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ABSTRACT
Article History: Eugenol and o-terpineol are monoterpenes that are widely used in the food, medical
f\ﬁﬁiﬁiﬂi ﬂéﬁggg and agricultural sectors and are intensively studied. Although the applications of
Published online: 25.06.2024 eugenol and o-terpineol have expanded, there are few reports indicating that they

have cytotoxic effects depending on concentration and exposure time. Therefore, the
cytotoxic effects of eugenol and a-terpineol on the rainbow trout gonadal cells (RTG-

Esg"évr‘]’gldg 2) have been investigated based on different concentrations (18.75-600 pM and
a-Terpineol 3.125-100 pM, respectively) and exposure time (24 h and 48 h) in this study.
RTG-2 cells According to the Sulforhodamine B (SRB) test, all concentrations of eugenol
Sulforhodamine B assay significantly increased the viability of RTG-2 cells compared to the control group
Cytotoxicity after 24 h of treatment. In the 48 h treatment, all treatments except for the 18.75 uM

treatment significantly increased cell viability. However, these increases in viability
were lower compared to those observed in the 24 h treatment. The treatments with a-
terpineol (>12.5 uM) had a toxic effect on the RTG-2 cells after 24 and 48 h of
treatment, leading to a significant reduction in cell viability. Treatments of a-
terpineol (6.25 uM and 3.125 uM) non-significantly increased the viability of RTG-2
cells compared to the control group for 24 and 48 h, respectively. According to the
data obtained from the study, it appears that molecular analyses are needed to fully
understand the toxic effects of a-terpineol, especially depending on concentration and
exposure time.

Ojenol ve a-Terpineol’iin Gokkusag Alabahg Gonadal Hiicreleri Uzerinde Sitotoksik Etkileri
Arastirma Makalesi 0z

Makale Tarihgesi: Ojenol ve o-terpineol gida, tip ve tarim sektdrlerinde yaygin olarak kullanilan ve
Szgalt?:rmﬂéigzzi lizerinde yogun olarak calisitlan monoterpenlerdir. Ojenol ve a-terpineoliin
Online Yaymlanma: 25.06.2024 uygulamalar1 yayginlasmus olsa da konsantrasyona ve siireye bagli olarak sitotoksik

etkilere sahip olduklarini gosteren az sayida rapor bulunmaktadir. Bu nedenle, bu
calismada gokkusagi alabaligi gonadal hiicreleri (RTG-2) iizerinde &jenol ve a-
terpineol’iin konsantrasyona (sirasiyla 18,75-600 pM ve 3,125-100 uM) ve siireye

Anahtar Kelimeler:

Ojenol
a-Terpineol (24 ve 48 saat) bagl olarak sitotoksik etkileri arastirilmistir. Siilforhodamin B (SRB)
RTG-2 hiicreleri testine gore Gjenolun biitiin konsantrasyonlari, RTG-2 hiicrelerinin canlihigini 24

Siilforhodamin B testi

Sitotoksisite saat’lik uygulamadan sonra kontrol grubuna kiyasla 6nemli olgiide arttirdi. 48 saatlik

maruziyette ise 18,75 pM’lik uygulama hari¢ diger uygulamalar hiicre canliligin
O6nemli Olgiide arttirdi. Ancak canliliktaki bu artiglar, 24 saatlik uygulamadakilere
kiyasla daha diigiiktiir. a-terpineol uygulamalar1 (>12,5 uM) RTG-2 hiicrelerine 24 ve
48 saatlik maruziyette toksik etkide bulunarak hiicre canliliginda énemli bir azalmaya
yol agmustir. a-Terpineol (6,25 uM ve 3,125 uM) uygulamalart RTG-2 hiicrelerinin
canliligini kontrol grubuna kiyasla sirasiyla 24 ve 48 saat i¢in anlamli olmayan bir
sekilde arttirdi. Calisma elde edilen verilere gore, oOzellikle o-terpineol’iin
konsantrasyona ve siireye bagh olarak toksik etkilerinin tam olarak anlasilabilmesi
icin molekiiler analizlere ihtiya¢ duyuldugu goriilmektedir.
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1. Introduction

