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ABSTRACT 

Tetraconazole, a systemic triazole fungicide, shows potential toxic effects in agriculture and human health. 

Therefore, its cytotoxic effects and accompanying mechanisms should be unraveled. S. pombe (ED666) was used 

in this study, as a unicellular biology and toxicology model. Cells were grown on standard media and all treatments 

were done at 30 C and shaking at 180 rpm 1-10 mg/L tetraconazole induced a dose-dependent cell death. 

Apoptosis was monitored by DAPI ve AO/EB staining. Excessive ROS production and mitochondrial impairment 

were shown by DCFDA/NBT assays and Rhodamine 123 staining, which were supported by increased expressions 

of superoxide dismutases and glutathione peroxidase. Involvement of one of the potential apoptotic genes, Cnx1, 

in apoptosis was shown by increased transcription whereas two other potential genes, Pca1 and Aif1, were not 

affected by tetraconazole treatment. In conclusion, tetraconazole-induced cytotoxicity and underlying mechanisms 

which were mediated via ROS damage and mitochondrial dysregulation (Cnx1-driven) were clarified in S. pombe. 

Keywords- Schizosaccharomyces Pombe, Tetraconazole, Apoptosis, Cnx1, Oxidative Damage 

 

ÖZ 

Sistemik triazol bir fungisit olan tetrakonazol tarımda ve insan sağlığında potansiyel toksik etkiler göstermektedir. 

Bu yüzden, sitotoksik etkileri ve eşlik eden mekanizmaları açığa çıkarılmalıdır. Bu çalışmada, tek hücreli biyoloji 

ve toksikoloji modeli olarak S. pombe (ED666) kullanılmıştır. Hücreler standart medyumda büyütülmüş, 

muameleler 30 C’de ve 180 rpm hızda çalkalamalı olarak yapılmıştır. 1-10 mg/L  tetrakonazol doz-bağımlı hücre 

ölümüne sebep olmuştur. Apoptoz DAPI ve AO/EB boyamasıyla görüntülenmiştir. Aşırı ROS üretimi ve 

mitokondriyel bozulma DCFDA/NBT deneyleri ve Rhodamin 123 boyamasıyla gösterilmiş, bu sonuçlar da 

süperoksitdismutazlar ve glutatyonperoksidaz ifadelerindeki artışlarla desteklenmiştir. Potansiyel apoptotik 

genlerden biri olan Cnx1’in apoptozla ilişkisi transkripsiyonundaki artışla gösterilirken, diğer iki potansiyel gen, 

Pca1 ve Aif1 tetrakonazolden etkilenmemiştir. Sonuç olarak, tetrakonazol kaynaklı apoptoz ile, ROS hasarı ve 

mitokondriyel düzensizliğin (Cnx1-yoluyla) aracılık etmiş olduğu mekanizmalar S. pombe’de açıklığa 

kavuşturulmuştur. 

Anahtar Kelimeler- Schizosaccharomyces Pombe, Tetrakonazol, Apoptoz, Cnx1, Oksidatif Hasar
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I. INTRODUCTION 

Azoles are antifungal agents showing variation in activity, toxicity, and interaction potential [1]. While 

some azoles can potentially inhibit oxidative drug-metabolizing enzyme systems [2–4], others were shown to 

interact with transporter proteins [5]. Among azole antifungal agents, tetraconazole is a systemic triazole fungicide, 

which is formed by a chiral carbon atom and two enantiomers and is widely used as an eradicant and protectant 

against fungal infections [6, 7]. Although little is known on the potentially toxic effects of tetraconazole in human 

health, researchers have identified its inhibitory effects related to its high affinity for fungal demethylases, 

particularly for fungal P450 enzymes [8–10] having roles in ergosterol biosynthesis in cell membranes [11]. 

