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Abstract

:

As cancer remains a significant global health challenge, there is an increasing need for novel therapeutic approaches. We investigated the antitumor potential of Juniperus communis berry essential oil on cervical cancer HeLa and colorectal HCT 116 cells. Cytotoxicity was evaluated through the MTT assay, revealing concentration-dependent reductions in cell viability. A clonogenic assay demonstrated long-term cytotoxic effects. Apoptosis markers were assessed via flow cytometric analysis and showed an induction of the intrinsic pathway in both cell lines, demonstrated by the elevated levels of cleaved caspase-3, Bax/Bcl-2 ratio, JC-10 monomer formation, and cytochrome C migration to the cytosol. The treatment inhibited cell-survival pathways in HCT 116 cells and arrested HeLa cells in the S phase. An extensive molecular docking screening provided insight into the binding affinity and interaction patterns of the essential oil components with NADH ubiquinone oxidoreductase and superoxide dismutase enzymes, further confirming the induction of the intrinsic pathway of apoptosis. The obtained in silico and in vitro results indicated the anticancer potential of J. communis berry essential oil as it interferes with cancer cell molecular mechanisms. Our findings highlight J. communis berry essential oil as a promising natural agent with anticancer potential.
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1. Introduction


Cancer is one of the main public health problems of the 21st century. According to the WHO, it is a leading cause of death worldwide, resulting in almost ten million deaths in 2020 [1]. The problem lies in the pathogenesis of cancer, which is dynamic and perplexing. To this day, research for various anticancer therapies is still ongoing. Scientists face many challenges including genetic, epigenetic, and environmental factors affecting cancer progression. Moreover, emerging drug resistance and the serious adverse effects of conventional antitumor therapy enforce the search for new therapeutic approaches, primarily the research of natural substances. Historically, the use of more than three thousand plant species was documented with evidence of antitumor potential. At the moment, there are four classes of plant-derived compounds used in antitumor therapy, including vinca alkaloids, epipodophyllotoxin derivatives, camptothecin analogs, and taxane diterpenoids [2]. In recent years, a focus has been set on discovering novel biologically active compounds with improved efficacy, selectivity, as well adjuvant potential for conventional antitumor therapy. Essential oils (EOs) have emerged as promising candidates, demonstrating a broad spectrum of biological effects, such as antimicrobial, antioxidative, immunomodulatory, and antitumor activity [3,4,5]. The effect of EOs depends on the vast number of active metabolites they contain. The number of different low-molecular-weight chemical compounds in their composition can vary depending on numerous extrinsic and intrinsic factors, with the most important being the extraction process, the plant’s environment, and harvest time [6]. This variability in composition makes it challenging to identify the exact pathways in the body that are affected by EOs. Nevertheless, their incorporation into many consumer products and emerging scientific data highlight their versatility and widespread acceptance.



Juniperus communis, commonly known as “kleka” in the Balkan region, is a versatile and widely distributed coniferous plant belonging to the family of Cupressaceae. It is widely distributed through the northern hemisphere, with North America, Europe, and Asia having the most widespread Juniperus species. It is known that J. communis berries are a rich source of many biologically active metabolites, mostly from the monoterpene family, like α-pinene, sabinene, limonene, myrcene, and β-pinene [7,8].



Therefore, the aim of this study was to examine the molecular mechanism of the anticancer potential of J. communis berry essential oil. Our findings could provide insight into the significant anticancer potential of the J. communis essential oil in vitro and further help improve knowledge and spike interest in the possible application of other essential oils rich in biologically active compounds in the treatment of cancer.




2. Results


2.1. J. communis Essential-Oil-Induced Selective Short-Term Cytotoxic Effects in HeLa and HCT 116 Cells


The short-term cytotoxic activity of J. communis EO was evaluated with a 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide dye (MTT) colorimetric assay on three cell lines—nontransformed human lung fibroblasts (MRC-5), human cervical cancer cells (HeLa), and human colon cancer cells (HCT 116). The results are represented graphically in Supplementary Figure S1. The cells were treated at various concentrations (0.1, 0.3, 1, 3, 10, 30, and 100 µg/mL), and cytotoxicity was measured after 24, 48, and 72 h of treatment. J. communis EO showed a statistically significant cytotoxic effect in a concentration-dependent manner on every cell line (at 30 µg/mL and 100 µg/mL, p < 0.05); however, a statistically significant cytotoxic effect was observed at 10 µg/mL after 48 h only on the HeLa cell line (p < 0.05). Moreover, a statistically significant difference in cytotoxicity was observed between the transformed HeLa cell line and the non-transformed MRC-5 cell line at a dose of 30 µg/mL after 48 h of treatment (p < 0.001). Doxorubicin, an approved cytotoxic drug, was employed to treat cells in order to serve as a positive control for the MTT experiment (Supplementary Figure S2).



The half-maximal inhibitory concentration (IC50) and selectivity index (SI) were calculated to determine the overall inhibitory potential of the EO, with no reference to the initial cell number (Table 1). The obtained data showed that the treatment induced the strongest inhibition against the HeLa cell line, as marked by a low IC50 value after 24, 48, and 72 h followed by the HCT 116 cell line. A statistically significant difference between the MRC-5 and HeLa IC50 values was observed after every time point, and additionally, there was a statistically significant difference between the HeLa and HCT 116 IC50 values at the 48 h point. The J. communis EO showed selectivity for malignant cells compared to the non-transformed MRC-5 cells, with the HeLa cell line being the most susceptible to treatment with the highest SI, followed by the HCT 116 cell line. The cytostatic (i.e., 50% cell growth inhibition—GI50 and total growth inhibition—TGI) and cytocidal effect (i.e., median lethal dose—LD50) were calculated considering the count of cells at time zero. A statistically significant difference in cell proliferation—GI50 values—was observed between the MRC-5 and HeLa cell line after 48 h (p < 0.05), with the J. communis EO exhibiting a significant cytostatic effect on the HeLa cell line compared to the non-transformed cell line. The difference was also significant (p < 0.05) between the GI50 of HeLa and HCT 116 after 48 and 72 h. A statistically significant difference in TGI was observed at every time point between the MRC-5 and HeLa cell line (p < 0.05), while the difference between the two transformed cell lines was observed only after 72 h. The LD50 values after 24 and 48 h on the MRC-5 and HeLa cell lines were higher than 100 µg/mL. The HCT 116 cell line had lower LD50 values. After 72 h, a statistically significant difference in the LD50 was observed between MRC-5 and HeLa, as well as HeLa and HCT 116, implying that the HeLa cell line responded to the lowest median lethal dose between the tested cell lines.




2.2. J. communis Essential-Oil-Induced Long-Term Cytotoxic Effects in HeLa and HCT 116 Cells


After the MTT assay, the next step was to explore the long-term effects of the J. communis EO. The results are presented in Figure 1 as values of the survival fraction (SF). The obtained results from the 12-day clonogenic assay suggested that the EO significantly decreased the SF of the investigated cancer cells in a dose-dependent manner. Specifically, on the HeLa cell line, treatment with concentrations 1, 3, 10, and 30 µg/mL showed a statistically significant decrease in the SF (p < 0.001) in comparison to the control (the non-treated group), but also between the treatments. On the HCT 116 cell line, the SF significantly decreased at higher treatment concentrations of 10 and 30 µg/mL, in comparison to the non-treated group. Therefore, a long-term cytotoxic effect was confirmed on both cancer cell lines.




2.3. J. communis Essential-Oil-Induced Apoptosis in HeLa and HCT-116 Cells by Upregulating the Expression of Active Caspase-3 and Bax/Bcl-2 Protein Ratio


After 48 h incubation with the IC50 values of the EO, we performed the flow cytometric analysis of apoptosis using Annexin V-FITC/7-AAD. The results are presented in Figure 2A as percentages of early apoptotic (EA), late apoptotic (LA), and necrotic cells (N). In every group, control and treatment, a fraction of necrotic cells was negligible.