Eugenol (CioH120) is a volatile monoterpene phenolic aromatic compound found in essential oils
obtained from most plant species (Ulanowska and Olas, 2021). Eugenol, which is recognized as a non-
mutagenic and safe molecule by the World Health Organization (WHO), is used in various industrial
sectors including medicine, pharmaceuticals, dentistry, food sweetening, agriculture, and cosmetics
(Nisar et al., 2021). Eugenol's anti-inflammatory, antimicrobial, analgesic, antioxidant,
neuroprotective, antidiabetic, and antitumor properties have been scientifically determined. In
addition, based on the detection of eugenol's roles in cellular functions, such as triggering apoptosis
and stopping the cell cycle, its effectiveness as a therapeutic molecule is being intensively investigated
(Zhao et al., 2022; Racea et al., 2023a). Eugenol's therapeutic properties are associated with free
radical scavenging (Carvalho et al., 2023). However, it has also been stated that eugenol causes
structural and functional damage to tissues in a dose-dependent manner (Carvalho et al., 2022).
a-Terpineol (C1oH180) is the first monocyclic monoterpenoid isomer of terpinols (Negreiros et al.,
2023). There are reports on the anti-inflammatory, antiproliferative, antitumor, antiulcer,
antibronchitis, antimicrobial, antimutagenic, blood pressure-lowering, antidiarrheal, anticonvulsant,
and sedative activities of a-terpineol (Sales et al., 2020; Chen et al., 2023). a-Terpineol is extensively
used as a flavoring agent in foods, a fragrance in cosmetics and cleaning products, and as a suspension
solvent in the production of paints and fuel cells. Additionally, it has uses in the insecticide and
miticide sectors, aromatherapy, and pharmaceutical industry (Sales et al., 2020; Chen et al., 2023).
However, concentration- and time-dependent toxic effects of a-terpineol have been demonstrated in
various model organisms and cancer cells. These toxic effects have mostly been associated with
plasma membrane degradation, ROS production, lipid peroxidation, and mitochondrial degradation
(Agus, 2021; Negreiros et al., 2023).

Considering the use of eugenol and a-terpineol in food, medical, and agriculture treatments, data on
their potential toxicity is very crucial. Fish cells are widely used in vitro toxicology studies. The
rainbow trout gonadal cells (RTG-2) from the Oncorhynchus mykiss have advantages such as the
ability to metabolize toxic compounds, not requiring an exogenous metabolic system, and showing
higher sensititivity than mammalian cells (Yurdakok-Dikmen et al., 2018). The RTG-2 cells have been
successfully used for cytotoxicity testing of several materials (Cigek, 2023). To the best of our
knowledge, the concentration-dependent cytotoxic effects of eugenol and a-terpineol have not been
investigated on the RTG-2 cells. Thus, the present study aimed to determine the dose and exposure

time dependent cytotoxic effects of eugenol and a-terpineol on these cells.
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2. Materials and Methods

2.1. Materials

The 10th passage of RTG-2 cells (Registration No: 95121808) has been supplied from the "Tiirkiye
Sap Enstitiisii” (Ankara, TURKIYE). Eagle's Minimal Essential Medium (EMEM) (30-2003™,
ATCC, USA), eugenol (Cat No: W246700, Sigma Aldrich, USA), Penicillin-Streptomycin (Pen/Strep)
(P4458, Sigma, USA), o-terpineol (Cat No: 432628, Sigma Aldrich, USA), trichloroacetic acid
solution (Cat No: T0699, Sigma Aldrich, USA), sulforhodamine B (SRB) dye (Cat N0:230162, Sigma
Aldrich, USA), fetal bovine serum (FBS) (Cat No: S1620-500, Biowest, France), acetic acid (Cat
N0:695092, Sigma Aldrich, USA), and tris base (Cat No: T6066, Sigma Aldrich, USA) were
purchased.

