assay was performed
as described previously38 to evaluate the cytotoxicity of
camphor. YEA media were prepared with gradually increasing
concentrations of camphor. Serial 5-fold dilutions of logarith-
mic yeast cells were spotted on agar plates with 3 technical
replicas and incubated at 30 °C for 3 days.

2.4 Acridine orange/ethidium bromide (AO/EB) and DAPI
staining

Acridine orange/ethidium bromide dual staining was carried
out to detect apoptosis. AO/EB dual staining assay was per-
formed as previously described.39,40 Briefly, the cells were
mixed with 5 µl of acridine orange/ethidium bromide solution
(60 µg ml−1 of AO: 100 µg ml−1 of EB, dissolved in PBS). After
incubation, the cells were washed with PBS and examined
under a fluorescence microscope (Carl-Zeiss, Axio Observer 3)
using 40× objectives at λex = 500 nm and λem = 530 nm for acri-
dine orange, and λex = 510 nm and λem = 595 nm for ethidium
bromide. The cell nucleus was also stained with 1 μg ml−1

DAPI (4′,6-diamidino-2-phenylindole). The staining assay was
performed as previously described.41 The cells were examined
under a fluorescence microscope (Carl-Zeiss, Axio Observer 3)
using 63× objectives at λex = 358 nm and λem = 461 nm.

2.5 ROS detection by DCFDA (2,7-dichlorodihydrofluorescein
diacetate) staining and NBT (p-nitro-blue tetrazolium
chloride) assay

Intracellular ROS analysis was performed as described pre-
viously.42 Briefly, cells were incubated with 10 µM DCFDA in
culture media before harvesting at 30 °C. The cells were
washed in ice-cold PBS and examined under a fluorescence
microscope (Carl-Zeiss, Axio Observer 3) using 10× objectives
at λex = 495 nm and λem = 529 nm. Intensity analysis was made
using Carl-Zeiss Zen 2.3 Blue Edition and the intensity was cal-
culated as a percentage of control. NBT assay was performed
as previously described.43 Cells were incubated with 0.1% NBT
for 1 h at 1 × 106 cells per ml concentration. The supernatants
were removed and the cells were fixed using absolute methanol
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and washed twice with methanol. The final dry pellet was solu-
bilized in 2 M KOH and DMSO, and was read at 620 nm in a
microplate spectrophotometer (Thermo Scientific, Multiskan
GO).

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

Mitochondria were stained with rhodamine 123, which is
taken up by mitochondria depending on the mitochondrial
membrane potential, as indicated previously.44 Cells were sus-
pended in a final concentration of 50 mM sodium citrate (pH
5.0), 2% glucose and 25 µM rhodamine 123, and incubated for
15 min at room temperature. The cells were visualized by fluo-
rescence microscopy (Carl-Zeiss, Axio Observer 3) using 10×
objectives at λex = 505 nm and λem = 534 nm. Intensity analysis
was made using Carl-Zeiss Zen 2.3 Blue Edition and the inten-
sity was calculated as a percentage of control.

2.7 Statistical analysis

The data were expressed as mean ± standard error of the mean
(SEM). The IC50 and LC50 values were calculated by the Probit
method. Differences between the groups were analyzed by one-
way ANOVA with Tukey’s multiple comparison tests using
GraphPad Prism (California, USA).

3. Results and discussion
3.1 Camphor showed high cytotoxicity in sod1-deficient cells

Growth inhibition of wild type cells significantly increased (p <
0.01) after exposure to camphor between 800 and 2000 mg L−1

(Fig. 1A and B). On the other hand, growth inhibition of sod1-
deficient cells increased dramatically after camphor exposure
even at 400 mg L−1. The IC50 values were (inhibition concen-
tration 50%) 789 mg L−1 and 356 mg L−1 in wild type cells and