On the treated HeLa cell line, the percentage of EA cells was higher than in the control cells (p < 0.05), as well as the portion of LA cells (p < 0.05). Comparing the total apoptosis percentage (EA + LA), a statistically significant change was observed between the control and treated HeLa cells. On the HCT 116 cell line, the percentage of EA and LA cells in the control versus treated cells was not significantly different, but the total percentage of apoptosis was significantly higher than the control (p < 0.05). In both the HeLa and HCT 116 cell lines, there was a statistically significant increase in the percentage of cleaved caspase-3 by 9.81-fold, p < 0.001, and 4.77-fold, p < 0.05, respectively (Figure 2B). Additionally, a flow cytometric analysis was performed to further confirm the pathway of apoptotic cell death. We calculated the ratio between pro-apoptotic Bax and antiapoptotic Bcl-2 protein. As shown in Figure 2C, on both cell lines, the Bax/Bcl-2 ratio was higher in the EO-treated cells than in the control, but a statistically significant difference was observed in the HCT 116 cells (p < 0.05).




2.4. J. communis Essential Oil Treatment Altered the Mitochondrial Membrane Potential in HeLa and HCT 116 Cell Line


To assess the apoptosis pathway that the J. communis EO initiates, we investigated the alterations in the mitochondrial membrane potential (ΔΨm)—the indicator of mitochondrial dysfunction. This experiment was conducted with immunofluorescence techniques using the fluorescent dye JC-10. As shown in Figure 3, on the HeLa cell line, the ratio of cytosol to mitochondrial JC-10 (monomer/aggregate) was significantly higher in the treated cells (p < 0.001), as well as on the HCT 116 cell line (p < 0.05). The change from red to green fluorescence indicated that the treatment causes the reduction in the ΔΨm. We investigated the localization of cytochrome C to further confirm the mitochondrial cell death pathway (Figure 4). In the HeLa cell line, the ratio of cytosol to mitochondrial cytochrome C is significantly higher in the treated cells (p < 0.001), as well as in the HCT 116 cell line (p < 0.05).




2.5. J. communis Essential Oil Treatment Inhibited MAPK/ERK and PI3K/Akt Cell Signaling Pathways of Cell Survival in HCT 116 Cell Line


To further investigate the apoptotic pathway on the HCT 116 cell line, we conducted a flow cytometric analysis of the MAPK/ERK and PI3K/AKT cell-survival pathways. The results showed that the J. communis EO treatment significantly downregulated the expression of both pAKT and pERK, and therefore inhibited the cell-survival pathways, directly resulting in the induction of apoptosis (Figure 5A,B).




2.6. J. communis Essential Oil Treatment Affected the Cell-Cycle Distribution in HeLa and HCT 116 Cells


The cell-cycle distribution was analyzed by measuring the FL4 intensity (PI) using a flow cytometer after 48 h of IC50 treatment. As shown in Figure 6, on the HeLa cell line, the results showed that the percentage of cells in the S phase increased by 1.49-fold (p < 0.05) and the G2/M phase decreased by 1.8-fold (p < 0001). The treatment on the HCT 116 cell line did not significantly affect the cell-cycle distribution (p > 0.05), although a slight change in the G2/M was observed.




2.7. J. communis Essential Oil Active Metabolites Bound to the NADH Ubiquinone Oxidoreductase Subunits 1, 2, 6 and Superoxide Dismutase


The binding modes of the J. communis EO components were investigated in silico against NADH ubiquinone oxidoreductase (complex I-CI) subunits S1, S2, and S6 (NDUFS1, NDUFS2, and NDUFS6) and superoxide dismutase (SOD). Based on the obtained results, the binding-affinity values were calculated in the range from −3.4 to −7.4 kcal/mol, as shown in Figure 7.



The investigation of the binding potential toward NDUFS1 revealed favorable interaction patterns of α-pinene (−5.9 kcal/mol), limonene (−5.7 kcal/mol), and sabinene (−5.7 kcal/mol). On the other hand, α-ylangene (−7.1 kcal/mol), longifolene (−7.3 kcal/mol), and caryophyllene oxide (−7.4 kcal/mol) were identified as the most prominent binders of NDUFS1 among minor constituents. All ligands occupied the CASTp-predicted active-site region forming hydrophobic alkyl, π-alkyl, and π-sigma interactions with Tyr204, Leu427, Cys425, Ile205, and Ala426 (Figure 8). Moreover, the formation of two hydrogen bonds with Tyr374 (dHB = 2.35 Å) and Ser323 (dHB = 2.41 Å) was identified in the case of caryophyllene oxide.



Similarly, the docking simulations performed on NDUFS2 exposed δ-cadinene (−6.3 kcal/mol), α-ylangene (−6.3 kcal/mol), and caryophyllene oxide (−6.1 kcal/mol) as components with the highest binding affinity. On the other hand, α-pinene (−4.9 kcal/mol), limonene (−5.2 kcal/mol), and o-cymene (−5.2 kcal/mol) were identified as the most prominent among major components. The corresponding ligands interacted within the predicted active site with Phe95, Tyr152, Tyr173, and Leu181 via alkyl, π-alkyl, π-sigma, and π-π hydrophobic interactions, respectively, as shown in Figure 9.



The investigated EO components expressed significant potential to bind NDUFS6 also. Here, β-myrcene (−6.2 kcal/mol), limonene (−5.7 kcal/mol), o-cymene (−5.4 kcal/mol), longifolene (−6.8 kcal/mol), α-ylangene (−6.8 kcal/mol), and trans-caryophyllene (−7.1 kcal/mol) established multiple alkyl, π-alkyl, and π-sigma interactions with amino acid residues of Ile21, Ile19, Ile53, Val87, Leu44, Leu91, Phe36, Ala47, and Leu95 (Figure 10).



In the case of SOD, δ-cadinene, caryophyllene oxide, and longifolene were identified as the most effective binders among minor EO components (−5.7, −5.6, and −5.6 kcal/mol, respectively). On the other hand, α-pinene, o-cymene, and limonene expressed the highest binding affinity toward SOD among major constituents, with energy values of −4.5, −4.6, and −4.6 kcal/mol. A more profound comprehension of the binding modes was achieved by an interaction pattern analysis (Figure 11). Here, all ligands were positioned within the predicted active-site region establishing predominantly alkyl, π-alkyl, and π-sigma interactions with the side chains of Pro62, His80, and Lys136.




2.8. J. communis Essential Oil Treatment Decreased the O2•− Concentration and Downregulated the Superoxide Dismutase in HeLa and HCT 116 Cells


In order to examine and confirm the in silico binding of secondary metabolites from J. communis EO to NDUFS1, NDUFS2, NDUFS6, and SOD, we performed in vitro experiments and measured the concentration of the superoxide anion radical (O2−●) and the activity of SOD. As shown in Figure 12A, in both the HeLa and HCT 116 cells, there was a statistically significant decrease in O2−● concentration after the IC50 treatment (p < 0.05), as well as a decrease in the activity of the antioxidative enzyme SOD, p < 0.05 (Figure 12B).





3. Discussion


Cancer still poses a significant global health problem. An increasing number of multidrug-resistant cancers have been reported in recent years [1]. In that sense, finding novel therapeutic approaches is an interesting topic of research. Since the Juniperus genus essential oils had already been proven to have cytotoxic and antiproliferative effects [9,10,11], we wanted to specifically test the antitumor effect of J. communis berry EO on HeLa and HCT 116 cells. We showed that the J. communis berry EO showed selective short-term and long-term antitumor effects on the HeLa and HCT 116 cell lines. To the best of our knowledge, our findings represent the first confirmation of the anticancer effects of J. communis berry EO on HeLa and HCT 116 cells, including the triggering of the intrinsic pathway of apoptosis, alteration in the cell cycle, inhibition of cell-survival pathways, and changes in the oxidative status in cancer cells.