The median lethal dose (LD50) for tetraconazole was calculated as 1,030 mg/kg in rats [12], whereas 7-

pentoxyresorufin O-depenthylase values were dramatically elevated [13]. Hepatocyte necrosis and inflammation 

along with benign and malignant liver cell tumors, bodyweight loss, a decrease of plasma glucose, and increased 

levels of blood nitrogen and alkaline phosphatase were found in rats received 640-2500 ppm tetraconazole [14]. 

In addition, moderate-to-severe inhibition of cell viability and proliferation in Chinese hamster ovary cell line 

(CHO) was reported when the cells were treated with tetraconazole for 72 h (the calculated %C1/2-50% decrease 

in cell density- was 39.2 µM) and/or with other azoles such as tebuconazole (%C1/2: 98.1 µM) and propiconazole 

(%C1/2: 44.0 µM) [15]. Besides, tetraconazole was considered highly toxic to fish and other aquatic organisms in 

which 96 h the lethal concentration 50 (LC50) values were calculated between 2.5-4.3 mg/L in fish. Given the 

significance of azoles in the pharma industry, chemical industry, and medicine, possible cytotoxic, genotoxic, 

inhibitor, carcinogenic, and/or anti-cancer potentials are to be investigated. The study for anti-cancer potentials 

mainly focused on azole and triazole derivatives, such as 1, 2, 4-triazoles [16], ribavirin [17], and DAN94 [18]. 

On the other hand, there are a lot of research focused on azoles-fungi interactions. Candida species, which are 

well-known pathogenic fungi class, showed a range of minimum inhibitory concentration (MIC: 0.03-128 g/mL) 

when a variety of azoles (fluconazole, itraconazole, voriconazole, amphotericin B, tetraconazole and tebuconazole) 

were administered [19]. As genetic tools and its manupilation is limited in pathogenic fungi, Saccharomyces 

cerevisiae, which was known to have ScErg5 gene (the target of azoles), was used to monitor cellular metabolism 

of antifungal drugs, particularly azoles and derivatives [20]. 19-104 M MICs were reported when general 

antifungal azoles, fluconazole and miconazole, were administered to S. cerevisiae [21]. However, a complete 

understanding of azoles, in particular, tetraconazole toxicity, and regulation of cell death in the fission yeast 

(Schizosaccharomyces pombe), which has many advantages and is more similar to higher eukaryotes in some 

issues, are currently unknown and waiting to be explained. 

Analogous cell cycle control [22], mitochondrial biogenesis [23], and programmed cell death subroutines 

[24–26], in addition, a small genome that can be easily manipulated [27] present Schizosaccharomyces pombe as 

a well-established model cell for molecular toxicology, cell biology and biochemistry studies [28,29]. Besides, the 

Warburg effect, which refers to the reprogrammed energy metabolism in cancer cells, resembling the energy 

metabolism of highly proliferative yeast cells, constitutes a valuable opportunity in cancer research [30–32]. 

Consequently, the underlying mechanisms for cancer therapeutic candidates can be understood by using fission 

yeast as a eukaryotic unicellular cell death model [33–35]. 

There are several programmed cell death subroutines were found in the fission yeast: Apoptosis, 

necroptosis, and autophagy. Numerous research focused on fission yeast apoptosis and necrosis. However, cellular 

physiology of yeast apoptosis is not fully understood and waiting to be unraveled [36]. Whereas oxidative stress 

[25], mitochondrial impairment and lipotoxicity are well-known stimulations for the positive regulation of 

apoptosis in yeast, we do not know much about the dark side of the genetic regulation[37]. Indeed, many genes 

(caspases and endonucleases) having potential roles in apoptosis of Baker’s yeast (S. cerevisiae) were investigated 

[38],however, the orthologous genes (at least several of them) in the fission yeast (S. pombe)are waiting to be 

enlightened. 