Fig. 1 Cell proliferation and viability of wild type and sod1 mutant cells after exposure to 0–2000 mg L−1 camphor solutions for 24 h. Cell prolifer-
ation (A) and mortality (B) of wild type and sod1Δ cells were assessed using a hemocytometer and the methylene blue assay in comparison to
ethanol (solvent) control (0 mg L−1 refers to solvent control). Solvent control includes 0.05% ethanol. Values are presented as mean ± SEM.
Calculations were made from at least five independent biological replica (n = 5). Cell viability was also assessed by spot assay (C). Serial 5-fold
dilutions of yeast cells were spotted on YEA plates including gradually increasing concentrations of camphor (0–1200 mg ml−1) and 3 mM arsenic(III).
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in sod1Δ cells, respectively. Besides, cell survival notably
decreased (p < 0.01) gradually after exposure to camphor at
800–2000 mg L−1 in wild type cells, while cell survival began to
decrease dramatically in sod1Δ cells at 400 mg L−1. LC50 values
(lethal concentration 50%) were 1182 mg L−1 and 898 mg L−1

in wild type cells and in sod1Δ cells, respectively. To visualize
growth inhibition and mortality and to validate the results, a
spot assay was performed with 5-fold serial dilutions of yeast
cells. The spots (Fig. 1C) showed a significant loss of viability
in wild type cells. However, the decrease in viability was more
pronounced in sod1Δ cells. Similar to mortality and prolifer-
ation assays, the spot assay demonstrated that camphor
induced cell death at all concentrations even at lower doses
(400 mg L−1) in sod1Δ cells. Although human exposure studies
cannot be directly compared with microorganism toxicity
studies, the Committee on Drugs (1994) declared that a 20 ml
volume of a product containing 1 g camphor is a potentially
lethal dose for children,45 which equals 50 g L−1 that is
obviously more concentrated than that used in our study
(0–2000 mg L−1). In addition, a review on pediatric toxicity
declared that ingestion of 750–1000 mg of camphor was associ-
ated with seizure and death.46 In contrast, Itani et al. (2008)
reported that camphor, at 152 mg L−1 concentration, induced
cell death and inhibited cell growth in the human colon
cancer cell line HCT-116.13 The outer protein layer of the yeast
cell wall limits permeability,47 which may explain the differ-
ence in cell growth and mortality rates between the yeast and
mammalian cell line. On the other hand, camphor is known
as a membrane permeable lipophilic compound,48 as well as
other monoterpenes.49

A comparative study on the anti-fungal potential of mono-
terpenes reported that camphor was found to be more effective
in comparison to camphene, carvone, myrcene and geraniol.50

A strong growth inhibition following the inhibition of esterases
and oxidases and a change in the fatty acid composition of the
cell membrane followed by an altered membrane permeability
were proposed to explain the anti-fungal action of monoter-
penes.48,49 In addition, lipid peroxidation, elevated ROS levels
and oxidative damage were reported after camphor exposure in
rat thymocytes,11 in contrast to its potential antioxidant
activity in mice.12 Excessive ROS production and oxidative
DNA damage followed by mitochondrial disruption are well-
known intrinsic cell death signals.35,36 In the present study,
the higher camphor sensitivity of sod1Δ mutants could be
related to camphor-induced oxidative stress (see section 3.3).
Since sod1-deficiency reduces the scavenging ability, vulner-
ability to oxidative damage can be increased and caused
higher cytotoxicity than that of wild type cells.

3.2 Cell death is substantially dependent on apoptosis

Late apoptotic and/or necrotic cells were observed with acri-
dine orange-ethidium bromide (AO-EB) dual staining (Fig. 2).
In this assay, acridine orange permeates both dead and live
cell membranes and stains every cell nucleus, while ethidium
bromide permeates only dead cells via pores opened in the cell
membrane and stains DNA. Apoptotic cells were stained bright