Numerous studies have demonstrated that EOs derived from J. communis variants induced cytotoxic, genotoxic, and antiproliferative effects in vitro [11,12]. Specifically, J. communis EO exhibited cytotoxic effects against the breast cancer MCF-7 cell line [9], neuroblastoma SH-SY5Y cells [10], and lung A549 cells [12]. Additionally, Mansour RB et al. [11] revealed the cytotoxic effects of J. phoenicea berry EO on breast MCF-7 and HT-29 colon cancer cells. Consistent with these findings, we demonstrated that the J. communis berry EO treatment is selective for the transformed cell lines HeLa and HCT 116, exhibiting both short-term and long-term cytotoxicity. This is corroborated by the fact that the predominant component in the EOs studied, including ours, is α-pinene, which is well-known for its cytotoxic properties [9,10,11,12].



One of the desirable outcomes of antitumor therapy is targeting the induction of programmed cell death. Apoptosis is a highly regulated physiological process that is necessary for the normal functioning of cells on a molecular level. It is characterized by cell membrane “blebbing”, chromatin condensation, nuclear fragmentation, and cell shrinkage without consequent inflammation and damage to neighboring cells, unlike necrosis, which is a type of cell death that causes the uncontrolled release of inflammatory cellular contents that results in inflammation and tissue damage. Apoptosis can be triggered via one of two primary pathways—the intrinsic and the extrinsic pathway. In the intrinsic pathway, apoptosis is initiated internally within the cell in response to cellular stress or damage, involving the alteration in mitochondrial membrane potential, the release of cytochrome C, and the activation of caspases. In contrast, the extrinsic pathway is activated by external signals, typically involving the binding of death ligands [13,14]. Many cancerous diseases are closely associated with the abnormal regulation of apoptotic pathways. One of the defining features of multidrug-resistant cancers is the ability of tumor cells to avoid apoptosis. To that extent, compounds that target apoptotic pathways and are highly selective to cancer cells raise great research interest [13,15]. In recent years, compounds of natural origin have been the focus of scientific research. To further test that hypothesis and explore the molecular mechanism of cell death on HeLa and HCT 116 cells, we performed a flow cytometric analysis of apoptosis and found that J. communis EO indeed triggered apoptotic pathways on both tested cell lines. In addition, we detected a substantial increase in cleaved caspase-3, a point-of-no-return executor caspase on both cell lines, which was unequivocal confirmation of the induction of apoptosis [16]. To determine the pathway of apoptotic death induced by J. communis EO, we performed an in-depth analysis of the proteins and events involved in the apoptosis. First, the pro-apoptotic Bax/antiapoptotic Bcl-2 protein ratio was higher in both the HeLa and HCT 116 cell lines under treatment, implying the intrinsic pathway of apoptosis. The intrinsic, known as mitochondrial, pathway of apoptosis is characterized by the alteration of mitochondrial membrane potential—a marker of mitochondrial dysfunction. JC-10, as a mitochondrial-membrane-potential probe, accumulates as red fluorescent aggregate within the mitochondria of a healthy cell. However, in cells undergoing apoptosis, JC-10 migrates from the mitochondria into the cytoplasm, where it converts into a monomeric form and gives a green fluorescence [17]. In the treated cells, we detected a statistically significant increase in green fluorescence—JC-10 was dispersed throughout the cell’s cytosol (Figure 3). In addition, one of the important steps of this pathway is cytochrome C release from mitochondria to the cytosol after mitochondria membrane damage, which plays a crucial role in the activation of caspase-3 [16]. In our experiments, cytochrome C shifted from mitochondria to cytosol in the treated samples (Figure 4). The evidence from the conducted experiments strongly suggests that the J. communis EO induced the intrinsic pathway of apoptosis. Additionally, we detected the inhibition of cell-survival signal pathways in HCT 116 cells, which directly induces apoptotic cell death, and to the best of our knowledge, this is the first piece of information about J. communis EO interfering with cell-survival pathways. These findings can be supported by the fact that α-pinene and limonene, highly present compounds in the tested EO, have known apoptotic effects on various cell lines [18,19,20], and specifically, Huang X et al. [21] showed the induction of the intrinsic pathway of α-pinene on the HeLa cell line, which closely correlates with our findings. Moreover, EO containing high levels of limonene induced apoptosis and reduced ΔΨm in HeLa cells [20]. These findings can suggest the synergistic effect of more than one active metabolite from J. communis EO.



The induction of apoptosis in tumor cells is often associated with DNA damage and cell-cycle imbalance [22]. Our results indicated that J. communis EO induced cell-cycle arrest in the S phase in HeLa cells, subsequently leading to apoptosis. This suggests that the treatment may cause significant DNA damage or the depletion of nucleotides, which typically forces cells into an S-phase arrest [16]. Interestingly, the G0/G1-phase arrest and consequent apoptosis were observed on the HeLa cell line treated with a beta-pinene-based derivative, a secondary metabolite also present in J. communis EO [23]. In contrast, a slight change in the cell-cycle distribution was observed in HCT 116 cells, indicating the possible arrest in the G2/M phase, consistent with the findings of Si C et al. [20], which highlighted limonene as the predominant secondary metabolite in the EO treatment, and Xu Q et al. [24], who studied alpha-pinene effects, whereby both reported G2/M-phase arrest in HeLa and hepatocellular carcinoma cells, respectively.



The potential for J. communis EO components to interfere with the action of NADH ubiquinone oxidoreductase (complex I—CI) was assessed by molecular docking. As an L-shaped multisubunit assemblage, CI represents the largest enzyme of the respiratory chain, catalyzing electron transfer processes and proton translocation (Figure 13) [25].



Structurally, CI comprises matrix and membrane moieties (arms), further divided into N-, Q-, and P-modules [26]. The N- and Q-modules in the matrix arm are engaged in electron transfer, whereas the P-module maintains the proton translocation through the membrane arm [26]. From a molecular perspective, CI serves as the main entry point for the electrons toward the electron transport chain (ETC), and it is crucial in energy consumption. Cancer mitochondria metabolism can differ from that in normal cells due to increased energy demands making them more sensitive to changes in the ETC perturbation [27]. In this respect, the search for innovative small-molecule CI inhibitors for cancer treatment is still ongoing [28,29]. In this study, according to previous chemical characterization [30], the constituents present in the amount ≥5% were considered as major ones, whereas all others were observed as minor. The estimation of the binding potential was based on the calculated binding-affinity values and interaction pattern analysis, highlighting the three compounds with the highest binding affinity from both minor and major groups (Figure 8, Figure 9, Figure 10 and Figure 11). Generally, the obtained in silico results indicated the potential of EO constituents to favorably interact with CI. Based on the binding-affinity values, the investigated compounds expressed the highest binding potential to the NDUFS1 subunit of CI; however, the results regarding NDUFS2 and NDUFS6 should not be neglected. The literature data exposed the ability of E. uniflora EO to inhibit the electron transfer system and promote a collapse of the ΔΨm [31]. Furthermore, the findings reported by Dugue et al. suggested the inhibitory potential of the EOs of some American native plants against mitochondrial enzymes, including CI [32]. Here, among the top-ranked EO components against the investigated mitochondrial targets were also trans-caryophyllene, limonene, sabinene, and α-pinene [32], which is in agreement with the results of this study.