2.2. The preparation of the RTG-2 cells and eugenol and o-terpineol treatments

The growth solution for the RTG-2 cells consisted of 1% Pen/Strep, 10% FBS, and 89% EMEM. The
cells were grown in an incubator (at 23.7 °C), without CO- respiration (Cigek, 2023). 1.2 M of eugenol
and 0.2 M of o-terpineol stock solutions were prepared using a medium as a solvent. Eugenol
treatments (600, 300, 150, 75, 37.5, 18.75 uM) and a-terpineol treatments (100, 50, 25, 12.5, 6.25,
3.125 uM) were prepared from stock solutions (Ghodousi-Dehnavi et al., 2021; de Menezes Dantas et
al., 2022; Alipour et al., 2022). 3x10* and 2.5x10° of the RTG-2 cells (16-18th passages) per well
were seeded for the 24 h and 48 h treatments in a sterile cabinet, respectively. Eugenol and a-terpineol
treatments were added to the RTG-2 cells (n = 6). The cell viability analysis was conducted after 24 h
and 48 h of treatment.

2.3. Sulforhodamine B test

The Sulforhodamine B (SRB) assay was proposed in other studies to examine the cytotoxicity of
compounds with redox potential in adherent cells (Shakil et al., 2022; Istk and Cigek, 2024).
Therefore, SRB assay was used to assess the cytotoxicity of eugenol and a-terpineol treatments due to
their involvement in redox reactions, and because the RTG-2 cells are adherent cells (Bezerra et al.,
2017; Agus et al., 2022; Isik and Cicek, 2024). Briefly, cells were fixed with 100 pL of cold 10%
trichloroacetic acid and holded at + 4 °C for 1.5 h. The plates were washed with distilled water (dH20)
five times and were air-dried. Then, the fixed cells were dyed with SRB staining dye by adding 50 uL
of a 0.4% (w/v) 1% acetic acid solution and incubated for 30 min in the dark. Later, the plates were
washed with a mixture of 5% acetic acid (in a 5:1 ratio) to remove the free staining dye. After the air-
drying process, 150 puL of 10 mM Tris base was added to each well, and the plates were agitated at
150 rpm for 10-20 min. The absorbance values were read using a microplate reader (EpochTM,
BioTek, USA) at 564 nm (Vichai and Kirtikara, 2006; Shakil et al., 2022).
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2.4. Data analysis

The study data were analyzed using the GraphPad Prism 9 software (GraphPad Software, Inc.,
California, USA). Treatments were assessed using one-way analysis of variance and Dunnett's
multiple comparison test. All throughout were stated as mean = SD. Analysis was performed in
triplicate (n=6).

3. Results and Discussion

The SRB test revealed that all doses of eugenol significantly enhanced the cell viability of the RTG-2
cells compared to the control group after 24 h of treatment. At 24 h of treatment, eugenol
concentrations of 18.75, 37.5, 75, 150, 300, and 600 puM resulted in cell viabilities of 123.11%,
145.60%, 124.57%, 150.99%, 180.90%, and 186.47% relative to the control group (100%) for RTG-2
cells. These treatments of eugenol resulted in 88.48%, 122.35%, 125.81%, 141.49%, 173.61%, and
168.67% cell viability after 48 h of treatment, respectively (Figure 1).

Reports on the concentration-dependent cytotoxic effects of eugenol are scarce. High concentrations of
eugenol (>3 mmol/L) have been reported to be cytotoxic to primary oral mucosal fibroblasts. This
effect is associated with intracellular glutathione and ATP depletion. However, it has also been stated
that low concentrations of eugenol (<1 mmol/L) have a protective effect on cell viability by inhibiting
xanthine oxidase activity and lipid peroxidation. It has been reported that eugenol treatment (83 uM)
significantly increased the metaphase Il rate, first polar body extrusion, cumulus cell expansion,
cytoplasmic maturity, viability, glutathione level, division rates, embryo development, expanding
blastocyst and blastomere number in bovine oocytes (de Oliveira et al., 2021). It has been
demonstrated that treatment with eugenol (50 uM) increased the viability of healthy human
keratinocytes (HaCaT) cells over time (Aburel et al., 2021). In addition, it has been stated that eugenol
(0.1 mM) did not cause a significant decrease in HaCaT cell viability after 72 h of treatment (Racea et
al., 2023b). Some studies have highlighted that the concentration of eugenol matters in inducing
cytotoxicity. Besides reports stating that it can only induce cytotoxicity at concentrations in the mM
range, there are also some studies showing cytotoxicity at concentrations in the uM range (Bezerra et
al., 2017). In this study, eugenol was seen as the only concentration (18.75 uM) that reduced cell
viability compared to the control group at 48 h. This effect may be attributed to the dual nature of
eugenol, which can act as both an antioxidant and a pro-oxidant agent in response to oxidative stress
(Bezerra et al., 2017).
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Figure 1. Cytotoxicity of eugenol (18.75-600 uM) on the RTG-2 cells depending-concentration and time.
*p<0.05 significant, **p<0.01 very significant, ***p<0.0005, and ****p<0.0001 extremely significant, vs. the
control group