green and orange-bright red due to the nuclear conformation
and cell-membrane status. While the fragmented orange-
bright red chromatin indicates apoptotic cells, the regular
green nucleus indicates live cells. The cells were exposed to
camphor at IC50 (800 mg L−1) and LC50 (1200 mg L−1) doses
for 24 h. Apoptotic cells were indicated by arrows in Fig. 2
(Fig. 2, B and b: 800 mg L−1; C and c: 1200 mg L−1 camphor
and D and d: 3 mM arsenic trioxide). As shown in Fig. 2E, per-
centages of the late apoptotic/necrotic cells and viable cells
were significantly different in the experimental groups
(800–1200 mg L−1) compared with the control groups (p <
0.01). All tested concentrations of camphor induced apoptosis
(see Fig. 2E). When sod1Δ cells were exposed to camphor,
apoptosis was markedly increased (37.33%) in comparison to
wild type cells (25.38%), particularly at 1200 mg L−1 camphor
concentration. The percentage of apoptotic cells (25.38% and
37.33%) was close to mortality rates (32.46% and 43.89%) at
1200 mg L−1 camphor concentration. At 800 mg L−1, apoptotic
cell death and mortality rates were very similar (13.18% and
14.01%) in sod1Δ cells. To confirm apoptosis, the cells were
fixed with 3.7% formaldehyde and stained with DAPI. Nuclear
fragmentation and chromatin condensation, as typical
markers of apoptosis, were observed at 800 mg L−1 and
1200 mg L−1 camphor concentrations as shown in Fig. 3.
Camphor- and arsenic-treated (apoptosis control) cell nuclei
were seen condensed, dot- and crescent-shaped, which are
known as apoptotic markers,51,52 while control cell nuclei were
seen intact. Similarly, other monoterpenes induced apoptosis
along with cell cycle arrest in HL-60 (human promyelocytic leu-
kemia cell line), HSC (hematopoietic stem cell) and HCT-116
(human colorectal carcinoma cell line) human cancer cell
lines.53,54 In addition, similar to acridine orange-ethidium
bromide staining, DAPI staining showed a higher frequency of
apoptotic cell nuclei in sod1Δ cells in comparison to wild type
cells.

3.3 Mortality rates are potentially related to camphor-
induced ROS production

DCFDA, as a membrane permeable dye, reacts with reactive
oxygen species accumulating in the cytoplasm, and transforms
into DCF (oxidized fluorescent form). We determined intra-
cellular ROS levels using the DCFDA fluorescence assay. As
shown in Fig. 4, ROS levels dramatically increased in response
to camphor exposure at all concentrations (p < 0.05), particu-
larly 2-fold (p < 0.01) in sod1Δ cells at 1200 mg L−1 (see Fig. 4f
and G), as demonstrated by increasing green fluorescence
(Fig. 4A and a: wild type control; Fig. 4B and b: wild type
800 mg L−1; Fig. 4C and c: wild type 1200 mg L−1; Fig. 4D and
d: sod1Δ control; Fig. 4E and e: sod1Δ 800 mg L−1; Fig. 4F and
f: sod1Δ 1200 mg L−1 and Fig. 4G: fluorescence intensity).
However, increasing green fluorescence intensities in sod1Δ
cells were not comparable to those in wild type cells in experi-
mental groups, probably due to the lack of ROS scavenging
activity of superoxide dismutase in mutant strains when ROS
production was stimulated by camphor exposure. To confirm
the results, ROS levels were calculated using NBT reduction to
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insoluble blue formazan indicating superoxide generation.43

As shown in Fig. 4H, a dramatic increase in NBT reduction was
calculated in the experimental groups, particularly more than

two-fold in sod1Δ cells. NBT reduction markedly increased
1.5–2-fold in wild type cells (p < 0.05) at 800–1200 mg L−1