As a central subunit of the N-module, NDUFS1 is responsible for the oxidation of NADH to NAD+, whereas NDUFS2, as a part of the hydrogenase module (Q-module), is involved in the transfer of electrons to ubiquinone [33]. On the other hand, NDUFS6 is an auxiliary subunit found to be essential for CI biogenesis and stability [34,35]. It is indicated that the alterations of NDUFS6 could prevent the assembly of CI or destabilize the peripheral arm, leading to CI deficiency [35]. NADH oxidation by CI is important in generating the ΔΨm that supports ATP synthesis [36], and its inhibition can lead to mitochondrial depolarization [37]. In our experiments, the potential inhibition of CI led to the dissipation of the ΔΨm and the induction of the intrinsic pathway of apoptosis proven by the migration of cytochrome C from mitochondria to cytosol (Figure 4). These findings are in concordance with the findings of Lim SC et al., who demonstrated the inhibition of CI with isoflavan analogs and the subsequent loss of the ΔΨm [38]. Moreover, ETC and specifically CI is the main site of electron leakage and the production of O2●− [39]. At the normal amount, O2−● can serve as a signaling molecule in various cancer cell pathways [40]. Our molecular docking analysis revealed the potential inhibition of CI, and in vitro results confirmed the lower concentration of O2−● in the treated cells. Additionally, a docking analysis was performed on SOD, an antioxidant enzyme that modulates the cell redox status. In physiological conditions, SOD functions as a defender from harmful ROS by converting O2●− to H2O2 and O2. Similarly, SOD overexpression in tumors protects cancer cells [41,42]. In silico results revealed the favorable binding modes of J. communis EO components to SOD in comparison to the standard inhibitor LSC-1 (−5.7 kcal/mol), thus indicating the potential inhibitory activity on SOD. The obtained data were supported by the in vitro results, which showed a significant decrease in SOD activity in both cell lines after the treatment.




4. Materials and Methods


4.1. Cell Lines


MRC-5, the non-transformed human fetal lung fibroblast cell line; HeLa, the transformed human cell line from cervical adenocarcinoma; and HCT 116, transformed human colorectal carcinoma cells acquired from American Type Culture Collection (ATCC, Manassas, VA, USA) were grown in 25 cm2 flasks in Dulbecco’s Modified Eagle Medium (DMEM) (D5671, Sigma-Aldrich, St. Louis, MO, USA) with 10% heat-inactivated fetal bovine serum (FBS) (ECS5000L, EuroClone, Pero, Italy), non-essential amino acids (Sigma-Aldrich, M7145), L-glutamine (ECB3000D, EuroClone), and penicillin and streptomycin (P4333, Sigma-Aldrich), ensuring a suitable environment for cell growth. The cells were cultured under standard conditions in a sterile environment at 37 °C and 5% CO2 in a humidified incubator. Upon reaching 70% confluency cells were subcultured with a solution of 0.05% trypsin (6502, Sigma-Aldrich) and 0.053 mM EDTA.




4.2. Compound Solutions


The essential oil used in this study was acquired from the Hanus s.r.o. (Nitra, Slovakia). Based on the data provided by the manufacturer, the tested EO originated from Slovakia and was obtained by steam distillation of dried unfermented berries. Chemical characterization was performed by Cmikova N et al. in a previously published paper [30].



J. communis berry EO was dissolved in dimethyl sulfoxide (DMSO), making a stock solution (50 mg/mL). Working concentrations were made with the stock solution dissolved in DMEM—0.1, 0.3, 1, 3, 10, 30, and 100 µg/mL, using complete DMEM as the control in experiments. The concentration of DMSO did not surpass 0.2% in the highest working concentration.




4.3. Cytotoxicity of Juniperus communis Essential Oil


Cells were plated into 96-well microtiter plates. Each well was seeded with 3 × 103 cells. Following the overnight adhesion, the cells were treated with prepared concentrations of J. communis EO (0.1–100 µg/mL) and incubated for 24, 48, and 72 h. The cytotoxic effect of J. communis EO was determined with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay according to Mosmann [43]. After dissolving the formazan crystals in DMSO, the absorbance was measured with the multiplate reader (BioTek Epoch Microplate Spectrophotometer, Agilent) at a wavelength of 540 nm. The experiment was repeated in triplicates and the results of the absorbance values (A) were presented as mean values. The percentage of cytotoxicity was calculated using the following standard equation:


((Acontrol − Atreatment)/Acontrol) × 100



(1)







Cytotoxicity was presented as the mean value from three separate experiments ± standard deviation. The IC50 value (50% inhibitory concentration) was calculated with GraphPad Prism 8.0 software. The selectivity index (SI) was calculated as MRC-5 mean IC50 value/HeLa or HCT 116 mean IC50 value, and the percentage growth (GI50, TGI, and LD50) was calculated following the equations given by the National Cancer Institute NCI-60 Screening Methodology [44].




4.4. Clonogenic Assay


To assess the long-term effect of J. communis EO on cytotoxicity and the ability to form colonies, the HeLa and HCT 116 cell line was plated into 6-well plates at an initial density of 100 cells per well. Following, an overnight incubation, the cells were treated with J. communis EO at concentrations of 0.3, 1, 3, 10, and 30 µg/mL. After treatment, the cells were incubated in a CO2 incubator at 37 °C for twelve days, with fresh complete DMEM added on every fourth day.



Following the incubation period, colonies were washed with PBS, fixed in ice-cold methanol for 15 min, and stained with a fresh filtered 10% Giemsa solution for 30 min at room temperature (RT). The colonies were manually counted using an inverted fluorescent microscope (FLUO500, Colo Lab, Ljubljana, Slovenia). Groups containing more than 50 cells were considered as individual colonies. The results are presented as the SF representing the proportion of cells that survived the treatment. The SF was calculated as the number of colonies formed after treatment divided by the number of cells seeded multiplied by the plating efficacy (PE), where the PE is the ratio of the number of colonies formed in control wells to the number of cells initially seeded [45].




4.5. Flow Cytometry Analysis of Apoptosis, Autophagy, and Protein Expression


The HeLa and HCT 116 cell lines were plated in 24-well microtiter plates at a density of 1 × 105 cells per well and incubated for 24 h. Subsequently, the cells were treated with calculated IC50 values of J. communis berry EO and incubated for 48 h for every analysis. Early apoptosis, late apoptosis, and necrosis were quantified using the Annexin V-FITC/7-AAD kit (IM364, Beckman Coulter, Brea, CA, USA) following the manufacturer’s instructions. In brief, after treatment, the cells were collected, washed in PBS, and suspended in an ice-cold binding buffer, constantly keeping the cells on ice. The cells were then stained with 10 µL of Annexin V-FITC and 20 µL of 7-AAD and incubated for 15 min at +4 °C in the dark. Before measuring, 400 µL of binding buffer was added to each test tube.



For protein expression, the HeLa and HCT116 cell lines were seeded in 24-well plates at a density of 105 cells per well and incubated overnight in a CO2 incubator. The cells were then treated with the corresponding IC50 values of J. communis EO and left to incubate for 48 h. After incubation, the cells were collected and fixed in 4% paraformaldehyde for 30 min, permeabilized with 0.2% Tween 20 in PBS, incubated with specific primary antibodies (1:100)—mouse antihuman active caspase-3 (9661, Cell Signaling, Danvers, MA, USA), 1:100 mouse antihuman Bax (2D2, sc-20067, Santa Cruz Biotech. Inc., Dallas, TX, USA), mouse antihuman-Bcl-2 (DC21, sc-783, Santa Cruz Biotech. Inc.), Phospho-Akt (Ser473, 9271, Cell Signaling), and Phospho-Erk (D13.14.4E, 4370, Cell Signaling)—and then incubated with the secondary antibody mouse antihuman FITC (1:200).



For each sample, 10.000 cells were analyzed on Cytomics FC500 (Beckman Coulter), and the results were calculated using FlowJo™ v10 software. The results are represented as the mean values ± SD from three separate experiments.