This study aims to evaluate the cytotoxicity of tetraconazole and its mechanism and to show the potential 

of S. pombe for cell biology, toxicology, and cancer research. Mortality, proliferation, and apoptosis along with 

candidate genes for apoptosis were assessed. Besides, oxidative stress, DNA damage, and mitochondrial damage 

were evaluated as accounting mechanisms. This study contributes to literature for tetraconazole toxicity and 

evaluation of its medicinal potential. 
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II. MATERIALS AND METHODS 

A. Reagents 

Media components,methylene blue,arsenic(III) oxide, hydrogen peroxide, DCFDA, Rhodamine 123, 

NBT, and DAPI were purchased from Sigma (Istanbul, Turkey).Tetraconazole (dichlorophenyl)- 

tetrafluoroethoxy)propyl]-1,2,4-triazole) was a kind gift from E. Yoruk (Istanbul Yeni Yuzyil University) (Sigma, 

U.S.A.).  

B. Yeast, Media, and Growth Conditions 

S. pombewild-type strain ED666wasa kind gift from B. Palabiyik (Istanbul University). Yeast was grown 

in YEL media containing yeast extract and glucose on a shaker at 150 rpm. at 30 0C in all experiments. 1x106 

cells/ml cultures were used for experiments. 

C. Tetraconazole Exposure and Cytotoxicity 

Yeast culture (OD600≈1, in YEL media) from overnight incubation (16 h) were counted using Carl-Zeiss, 

Axio Observer 3 microscopefollowed by adjusting to 1x106 cells/ml in conical flasks. Tetraconazole (TCN) 

solution was prepared in ethanol. Cells were exposed to different concentrations of tetraconazole (0-10 mg/L in 

ethanol) and solvent controlfor 24 h. Arsenic(III) oxide was positive control of apoptosis[39]. Hemocytometer was 

used for the evaluation of relative cell proliferation. Cells were prepared in PBS and were stained with methylene 

blue. Cells were observed under a light microscope from 200-250 cells in each biological replicate (n=5). 

D. Detection of Apoptosis by AO/EB and DAPI staining 

1 μg/ml DAPI was used to monitor the cell nucleus as previously reported[40]. Carl-Zeiss, Axio Observer 

3 fluorescent microscope(63x objectives) was used to observe cells at 358 nm and 461 nm. Besides, yeast was 

stained using AO/EB as previously described [38,39] and examined under Carl-Zeiss, Axio Observer 3 using 63x 

objectives at 500 nm and530 nm for AO (acridine orange), and 510 nm and 595 nm for EB (ethidium bromide). 

E. ROS detection by DCFDA staining and NBT assay 

ROS levels were measured using DCFDA as declared previously [25,43]and examined under Carl-Zeiss, 

Axio Observer 3 fluorescent microscope(63x objectives) at 495 nm and529 nm. NBT reduction experiment was 

done as described previously [43]. NBT was used at a concentration of  0.1 % and cells were incubated for 1 hour 

at 1x106 cells/ml concentration. Cells were washed and fixed using absolute methanol and diluted methanol (70%). 

2 M KOH and DMSO were used to solubilize the dry pellet. The optical density of the final solution was calculated 

by microplate spectrophotometer(Thermo Scientific, Multiskan Go) at 620 nm. 

F. Detection of MTP by Rhodamine 123 assay 

Rhodamine 123was used to stain mitochondria as indicated previously[44]. The reaction was performed 

in sodium citrate buffer containing glucose and rhodamine. Incubation was 15 min at room temperature. Cells 

were visualized by Carl-Zeiss, Axio Observer 3 fluorescent microscope(63x objectives) at 505 nm and 534 nm. 

G. RNA Extraction and RT-PCR 

Alteration in mRNA levels for Sod1, Sod2, GPx1,and pro-apoptotic genes was given in ESI.† 

Oligonucleotides were designed using Primer3Plus and given in Table S1†. 