camphor concentrations similar to an increase in mortality

Fig. 2 Apoptosis of S. pombe cells was evaluated using acridine orange-ethidium bromide dual staining. Viable and late apoptotic/necrotic cells
were visualized using a fluorescence microscope after exposure to 0 (A and a), 800 (B and b), and 1200 (C and c) mg L−1 camphor and 3 mM arsenic
(III) (D and d) solutions. Arsenic(III) was used as the positive control. Percentages (E) of late apoptotic/necrotic wild type and sod1Δ cells after
exposure to 0–1200 mg L−1 camphor and 3 mM arsenic solutions are shown in the corresponding graphics. Values are presented as mean ± SEM. At
least 200 cells were counted in each biological replica (n = 3). Arrows: Late apoptotic/necrotic cells.
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rates (12.02% and 32.46%) and apoptotic cell death (8.19%
and 25.38%), while significant increases were 2–3-fold in
sod1Δ cells consistent with the increase in mortality rates
(14.01% and 43.89%) and apoptotic cell death (13.18% and
37.33%) at 800 mg L−1 (p < 0.05) and 1200 mg L−1 (p < 0.01)
camphor concentrations (see Fig. 1 and 3).

DCFDA and NBT assays are known to have a detection
capability for a wide range of intracellular reactive oxygen
species, including hydroxyl radicals, superoxide anions and
hydrogen peroxide,55 which are well-known free radicals.56

The chemical imbalance between ROS levels and the anti-
oxidant molecules in favor of ROS levels can be deleterious

Fig. 3 Nuclear morphology was evaluated using 4,6-diamidino-2-phenylindole (DAPI) staining. DAPI staining was performed after exposure to 0 (A
and a), 800 (B and b), and 1200 (C and c) mg L−1 camphor and 3 mM arsenic(III) (D and d) solutions. Arsenic(III) was used as the positive control.
Arrows: Degraded and fragmented DNA or anucleated cells. Images were obtained using a fluorescence microscope from at least three independent
biological replica (n = 3).
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and can lead to oxidative stress followed by oxidative DNA
damage, mitochondrial disruption, intrinsic apoptosis,
necroptosis and other cell death signaling.35,57,58 Camphor
was shown to induce lipid peroxidation and excessive ROS
production in rat thymocytes11 and in Japanese quail testis
tissue59 in contrast to other monoterpenes α-pinene, cineol
and myrtenol.60,61 A gradual increase in mortality rates, par-

ticularly in sod1Δ cells, was potentially related to camphor-
induced ROS accumulation and the following cell death
routine. We showed that elevated ROS levels, in response to
camphor, have the potential to disrupt cellular balance and
metabolism followed by cell death, particularly in cells
without scavenging activity (sod1Δ), which normally removes
radicals.

Fig. 4 Measurement of ROS levels using DCFDA (2’,7’-dichlorofluorescin diacetate) staining. ROS generation in wild type cells exposed to 0 (A and
a), 800 (B and b) and 1200 (C and c) mg L−1 camphor and in sod1Δ cells exposed to 0 (D and d), 800 (E and e) and 1200 (F and f) mg L−1 camphor
was visualized and measured using a fluorescence microscope. (G) ROS generation of cells exposed to 0–1200 mg L−1 camphor was calculated as a
percentage of control fluorescence intensity. (H) ROS levels in cells exposed to 0–1200 mg L−1 camphor were also measured by NBT (3,3’-(3,3’-
dimethoxy-4,4’-biphenylene)bis [2-(4-nitrophenyl)-5-phe nyl-2H-tetrazolium chloride) assay. ROS generation of cells was determined as the absor-
bance of reduced NBT at 620 nm in a microplate reader and expressed as a percentage of the control group NBT reduction. Values are presented as
mean ± SEM. Statistical analysis was performed between the dose groups and their control groups for each of the wild type and sod1Δ cells.
Significantly different values are indicated by asterisks (one-way ANOVA, *p < 0.05, **p < 0.01). Images were obtained from at least three indepen-
dent biological replica (n = 3).
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3.4 Camphor-induced loss of MTP showed the role of
mitochondrial impairment in apoptosis