4.6. Cell-Cycle Analysis


The HeLa and HCT 116 cell-cycle distribution was assessed through flow cytometry. Briefly, the cells were seeded in 24-well microtiter plates (a density of 1 × 105 cells per well) and then treated and incubated with the IC50 values for 48 h. Then, the cells were harvested, washed in PBS, fixed with ice-cold ethanol, and incubated at +4 °C for 24 h. The fixed cells were re-suspended and incubated with 1 mL of RNaseA (500 µg/mL in PBS) for 30 min at RT. After incubation, 5 µL of propidium iodide (10 mg/mL in PBS) was added and incubated for 15 min in the dark. The DNA content was measured on Cytomics FC500 (Beckman Coulter).




4.7. JC-10 and Cytochrome C Localization and Quantification


The HeLa and HCT116 cells were incubated overnight at a density of approximately 104 cells per well in 24-well cell culture plates. The J. communis EO IC50 value was added to the cells and incubated for 48 h. For the JC-10 experiment, the cell culture medium was discarded after incubation and the cells were treated with 2.5 µM JC-10 dye in warm PBS at 5% CO2 and 37 °C for 20 min and then rinsed once with warm 1xPBS. For the cytochrome C experiment, the cells were fixed for 30 min at RT in paraformaldehyde (4%), permeabilized with Tween 20 (0.2%) in PBS, and blocked in Tween 20 (0.1%) in PBS for 30 min and then incubated for 60 min at RT with a monoclonal antimouse human cytochrome c antibody (G7421, 1:100, Promega, Madison, WI, USA). After a 30 min incubation with goat antimouse FITC (1:200) diluted in a blocking solution, the cells were washed with PBS. The cells were examined using an inverted fluorescent microscope (FLUO500, Colo Lab). ImageJ 1.8.0 software was used to examine the images after they were taken by the 2020 S-EYE Setup Microscope camera using the S-EYE_Setup-1.6.0.11 software. For the quantification analysis, the ratio of fluorescence emissions at 525 and 590 nm was employed.




4.8. Molecular Docking Screening


A thorough in silico screening of J. communis EO components with mitochondrial complex I—NADH ubiquinone oxidoreductase (PDB ID: 5xtd) and superoxide dismutase (PDB ID: 4mcm) was conducted utilizing AutoDock Vina software 1.2 [46,47,48]. Before the docking analysis, the protein structures were appropriately prepared using the Chimera 1.17 program [49]. Initially, the geometries of the ligand molecules were optimized using the Density Functional Theory (DFT) B3LYP functional in conjunction with the 6–311 + G(d, p) basis set [50,51,52]. Also, the ligands were subjected to conformational analysis using VeraChem’s Vconf 2.0 (VeraChem LLC, Germantown, MA, USA). Here, the ligand structures within a 5.0 kcal/mol threshold were used for molecular docking. In addition, active-site pockets were predicted using the CastP online tool (http://sts.bioe.uic.edu/castp/ (accessed on 23 May 2024) [53]). The grid parameters for 4mcm were set such that the whole protein was set within the cuboid grid box (center x, y, z = 24.5, 122.7, 13.7; size x, y, z = 40.0, 31.7, 41.4). In the case of 5xtd, a docking analysis was performed on the NADH ubiquinone oxidoreductase core subunits S1, S2, and S6 (NDUFS1, NDUFS2, and NDUFS6, respectively), setting the grid parameters as follows: for NDUFS1 center x, y, z = 211.5, 142.3, 364.3, size x, y, z = 24.0, 24.0, 24.0; for NDUFS2 center x, y, z = 215.0, 160.0, 297.0, size x, y, z = 28.0, 37.0, 41.0; for NDUFS6 center x, y, z = 214.0, 218.0, 350.0, size x, y, z = 36.0, 33.0, 31.0. The BIOVIA Discovery Studio Visualizer was employed for the analysis of the ligand–macromolecule interaction patterns, as well as for the preparation of 2 d and 3 d graphical interpretations [54].




4.9. Determination of Superoxide Anion Radical Concentration and Superoxide Dismutase Activity


The concentration of O2−● and the activity of SOD were measured by the Agilent BioTek Epoch Microplate Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). O2−● was quantified after the reaction of nitro blue tetrazolium in a TRIS (tris(hydroxymethyl)aminomethane) buffer (an assay mixture) with the cell supernatant at 530 nm. The cell lysate was prepared in water with repetitive freezing and thawing of the samples. In the prepared lysate, the activity of superoxide dismutase SOD was determined using the epinephrine method. In a mixture of lysate and carbonate buffer, epinephrine was added, and the detection was performed at a wavelength of 470 nm.




4.10. Statistical Analysis


All the experiments were repeated three times in triplicates, and the results are presented as the mean values ± standard deviations. Considering the number of groups for comparison, a one-way ANOVA or paired sample t-test was employed. A p value lower than 0.05 was considered significant.



GraphPad Prism® 8.0 was used for all the statistical analyses. Microsoft Excel® (version 2013) as well as GraphPad Prism® 8.0 was used for the graphical presentation of the data.





5. Conclusions


In this study, we demonstrated the anticancer molecular mechanisms of J. communis berry essential oil in cervical and colorectal cancer cells. Our results show the potential of the essential oil as an anticancer agent through both in vitro and in silico analyses. Elevated levels of the Bax/Bcl-2 ratio and cytochrome C migration to cytosol observed in vitro and the inhibition of NDUFS1, NDUFS2, and NDUFS6 observed in computational studies indicate the disruption of the mitochondrial membrane potential and initiation of the intrinsic pathway of apoptosis. In addition, our findings reveal the potential of J. communis berry essential oil to interfere with the cell cycle and cell-survival pathways.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/plants13172351/s1: Figure S1: Dose–response curves determined by the MTT assay following the treatment of cells with Juniperus communis essential oil; Figure S2: Dose–response curves determined by the MTT assay following the treatment of cells with doxorubicin.





Author Contributions


Conceptualization, M.V., S.P. and T.M.; methodology, S.P., M.M., S.M. and T.M.; software, J.B. and V.P.; validation, D.B., S.P., M.M. and V.P.; formal analysis, T.M., A.K. and M.A.; investigation, T.M.; resources, M.K. and D.B.; data curation, D.B. and M.M.; writing—original draft preparation, T.M.; writing—review and editing, S.M., S.P., M.M. and M.V.; visualization, T.M. and J.B.; supervision, D.B., S.P., N.V., D.T. and V.P.; project administration, D.B.; funding acquisition, D.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Ministry of Science, Technological Development, and Innovation, Serbia, grant numbers 451-03-65/2024-03/200111, 451-03-66/2024-03/200111, and 451-03-66/2024-03/200122.




Data Availability Statement


Unprocessed data will be available upon request to the corresponding author.