H. Statistical analysis 

Experimental data were shown as mean ± standard error of the mean (SEM). One-way ANOVA and 

Tukey’s tests (Graphpad, USA) were used to understand the statistical difference. 
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III. RESULTS 

A. Tetraconazole-Induced Cytotoxicity is Dose-dependent 

Tetraconazole was previously shown to induce cell death in fungi [45]. We hypothesized that 

tetraconazole-induced cell death in our model fungi S. pombe was related tothe apoptotic activity of this triazole. 

To test this hypothesis, we first analyzed cell growth using a hemocytometer, which was significantly inhibited 

(p< 0.01) after tetraconazole exposure between 2-20 mg/L (Figure 1A), whereas mortality notably and gradually 

increased (p< 0.01), which was evaluated using methylene blue assay. Methylene blue permeates dead cell 

membranes and stains cytoplasm and nucleus, in contrast, live cells having intact cell membranes are capable of 

blocking permeation. The calculated the half-maximum inhibitory concentration(IC50) value was 7.03 mg/L. 

 

Figure 1. Cell proliferation, viability, apoptosis, and nuclear morphology after exposure to tetraconazole solutions for 24 h: A. Cell 

proliferation and mortality were assessed by hemocytometer and by methylene blue assay in comparison to ethanol (solvent) control (0 mg/L 

refers to solvent control). Solvent control includes 0.05% ethanol. B-F. Viable and dead cells were shown via fluorescent microscope after 

treatment with 1-10 mg/L tetraconazole and arsenic. Arsenic(III) was apoptosis-positive control. Arrows indicate apoptotic yeast. G. The graph 

shows the percentage of apoptosis in yeast treated with 0-10 mg/L tetraconazole and arsenic (n=5). Asterisks were used to show significantly 

different values (**p<0.01, *** p<0.001). H. DAPI assay was performed after treatment with 1-10 mg/L tetraconazole and arsenic. Arrows: 

Anucleation or fragmentation. 

B. Cell Death is Dependent on Apoptosis 

We observed apoptotic cells (Figure 1B-F) by using AO/EB assay showing both dead and live cell 

membranes along with cell nuclei. Ethidium bromide stains only the dead cell nucleus, whereas acridine orange 

penetrates both live and dead cells and stains the nucleus. While regular green nucleus is showing live cell, 

fragmented orange-bright or red nucleus is indicating apoptotic cell. Cells were exposed to tetraconazole at 1, 2, 

and 10 mg/L doses for 24h. Apoptotic cells were marked by arrows in Figure 1B-F. Number of apoptotic cells was 

significantly different in 2 mg/Land 10 mg/L tetraconazole groups(p< 0.01 and p< 0.001) as illustrated in Figure 

1G. Apoptosis dramatically increased at 2 and 10 mg/L doses (%20.21 and %56.79) compared to the control group 
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(%1.16). The percentages of apoptotic cells were comparable with mortality rates (%21.57 and %59.60) at 2 and 

10 mg/L doses. 

In addition, apoptosis was confirmed by DAPI staining. After the exposure period, cells were fixed with 

formaldehyde. When cells were stained with DAPI, we observed nuclear fragmentation, condensed, crescent- and 

dot-shaped cell nuclei, which were known as typical apoptotic markers [46, 47], at 2-10 mg/L doses and in arsenic 

control (apoptosis control) cells (Figure 1H, h1: 1 mg/L; h2: 2 mg/L; h3: 10 mg/L; h4: 3 mM arsenic trioxide).  

C. Tetraconazole-Induced ROS Production Potentially Activated Apoptosis 

DCFDA immediately reacts with ROS, mostly superoxide anions, and transforms to its oxidized 

fluorescent form (DCF) after permeation to the membrane and localization to the cytoplasm. As demonstrated in 

Figure 2, green fluorescence gradually increased in the experimental group at all concentrations of tetraconazole 

and in hydrogen peroxide control. In addition, using NBT reduction assay, levels of reactive oxygen species were 

measured and calculated as percentages of the control group. NBT reduction reflects ROS generation [48]. As 

shown in Figure 2F, NBT reduction significantly increased (2-5-fold) at all dose groups(p< 0.05 for 1 mg/L, p< 