Figure 2 demonstrates that both higher and 12.5 uM concentrations of a-terpineol showed highly toxic
effects on the RTG-2 cells after 24 h and 48 h of treatment. While 3.125 uM of a-terpineol exhibited a
toxic effect after 24 h of exposure, it non-significantly increased cell viability after 48 h of treatment.
In addition, 6.25 uM of a-terpineol non-significantly improved the viability of the RTG-2 cells
relative to the control group after 24 h of treatment, but decreased the cell viability after 48 h of
treatment. 3.125, 6.25, 12.5, 25, 50, and 100 uM of a-terpineol caused 53.39%, 108.12%, 12.41%,
19.11%, 27.26%, and 27.71% of the RTG-2 cell viability compared to the control group (100%) after
24 h of treatment. These treatments of a-terpineol resulted in cell viabilities of 105.90%, 54.97%,
15.41%, 12.51%, 12.05%, and 21.32% after 48 h of exposure.

It has been reported that a-terpineol can inhibit cellular division, have a mutagenic effect with bridge
formation and delayed anaphase stages, and have a cytotoxic effect on cells through apoptosis
depending on the dose and exposure time (Negreiros et al., 2023). In addition, considering the
penetration effects of a-terpineol, the cytotoxicity of a-terpineol can be associated with apoptosis
resulting from in cell permeability, increased fluidity, and cell cycle rate. It has been reported that a-
terpineol caused changes in cell membrane function and leakage of intracellular materials by
destabilizing the cell membrane, showing a toxic effect against antibiotic-resistant bacteria (e.g.,
Escherichia coli O157:H7) (Zengin and Baysal, 2014). In another study, it has been reported that the
hydroxyl group of a-terpineol can form glycosidic bonds and hydrogen bonds with PO? and COO-,
transforming the polar head groups of phospholipids into a tight package. This process reduces
membrane fluidity, disrupts electron transport in the membrane, precipitates the membrane pH
gradient, and accumulates reactive oxygen species (Yang et al., 2023). Zarei et al. stated that a-
terpineol (1 mg/mL) inhibited 38% of human breast cancer cells (MCF7) and 18% of human foreskin
fibroblast cells (HFF) (Zarei et al., 2022). Chen et al. reported that a-terpineol can induce apoptosis in

cancer cells by inhibiting of the NF-kB signaling pathway, causing mitochondrial depolarization,
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releasing cytochrome C, and altering the transcriptomic expression of Bcl-2 and Bax genes (Chen et
al., 2023).
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Figure 2. Cytotoxicity of a-terpineol (3.125-100 pM) on the RTG-2 cells depending-concentration and time.
p>0.05 not significant (ns),***p<0.0005, and ****p<0.0001 extremely significant, vs. the control group

4. Conclusion

In this study, it was shown that all eugenol treatments (>37.5 uM) significantly increased the RTG-2
cell viability compared to the control group cell viability (100%) at 24 and 48 h of treatment. In
addition, it has been understood that a-terpineol (>12.5 pM) had a toxic effect on the RTG-2 cells.
Based on this data, it can be concluded that eugenol may have the potential to be used as a healing
agent, particularly in wound care, while a-terpineol may have the potential to serve as an antibiotic
agent or a toxic agent against microorganisms and pests. However, it should not be forgotten that
results obtained from in vitro studies may differ from responses obtained from in vivo models.
Therefore, 3D cell culture techniques, which yield results closely resembling in vivo studies, and
molecular-based toxicogenomic research that relies on the correlation between concentration and
treatment time, are necessary to comprehend the behavior and identify the pathways, reactions, and
environmental conditions of eugenol and a-terpineol at the cellular level. Future studies may focus on

these compounds and provide the data needed for these two monoterpenes.