Acknowledgments


This publication was created thanks to the support of the Research and Innovation Operational Program via the project Support of Research Activities in ABT RC, 313011T465, co-supported from the resources of the European Regional Development Fund. We are thankful for the grant APVV-20-0058 “The potential of the essential oils from aromatic plants for medical use and food”.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Ferlay, J.; Colombet, M.; Soerjomataram, I.; Parkin, D.M.; Piñeros, M.; Znaor, A.; Bray, F. Cancer Statistics for the Year 2020: An Overview. Int. J. Cancer 2021, 149, 778–789. [Google Scholar] [CrossRef] [PubMed]

	



Pan, L.; Chai, H.; Kinghorn, A.D. The Continuing Search for Antitumor Agents from Higher Plants. Phytochem. Lett. 2010, 3, 1–8. [Google Scholar] [CrossRef]

	



Osanloo, M.; Ghaznavi, G.; Abdollahi, A. Surveying the Chemical Composition and Antibacterial Activity of Essential Oils from Selected Medicinal Plants against Human Pathogens. Iran. J. Microbiol. 2020, 12, 577–583. [Google Scholar] [CrossRef]

	



Valdivieso-Ugarte, M.; Gomez-Llorente, C.; Plaza-Díaz, J.; Gil, Á. Antimicrobial, Antioxidant, and Immunomodulatory Properties of Essential Oils: A Systematic Review. Nutrients 2019, 11, 2786. [Google Scholar] [CrossRef] [PubMed]

	



Ishfaq, P.M.; Shukla, A.; Beraiya, S.; Tripathi, S.; Mishra, S.K. Biochemical and Pharmacological Applications of Essential Oils in Human Health Especially in Cancer Prevention. Anticancer Agents Med. Chem. 2018, 18, 1815–1827. [Google Scholar] [CrossRef]

	



Dhifi, W.; Bellili, S.; Jazi, S.; Bahloul, N.; Mnif, W. Essential Oils’ Chemical Characterization and Investigation of Some Biological Activities: A Critical Review. Medicines 2016, 3, 25. [Google Scholar] [CrossRef] [PubMed]

	



Shahmir, F.; Ahmadi, L.; Mirza, M.; Korori, S.A.A. Secretory Elements of Needles and Berries of Juniperus communis L. ssp. Communis and Its Volatile Constituents. Flavour Fragr. J. 2003, 18, 425–428. [Google Scholar] [CrossRef]

	



Ložienė, K.; Labokas, J.; Venskutonis, P.R.; Maždžierienė, R. Chromatographic Evaluation of the Composition of Essential Oil and α-Pinene Enantiomers in Juniperus communis L. Berries during Ripening. J. Essent. Oil Res. 2010, 22, 453–458. [Google Scholar] [CrossRef]

	



Xavier, V.; Finimundy, T.C.; Heleno, S.A.; Amaral, J.S.; Calhelha, R.C.; Vaz, J.; Pires, T.C.S.P.; Mediavilla, I.; Esteban, L.S.; Ferreira, I.C.F.R.; et al. Chemical and Bioactive Characterization of the Essential Oils Obtained from Three Mediterranean Plants. Molecules 2021, 26, 7472. [Google Scholar] [CrossRef]

	



Elshafie, H.S.; Caputo, L.; De Martino, L.; Gruľová, D.; Zheljazkov, V.Z.; De Feo, V.; Camele, I. Biological Investigations of Essential Oils Extracted from Three Juniperus Species and Evaluation of Their Antimicrobial, Antioxidant and Cytotoxic Activities. J. Appl. Microbiol. 2020, 129, 1261–1271. [Google Scholar] [CrossRef]

	



Mansour, R.B.; Wasli, H.; Bourgou, S.; Khamessi, S.; Ksouri, R.; Megdiche-Ksouri, W.; Cardoso, S.M. Insights on Juniperus Phoenicea Essential Oil as Potential Anti-Proliferative, Anti-Tyrosinase, and Antioxidant Candidate. Molecules 2023, 28, 7547. [Google Scholar] [CrossRef]

	



Vasilijević, B.; Knežević-Vukčević, J.; Mitić-Ćulafić, D.; Orčić, D.; Francišković, M.; Srdic-Rajic, T.; Jovanović, M.; Nikolić, B. Chemical Characterization, Antioxidant, Genotoxic and in Vitro Cytotoxic Activity Assessment of Juniperus communis Var. Saxatilis. Food Chem. Toxicol. 2018, 112, 118–125. [Google Scholar] [CrossRef] [PubMed]

	



Neophytou, C.M.; Trougakos, I.P.; Erin, N.; Papageorgis, P. Apoptosis Deregulation and the Development of Cancer Multi-Drug Resistance. Cancers 2021, 13, 4363. [Google Scholar] [CrossRef] [PubMed]

	



Renehan, A.G.; Booth, C.; Potten, C.S. What Is Apoptosis, and Why Is It Important? BMJ 2001, 322, 1536–1538. [Google Scholar] [CrossRef] [PubMed]

	



Carneiro, B.A.; El-Deiry, W.S. Targeting Apoptosis in Cancer Therapy. Nat. Rev. Clin. Oncol. 2020, 17, 395–417. [Google Scholar] [CrossRef] [PubMed]

	



Vitale, I.; Pietrocola, F.; Guilbaud, E.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostini, M.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; et al. Apoptotic Cell Death in Disease-Current Understanding of the NCCD 2023. Cell Death Differ. 2023, 30, 1097–1154. [Google Scholar] [CrossRef]

	



Gharbaran, R.; Shi, C.; Onwumere, O.; Redenti, S. Plumbagin Induces Cytotoxicity via Loss of Mitochondrial Membrane Potential and Caspase Activation in Metastatic Retinoblastoma. Anticancer Res. 2021, 41, 4725–4732. [Google Scholar] [CrossRef]

	



Hou, J.; Zhang, Y.; Zhu, Y.; Zhou, B.; Ren, C.; Liang, S.; Guo, Y. α-Pinene Induces Apoptotic Cell Death via Caspase Activation in Human Ovarian Cancer Cells. Med. Sci. Monit. 2019, 25, 6631–6638. [Google Scholar] [CrossRef]

	



Abe, M.; Asada, N.; Kimura, M.; Fukui, C.; Yamada, D.; Wang, Z.; Miyake, M.; Takarada, T.; Ono, M.; Aoe, M.; et al. Antitumor Activity of α-Pinene in T-Cell Tumors. Cancer Sci. 2024, 115, 1317–1332. [Google Scholar] [CrossRef]

	



Si, C.; Ou, Y.; Ma, D.; Hei, L.; Wang, X.; Du, R.; Yang, H.; Liao, Y.; Zhao, J. Cytotoxic Effect of the Essential Oils from Erigeron Canadensis L. on Human Cervical Cancer HeLa Cells in Vitro. Chem. Biodivers. 2022, 19, e202200436. [Google Scholar] [CrossRef]

	



Huang, X.; Yan, P.; Ding, W.; Zhou, C.; Xu, Q.; Li, M.; Ye, L.; Chen, W. α-Pinene Inhibits the Growth of Cervical Cancer Cells through Its Proapoptotic Activity by Regulating the MiR-34a-5p/Bcl-2 Signaling Axis. Drug Dev. Res. 2022, 83, 1766–1776. [Google Scholar] [CrossRef]

	



Vermeulen, K.; Berneman, Z.N.; Van Bockstaele, D.R. Cell Cycle and Apoptosis. Cell Prolif. 2003, 36, 165–175. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Wu, C.; Zhang, Q.; Shan, Y.; Gu, W.; Wang, S. Design, Synthesis and Biological Evaluation of Novel β-Pinene-Based Thiazole Derivatives as Potential Anticancer Agents via Mitochondrial-Mediated Apoptosis Pathway. Bioorganic Chem. 2019, 84, 468–477. [Google Scholar] [CrossRef]

	



Xu, Q.; Li, M.; Yang, M.; Yang, J.; Xie, J.; Lu, X.; Wang, F.; Chen, W. α-Pinene Regulates MiR-221 and Induces G2/M Phase Cell Cycle Arrest in Human Hepatocellular Carcinoma Cells. Biosci. Rep. 2018, 38, BSR20180980. [Google Scholar] [CrossRef] [PubMed]

	



Wirth, C.; Brandt, U.; Hunte, C.; Zickermann, V. Structure and Function of Mitochondrial Complex I. Biochim. Biophys. Acta Bioenerg. 2016, 1857, 902–914. [Google Scholar] [CrossRef] [PubMed]

	



Kahlhöfer, F.; Gansen, M.; Zickermann, V. Accessory Subunits of the Matrix Arm of Mitochondrial Complex I with a Focus on Subunit NDUFS4 and Its Role in Complex I Function and Assembly. Life 2021, 11, 455. [Google Scholar] [CrossRef] [PubMed]