0.01 for 2 mg/L and 10 mg/L tetraconazole concentrations, which was consistent with increase in mortality 

(%21.57 and %59.60; see Figure 1A) and apoptosis (%20.21 and %56.79; see Figure 1G). As illustrated in Figure 

2G-I, Sod1 and GPx1 mRNA levels increased 1.5-2-fold at all concentrations of tetraconazole, whereas Sod2 

mRNA levels remained unchanged except at 2 mg/L tetraconazole concentration. Positive regulation of the 

antioxidant enzyme system generally indicates excessive reactive oxygen species production [49], which means 

that organism is to recover antioxidant enzymes exhausted by superoxide and other oxidizing molecules [50]. 

 

Figure 2. ROS levels and antioxidant gene expression: A-E. ROS generation in yeast treated with 1-10 mg/L tetraconazole and 1 mM 

hydrogen peroxide were visualized and calculated using a fluorescence microscope. F. ROS production in yeast treated with 0-10 mg/L 

tetraconazole and 1 mM hydrogen peroxide was also measured by NBT assay. ROS production was determined at 620 nm and given as a 

percentage of a control group. G-I. Sod1 (G), Sod2 (H), and Gpx1 (I) expressions were analyzed using RT-PCR. Significance is marked by 

asterisks (*p<0.05, **p<0.01; n=3).
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D. Loss of MTP Elucidate the Effect of Tetraconazole on Mitochondria 

Disruption of mitochondria is an early apoptotic marker, which can be measured as transmembrane 

potential (ΔΨm) [51]. Loss of MTP was monitored using mitochondrial fluorescence stain Rhodamine 123. Active 

mitochondrion sequesters fluorescence stain via the activity of intact membrane pumps and emits green 

fluorescence, whereas apoptotic mitochondrion cannot pump the dye to the matrix, therefore the dye cannot 

fluoresce. The difference in fluorescence intensity of experimental and control groups was demonstrated in Figure 

3. A dramatic decrease in fluorescence intensity was calculated at all dose groups. Intensities 

weredramaticallylowered 2-3-fold at 1-10 mg/L tetraconazole concentrations (p< 0.001) as well as in arsenic 

control (see Figure 7F). 

 

Figure 3. Mitochondrial transmembrane potential (MTP) was demonstrated by Rhodamine 123 staining: A-E. MTPs treated with 1-10 

mg/L tetraconazole and arsenic were visualized and measured. F. Decrease of fluorescent intensity in the cells treated with tetraconazole (0-

10 mg/L) was measured and expressed as a percentage of a control group. Significance was indicated by asterisks (***p<0.001; n=3). 

E. Candidate apoptosis-related genes showed different expressions 

Pca1, Cnx1, and Aif1 were reported to regulate and progressthe apoptotic process in S. pombe[53–55]. 

Although the function of Pca1is currently not clear, we showed 2-fold decrease (p< 0.05) in Pca1expression at 10 

mg/L tetraconazole group (p< 0.05, Figure 4). Another pro-apoptotic gene, Cnx1 (Calnexin-1), which was 

previously reported to regulate ER-stress-induced cell death [53], was found transcriptionally activated (1.5-2-

fold, p< 0.05) in response to tetraconazole exposure in this study. However, Aif1, a FAD-dependent flavoenzyme 

homologous to mammalian Aif1, which is known to activate chromatin condensation and other apoptosis-related 

processes after its release from mitochondria [56], remained unchanged (p> 0.05) after tetraconazole exposure. 
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Figure 4. Gene expressions of pro-apoptotic genes in S. pombe treated with 0-10 mg/L tetraconazole: Pca1, Cnx1, and Aif1 mRNA levels 

were shown using RT-PCR. Significance is shown by asterisks (*p<0.05; n=3). 