Statement of Conflict of Interest

The author declares that there is no conflict of interest regarding the study.

Author’s Contributions

The author declares that she has contributed 100% to the article.

1277



References

Aburel OM., Pavel 1Z., Danila MD., Lelcu T., Roi A., Lighezan R., Muntean DM., Rusu LC.
Pleiotropic effects of eugenol: The good, the bad, and the unknown. Oxidative Medicine and
Cellular Longevity 2021; 1-15.

Agus HH. Toxicology: Oxidative stress and dietary antioxidants. 1st ed. London: Academic Press;
2021.

Agus HH., Cetin A., Ozdemir N., Ozbay MG., Caglar MA., Sariyildiz MA., Yildiz U. Resorcinol
alleviates alpha-terpineol-induced cell death in Schizosaccharomyces pombe via increased
activity of the antioxidant enzyme Sod2. FEMS Yeast Research 2022; 22(1): 1-8.

Alipour HR., Yaghmaei P., Ahmadian S., Ghobeh M., Ebrahim-Habibi A. A study on alpha-terpineol
in Alzheimer’s disease with the use of rodent in vivo model, restraint stress effect and in vitro
Amyloid beta fibrils. Brazilian Journal of Pharmaceutical Sciences 2022; 58: €19090-€19102.

Bezerra DP., Militao GCG., De Morais MC., De Sousa DP. The dual antioxidant/prooxidant effect of
eugenol and its action in cancer development and treatment. Nutrients 2017; 9(12): 1367.

Carvalho RPR., de Carvalho IR., da Costa RV., Guimardes-Ervilha LO., Machado-Neves M. The
effects of eugenol on histological, enzymatic, and oxidative parameters in the major salivary
glands and pancreas of healthy male wistar rats. Archives of Oral Biology, 2023; 154: 105764.

Carvalho RPR., Ribeiro FCD., Lima TI., Ervilha LOG., de Oliveira EL., de Oliveira Faustino A., de
Almeida Lima GD., Machado-Neves M. High doses of eugenol cause structural and functional
damage to the rat liver. Life Sciences 2022; 304: 120696.

Chen Y., Zhang L L., Wang W., Wang G. Recent updates on bioactive properties of a-terpineol.
Journal of Essential Oil Research 2023; 35(3): 274-288.

Cigek S. Influences of 1-ascorbic acid on cytotoxic, biochemical, and genotoxic damages caused by
copper Il oxide nanoparticles in the rainbow trout gonad cells-2. Comparative Biochemistry and
Physiology Part C: Toxicology and Pharmacology 2023; 266: 109559.

de Menezes Dantas D., de Alencar Silva A., Pereira-de-Morais L., de Sena Bastos CM., Calixto GL.,
Kerntopf R., de Menezes, IRA., Weinreich D., Barbosa R. Characterization of the vasodilator
effect of eugenol in isolated human umbilical cord arteries. Chemico-Biological Interactions
2022; 359: 109890.

de Oliveira LRM., de Aquino LVC., de Oliveira Santos MV., de Figueirédo Freitas VJ., Bertini LM.,
Pereira AF., Ungerfeld R. Effects of different concentrations of eugenol in maturation medium
on bovine oocytes, oxidative status and preimplantation embryos. Animal Production Science
2021; 62(2): 142-151.

Ghodousi-Dehnavi E., Hosseini RH., Arjmand M., Nasri S., Zamani, Z. A metabolomic investigation
of eugenol on colorectal cancer cell line HT-29 by modifying the expression of APC, p53, and

KRAS genes. Evidence-Based Complementary and Alternative Medicine 2021; 1-9.