	



Kroemer, G.; Pouyssegur, J. Tumor Cell Metabolism: Cancer’s Achilles’ Heel. Cancer Cell 2008, 13, 472–482. [Google Scholar] [CrossRef]

	



Akatsuka, A.; Kojima, N.; Okamura, M.; Dan, S.; Yamori, T. A Novel Thiophene-3-Carboxamide Analog of Annonaceous Acetogenin Exhibits Antitumor Activity via Inhibition of Mitochondrial Complex I. Pharmacol. Res. Perspect. 2016, 4, e00246. [Google Scholar] [CrossRef]

	



Zhou, Y.; Zou, J.; Xu, J.; Zhou, Y.; Cen, X.; Zhao, Y. Recent Advances of Mitochondrial Complex I Inhibitors for Cancer Therapy: Current Status and Future Perspectives. Eur. J. Med. Chem. 2023, 251, 115219. [Google Scholar] [CrossRef]

	



Čmiková, N.; Vukic, M.D.; Vukovic, N.L.; Verešová, A.; Bianchi, A.; Garzoli, S.; Ben Saad, R.; Ben Hsouna, A.; Ban, Z.; Kačániová, M. Phytochemical Investigation, Evaluation of the Biological Activities and Preservative Effect of the Essential Oil of Juniperus communis L. Dried Berries on the Vacuum-Packed Carrot after the Application of Salmonella Enterica. Sci. Hortic. 2024, 336, 113442. [Google Scholar] [CrossRef]

	



De Carvalho, N.R.; Rodrigues, N.R.; Macedo, G.E.; Bristot, I.J.; Boligon, A.A.; De Campos, M.M.; Cunha, F.A.B.; Coutinho, H.D.; Klamt, F.; Merritt, T.J.S.; et al. Eugenia uniflora Leaf Essential Oil Promotes Mitochondrial Dysfunction in Drosophila melanogaster through the Inhibition of Oxidative Phosphorylation. Toxicol. Res. 2017, 6, 526–534. [Google Scholar] [CrossRef]

	



Duque, J.E.; Urbina, D.L.; Vesga, L.C.; Ortiz-Rodríguez, L.A.; Vanegas, T.S.; Stashenko, E.E.; Mendez-Sanchez, S.C. Insecticidal Activity of Essential Oils from American Native Plants against Aedes Aegypti (Diptera: Culicidae): An Introduction to Their Possible Mechanism of Action. Sci. Rep. 2023, 13, 2989. [Google Scholar] [CrossRef]

	



Bridges, H.R.; Fedor, J.G.; Blaza, J.N.; Di Luca, A.; Jussupow, A.; Jarman, O.D.; Wright, J.J.; Agip, A.N.A.; Gamiz-Hernandez, A.P.; Roessler, M.M.; et al. Structure of Inhibitor-Bound Mammalian Complex I. Nat. Commun. 2020, 11, 5261. [Google Scholar] [CrossRef] [PubMed]

	



Kmita, K.; Wirth, C.; Warnau, J.; Guerrero-Castillo, S.; Hunte, C.; Hummer, G.; Kaila, V.R.I.; Zwicker, K.; Brandt, U.; Zickermann, V. Accessory NUMM (NDUFS6) Subunit Harbors a Zn-Binding Site and Is Essential for Biogenesis of Mitochondrial Complex I. Proc. Natl. Acad. Sci. USA 2015, 112, 5685–5690. [Google Scholar] [CrossRef]

	



Kirby, D.M.; Salemi, R.; Sugiana, C.; Ohtake, A.; Parry, L.; Bell, K.M.; Kirk, E.P.; Boneh, A.; Taylor, R.W.; Dahl, H.H.M.; et al. NDUFS6 Mutations Are a Novel Cause of Lethal Neonatal Mitochondrial Complex I Deficiency. J. Clin. Investig. 2004, 114, 837–845. [Google Scholar] [CrossRef]

	



Urra, F.A.; Muñoz, F.; Lovy, A.; Cárdenas, C. The Mitochondrial Complex(I)Ty of Cancer. Front. Oncol. 2017, 7, 118. [Google Scholar] [CrossRef] [PubMed]

	



Bastian, A.; Matsuzaki, S.; Humphries, K.M.; Pharaoh, G.A.; Doshi, A.; Zaware, N.; Gangjee, A.; Ihnat, M.A. AG311, a Small Molecule Inhibitor of Complex I and Hypoxia-Induced HIF-1α Stabilization. Cancer Lett. 2017, 388, 149. [Google Scholar] [CrossRef]

	



Lim, S.C.; Carey, K.T.; McKenzie, M. Anti-Cancer Analogues ME-143 and ME-344 Exert Toxicity by Directly Inhibiting Mitochondrial NADH: Ubiquinone Oxidoreductase (Complex I). Am. J. Cancer Res. 2015, 5, 689. [Google Scholar] [PubMed]

	



Tabassum, N.; Kheya, I.; Ibn Asaduzzaman, S.; Maniha, S.; Fayz, A.; Zakaria, A.; Fayz, A.; Zakaria, A.; Noor, R. A Review on the Possible Leakage of Electrons through the Electron Transport Chain within Mitochondria. J. Biomed. Res. Environ. Sci. 2020, 1, 105–113. [Google Scholar] [CrossRef]

	



Nakamura, H.; Takada, K. Reactive Oxygen Species in Cancer: Current Findings and Future Directions. Cancer Sci. 2021, 112, 3945. [Google Scholar] [CrossRef]

	



Huang, P.; Feng, L.; Oldham, E.A.; Keating, M.J.; Plunkett, W. Superoxide Dismutase as a Target for the Selective Killing of Cancer Cells. Nature 2000, 407, 390–395. [Google Scholar] [CrossRef] [PubMed]

	



Targeted Inhibition of Superoxide Dismutase 1 Is Effective in NSCLC. Cancer Discov. 2014, 4, OF15. [CrossRef]

	



Mosmann, T. Rapid Colorimetric Assay for Cellular Growth and Survival: Application to Proliferation and Cytotoxicity Assays. J. Immunol. Methods 1983, 65, 55–63. [Google Scholar] [CrossRef] [PubMed]

	



NCI-60 Screening Methodology|NCI-60 Human Tumor Cell Lines Screen|Discovery & Development Services|Developmental Therapeutics Program (DTP). Available online: https://dtp.cancer.gov/discovery_development/nci-60/methodology.htm (accessed on 8 July 2024).

	



Vukic, M.D.; Vukovic, N.L.; Popovic, S.L.; Todorovic, D.V.; Djurdjevic, P.M.; Matic, S.D.; Mitrovic, M.M.; Popovic, A.M.; Kacaniova, M.M.; Baskic, D.D. Effect of β-Cyclodextrin Encapsulation on Cytotoxic Activity of Acetylshikonin against HCT-116 and MDA-MB-231 Cancer Cell Lines. Saudi Pharm. J. 2020, 28, 136–146. [Google Scholar] [CrossRef]

	



Trott, O.; Olson, A.J. AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient Optimization and Multithreading. J. Comput. Chem. 2010, 31, 455. [Google Scholar] [CrossRef]

	



Guo, R.; Zong, S.; Wu, M.; Gu, J.; Yang, M. Architecture of Human Mitochondrial Respiratory Megacomplex I2III2IV2. Cell 2017, 170, 1247–1257.e12. [Google Scholar] [CrossRef]

	



Sea, K.; Sohn, S.H.; Durazo, A.; Sheng, Y.; Shaw, B.F.; Cao, X.; Taylor, A.B.; Whitson, L.J.; Holloway, S.P.; Hart, P.J.; et al. Insights into the Role of the Unusual Disulfide Bond in Copper-Zinc Superoxide Dismutase. J. Biol. Chem. 2015, 290, 2405–2418. [Google Scholar] [CrossRef]