IV. DISCUSSION 

In S. pombe, programmed cell death subroutines occur inseveral ways including apoptosis, autophagy, 

and necrosis, which are highly responsive to chemical and physical stressors, such as drugs, plant-originated 

chemicals, heat, and starvation [57]. In our research, fission yeast responded to tetraconazole, an azole derivative 

thatis used as an antifungal agent, and cell proliferation and viability gradually decreased in a dose-dependent 

manner. Although limited data is known on tetraconazole toxicity, generally azoles are defined as N-demethylase 

inhibitors that can subsequently inhibit cell membrane biosynthesis [11]. However, cell death, induced by 

tetraconazole in this study, was found mainly dependent on apoptosis, which was demonstrated with mitochondrial 

impairment, ROS accumulation, DNA fragmentation, and condensed cell nuclei, while many other azoles were 

found to induce cell death via blocking glycolysis, calcium influx and membrane biosynthesis [58]. 

Mitochondrial impairment and oxidative stress following the elevation of ROS production are known to 

be deleterious, which are having the potential to start cell death signaling [59]. An increase in oxidative molecules, 

such as hydrogen peroxide, hydroxyl radical, and superoxide anion was detected by NBT and DCFDA assays in 

our study. Besides, our results demonstrated a dose-dependent increase in oxidation of cellular compartments 

which was supported by elevations in expressions of cytosolic (Sod1) and mitochondrial superoxide dismutases 

(Sod2), and also in glutathione peroxidase. Similarly, a recent study reported that tetraconazole-induced oxidative 

stress, which was shown by MDA levels, superoxide dismutase, and catalase activities, led to chromosomal 

aberrations accompanying cell death in Allium cepa[60]. However, we found a negative correlation between ROS 

levels (oxidative stress) and mitochondrial inner membrane potential indicating oxidative damage on a 

mitochondrial membrane (see Fig. 2 and Fig. 3F). Previous studies elucidated the disruptive effects of oxidative 

stress on mitochondrial membrane permeability and mitochondrial DNA damage [61–63]. 

There are several candidate genes, which are suggested to be responsible for apoptosis in S. pombe.The 

fission yeast genome encodes only one caspase, which is known as Pca1. It is believed that Pca1 plays a dual role 

in cell death decisions[64]. Although in our previous study, we showed elevated Pca1 mRNA levels after chemical 

stress [42], however, in this study, tetraconazole treatment did not cause alteration in Pca1 levels except 10 mg/L, 

which can be accepted as an overdose for tetraconazole treatment. The precise roles of Pca1 and its ortholog Yca1 

(in S. cerevisiae), which were suggested to be metacaspases, in regulated cell death, are still waiting to be 

enlightened [65]. Similarly, Aif1 mRNA levels were not altered in any tetraconazole dose group in this study. In 

baker’s and fission yeasts, involvement of Aif1 in apoptosis activated by chemical stress and acidic pH was shown 

by a few articles [66–68]. But, in contrast, tetraconazole did not show a similar effect on Aif1 transcription in this 

study. Finally, Cnx1, which was suggested to regulate ER stress-related proteotoxicity and apoptosis in S. pombe 

[53], was demonstrated to have a potential role in tetraconazole-induced cell death in our study. Transcriptional 

activation of Cnx1 after tetraconazole treatment supports our hypothesis of its involvement in the fission yeast cell 

death signaling. However, some reports are suggesting that Cnx1 is involved in both autophagy and apoptosis or 

manage crosstalk between them [69]. 
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V. CONCLUSION 

In conclusion, tetraconazole caused dose-dependent apoptotic cell death. Cytotoxicity was related to 

oxidative damage and disruption of mitochondria. This study, also, examined three S. pombe genes that were 

believed to positively regulate apoptosis, and, consequently, induce cell death. Moreover, this study warrants 

further study aiming at programmed (or regulated) cell death pathways, lipotoxicity, and autophagy, or, cellular 

aging using molecular genetics insights.  
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