1278



Isik S., Cigek S. Impacts of high-dose riboflavin on cytotoxicity, antioxidant, growth, reproductive
gene expressions, and genotoxicity in the rainbow trout gonadal cells. Toxicology in Vitro
2024; 94: 105730.

Negreiros HA., Fontele SBC., Batista FA., Farias MGD., Silva FCCD., Nascimento MLLBD., de
Moura KG., de Sousa Correa L., Pereira, ARS., de Oliveira Lopes L., Ferreira PMP., Mendes
AN., Gongalves JCR., de Carvalho Melo-Cavalcante AA., Sousa JMDCE. Toxicogenetic profile
of the monoterpene alpha-terpineol on normal and tumor eukaryotic cells. Drug and Chemical
Toxicology 2023; 1-9.

Nisar MF., Khadim M., Rafig M., Chen J., Yang Y., Wan, CC. Pharmacological properties and health
benefits of eugenol: A comprehensive review. Oxidative Medicine and Cellular Longevity
2021; 1-14.

Racea RC., Macasoi IG., Dinu S., Pinzaru I., Marcovici |., Dehelean C., Rusu LC., Chioran D., Rivis
M., Buzatu R. Eugenol: in vitro and in ovo assessment to explore cytotoxic effects on
osteosarcoma and oropharyngeal cancer cells. Plants 2023a; 12(20): 3549.

Racea RC., Merghes PE., Gurgus D., Macasoi |., Rusu LC., Chioran D., Dinu S., Breban-Schwarzkopf
D., Szuhanek C., Rivis M. Eugenol: in vitro characterization of the cytotoxic profile at the level
of colorectal carcinoma cells. Farmacia 2023b; 71(2): 1-8.

Sales A., Felipe LDO., Bicas JL. Production, properties, and applications of a-terpineol. Food and
Bioprocess Technology 2020; 13(8): 1261-1279.

Sanchez-Argiiello P., Franco D., Fernandez, MD. Combined cytotoxicity of ZnO nanoparticles and
chlorpyrifos in the rainbow trout, Oncorhynchus mykiss, gonadal cell line RTG-2. Aquatic
Toxicology 2023; 261: 106612.

Shakil MS., Rana Z., Hanif M., Rosengren RJ. Key considerations when using the sulforhodamine B
assay for screening novel anticancer agents. Anti-Cancer Drugs, 2022; 33(1): 6-10.

Ulanowska M., Olas B. Biological properties and prospects for the application of eugenol-A review.
International Journal of Molecular Sciences 2021; 22(7): 3671.

Vichai V., Kirtikara K. Sulforhodamine B colorimetric assay for cytotoxicity screening. Nature
Protocols 2006; 1(3): 1112-1116.

Yang X., Zhao S., Deng Y., Xu W., Wang Z., Wang W., Lv R., Liu D. Antibacterial activity and
mechanisms of a-terpineol against foodborne pathogenic bacteria. Applied Microbiology and
Biotechnology 2023; 107: 6641-6653.

Yurdakok-Dikmen B., Vejselova, D., Kutlu, HM., Filazi A., Erkoc F. Effects of synthetic pyrethroids
on RTG-2 cells. Toxin Reviews 2018; 37(4): 304-312.

Zarei B., Tabrizi MH., Rahmati A. PEGylated lecithin-chitosan nanoparticle—encapsulated alpha-
terpineol for in vitro anticancer effects. AAPS PharmSciTech 022; 23(4): 94.

1279



Zengin H., Baysal A. Antibacterial and antioxidant activity of essential oil terpenes against pathogenic
and spoilage-forming bacteria and cell structure-activity relationships evaluated by SEM
microscopy. Molecules 2014; 19: 17773-17798.

Zhao X., Zheng SM., Wei SM., Tian QM., Tao Y., Bo RN., Liu MJ., Li JG. The protective effect and
potential mechanisms of eugenol against Salmonella in vivo and in vitro. Poultry Science 2022;
101(5): 101801.

1280