	



Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera--a Visualization System for Exploratory Research and Analysis. J. Comput. Chem. 2004, 25, 1605–1612. [Google Scholar] [CrossRef]

	



Becke, A.D. Density-functional Thermochemistry. III. The Role of Exact Exchange. J. Chem. Phys. 1993, 98, 5648–5652. [Google Scholar] [CrossRef]

	



Dunning, T.H. Gaussian Basis Sets for Use in Correlated Molecular Calculations. I. The Atoms Boron through Neon and Hydrogen. J. Chem. Phys. 1989, 90, 1007–1023. [Google Scholar] [CrossRef]

	



Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti Correlation-Energy Formula into a Functional of the Electron Density. Phys. Rev. B Condens. Matter 1988, 37, 785–789. [Google Scholar] [CrossRef] [PubMed]

	



Tian, W.; Chen, C.; Lei, X.; Zhao, J.; Liang, J. CASTp 3.0: Computed Atlas of Surface Topography of Proteins. Nucleic Acids Res. 2018, 46, W363–W367. [Google Scholar] [CrossRef] [PubMed]

	



BIOVIA: Accelerate Your Scientific Innovation|Dassault Systèmes. Available online: https://www.3ds.com/products/biovia (accessed on 8 July 2024).








[image: Plants 13 02351 g001] 





Figure 1. Clonogenic survival of HeLa and HCT-116 cells treated with various concentrations of J. communis essential oil. Bar graphs show the survival fraction of HeLa and HCT 116 cells. Representative images of the clonogenic assay below the graphs correspond to treatment concentrations. Results are from three separate experiments presented as mean ± SD. Statistical significance compared to the control (non-treated) group—** p < 0.001. 
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Figure 2. Parameters of apoptosis after treatment with J. communis essential oil IC50 values following a 48 h incubation. (A) Apoptotic cell death in HeLa and HCT 116 cells. Percentage distribution of early apoptotic, late apoptotic, and necrotic cells on the bar charts. (B) Ratio of Bax to Bcl-2 protein expression in HeLa and HCT 116 cell line. (C) Percentage of active caspase-3 in HeLa and HCT 116 cell lines. Data are expressed as mean ± SD from three independent experiments, each performed in triplicates. Statistical significance compared to control (non-treated) group—* p < 0.05; ** p < 0.001. 
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Figure 3. Analysis of mitochondrial membrane potential alterations using JC-10 in HeLa and HCT 116 cells treated with J. communis EO. (A1,A2)—graphical representation of the JC-10 ratio in cytosol versus mitochondria; (B1,B2)—representative images from fluorescence microscopy. Statistical significance compared to the control (non-treated) group—* p < 0.05; ** p < 0.001. 
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Figure 4. Quantification of cytosol and mitochondrial cytochrome C. (A1,A2)—graphical representation of the cytochrome C ratio in cytosol versus mitochondria. (B1,B2)—representative images from fluorescence microscopy. Statistical significance compared to the control (non-treated) group—* p < 0.05; ** p < 0.001. 






Figure 4. Quantification of cytosol and mitochondrial cytochrome C. (A1,A2)—graphical representation of the cytochrome C ratio in cytosol versus mitochondria. (B1,B2)—representative images from fluorescence microscopy. Statistical significance compared to the control (non-treated) group—* p < 0.05; ** p < 0.001.



[image: Plants 13 02351 g004]







[image: Plants 13 02351 g005] 





Figure 5. (A) Average MFI values for phosphorylated AKT on HCT 116 cells. (B) Average MFI values for phosphorylated ERK on HCT 116 cells. Statistical significance compared to the control (non-treated) group—* p < 0.05. 
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Figure 6. Analysis of cell-cycle distribution in HeLa and HCT 116 cell lines post-IC50 treatment and 48 h incubation. Statistical significance compared to the control (non-treated) group—* p < 0.05; ** p < 0.001. 
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Figure 7. Calculated binding-affinity values (kcal/mol) of J. communis EO components for NDUFS1, NDUFS2, NDUFS6, and SOD. 






Figure 7. Calculated binding-affinity values (kcal/mol) of J. communis EO components for NDUFS1, NDUFS2, NDUFS6, and SOD.



[image: Plants 13 02351 g007]







[image: Plants 13 02351 g008] 





Figure 8. Binding modes of the best-screened J. communis EO components (blue) with NADH ubiquinone oxidoreductase subunit S1 (NDUFS1) presented with 2D interaction plots. 
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Figure 9. Binding modes of the best-screened J. communis EO components (blue) with NADH ubiquinone oxidoreductase subunit S2 (NDUFS2) presented with 2D interaction plots. 
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Figure 10. Binding modes of the best-screened J. communis EO components (blue) with NADH ubiquinone oxidoreductase subunit S6 (NDUFS6) presented with 2D interaction plots. 
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Figure 11. Binding modes of the best-screened J. communis EO components (orange) with superoxide dismutase SOD presented with 2D interaction plots. 
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Figure 12. (A) Concentration of superoxide anion radical after treatment with IC50 values and a 48 h incubation in HeLa and HCT 116 cells. (B) Activity of superoxide dismutase after treatment with IC50 values and a 48 h incubation in HeLa and HCT 116 cells. Statistical significance compared to the control (non-treated) group—* p < 0.05. 
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Figure 13. Structural characteristics of the CI enzyme. 
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Table 1. The concentration of J. communis EO (µg/mL) that induces inhibition of biological activity in 50% of cells, selectivity index, 50% growth inhibition, total growth inhibition, and 50% lethality in the MRC-5, HeLa, and HCT 116 cell lines.






Table 1. The concentration of J. communis EO (µg/mL) that induces inhibition of biological activity in 50% of cells, selectivity index, 50% growth inhibition, total growth inhibition, and 50% lethality in the MRC-5, HeLa, and HCT 116 cell lines.





	
Cell Line

	
Incubation Time (h)

	
IC50 ± SD

	
SI

	
GI50 ± SD

	
TGI ± SD

	
LD50 ± SD






	
MRC-5

	
24

	
88.02 ± 28.00

	
NA

	
36.98 ± 11.32

	
72.23 ± 22.58

	
>100




	
48

	
34.86 ± 5.32

	
NA

	
31.33 ± 4.61

	
59.79 ± 9.69

	
>100




	
72

	
27.88 ± 3.19

	
NA

	
21.75 ± 7.21

	
48.26 ± 8.59

	
99.51 ± 18.91




	
HeLa

	
24

	
15.84 ± 4.20 *

	
5.56

	
12.18 ± 0.86

	
21.55 ± 0.77 *

	
>100




	
48

	
10.14 ± 2.89 *

	
3.44

	
8.04 ± 3.91 *

	
17.35 ± 7.55 *

	
>100




	
72

	
10.29 ± 2.02 *

	
2.71

	
9.02 ± 2.93

	
20.43 ± 2.04 *

	
31.12 ± 0.04 *




	
HCT 116

	
24

	
40.51 ± 34.59

	
2.17

	
34.63 ± 16.43

	
61.51 ± 16.40

	
74.02 ± 38.82




	
48

	
29.19 ± 6.12 ^

	
1.19

	
30.71 ± 12.49 ^

	
52.54 ± 21.89

	
74.88 ± 27.03




	
72

	
25.25 ± 9.96

	
1.10

	
26.80 ± 9.29 ^

	
50.62 ± 18.64 ^

	
73.91 ± 23.06 ^








Statistical significance: MRC-5 compared to HeLa—* p < 0.05; HeLa compared to HCT 116—^ p < 0.05. NA—non applicable.
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