The loss of mitochondrial transmembrane potential, which is
an early indicator of apoptosis, is measured (ΔΨm) to under-
stand mitochondrial disruption.62 In this study, we monitored
the loss of MTP using rhodamine 123 fluorescence stain,
which is sequestered by active mitochondria.63 When an intact

mitochondrion is stained, the dye emits green fluorescence. In
contrast, since the mitochondrion of an early apoptotic or
dead cell cannot pump the dye to the matrix, the dye cannot
fluoresce indicating mitochondrial disruption. The difference
in the fluorescence intensity of the control and dose groups
was calculated using histograms drawn by the software (Carl-
Zeiss Zen 2.3 Blue Edition). Fig. 5 demonstrates a dramatic
decrease of fluorescence intensity in a dose-dependent

Fig. 5 Mitochondrial transmembrane potential (MTP) of S. pombe cells was evaluated using rhodamine123. MTP of wild type cells exposed to 0 (A
and a), 800 (B and b), and 1200 (C and c) mg L−1 camphor and 3 mM arsenic (D and d) and sod1Δ cells exposed to 0 (E and e), 800 (F and f), and
1200 (G and g) mg L−1 camphor and arsenic (H and h) was visualized and measured using a fluorescence microscope. Dose-dependent decline in
the fluorescence intensity of wild type cells and sod1Δ cells (I) exposed to increasing concentrations of camphor (0–1200 mg L−1) was measured
and expressed as a percentage of control fluorescence intensity. Values are presented as mean ± SEM. Statistical analysis was performed to compare
the experimental groups and control group. Significantly different values are indicated by asterisks (one-way ANOVA, *p < 0.05, **p < 0.01). Images
were obtained from at least three independent biological replica (n = 3).
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manner (800–1200 mg L−1) (Fig. 5A and a: wild type control;
Fig. 5B and b: wild type 800 mg L−1; Fig. 5C and c: wild type
1200 mg L−1; Fig. 5D and d: wild type arsenic control; Fig. 5E
and e: sod1Δ control; Fig. 5F and f: sod1Δ 800 mg L−1; Fig. 5G
and g: sod1Δ 1200 mg L−1; Fig. 5H and h: sod1Δ arsenic
control and Fig. 5I: fluorescence intensity). The calculated
fluorescence intensity decreased 1.4-fold in wild type cells at
800–1200 mg L−1 camphor concentrations (p < 0.05), while the
intensity markedly decreased 2.2-fold in sod1Δ cells at all con-
centrations as well as in the sod1Δ arsenic control (see Fig. 5I).
The dramatic MTP decrease in sod1 lacking cells, in compari-
son to wild type cells, strongly and negatively correlates with
ROS levels (see Fig. 4G and H). There is evidence showing that
oxidative stress can cause alteration in the mitochondrial
membrane permeability, loss of MTP and mitochondrial DNA
damage, and vice versa.64–66 Therefore, our results indicate
that apoptotic signaling followed by cell death was potentially
due to the camphor-induced excessive ROS production and
mitochondrial impairment. Cherneva et al. (2012) reported
similar results in rat thymocytes after cultivation with
camphor and borneol.11 Similarly, essential oils including
cineol, terpinenol and terpinolene, some of the most known
monoterpenes, were found to reduce membrane functionality
and mitochondrial membrane potential as well as mitochon-
drial integrity in swine spermatozoa,67 and to reduce MTP fol-
lowed by apoptosis in human lung cancer cells.68

4. Conclusion

In conclusion, cell viability and proliferation markedly
decreased after camphor exposure. In addition, apoptotic cell
death induced by camphor toxicity was shown to be mediated
by the loss of mitochondrial transmembrane potential and oxi-
dative stress. In this study, the potential toxic effects of
camphor and the underlying mechanism were investigated in
a unicellular eukaryotic model organism, S. pombe. This is the
first complete mechanistic toxicology study with experimental
data to shed light on camphor-induced apoptosis in S. pombe.
However, this study warrants further study. The literature is
still lacking experimental data on programmed cell death sub-
routines, autophagy and lipotoxicity.
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