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Abstract

:

Growing evidence has highlighted that mitochondrial dysfunction contributes to drug-induced toxicities and leads to drug attrition and post-market withdrawals. The acetylation or deacetylation of mitochondrial proteins can affect mitochondrial functions as the cells adapt to various cellular stresses and other metabolic challenges. SIRTs act as critical deacetylases in modulating mitochondrial function in response to drug toxicity, oxidative stress, reactive oxygen species (ROS), and energy metabolism. We previously showed that a recently characterised SIRT inhibitor (BZD9L1) is non-toxic in rodents in a short-term toxicity evaluation. However, the impact of BZD9L1 on mitochondrial function is unknown. This work aims to determine the effects of BZD9L1 on mitochondrial function in human normal liver and kidney-derived cell lines using the Agilent Seahorse Cell Mito Stress Test to complement our short-term toxicity evaluations in vivo. The Mito Stress assay revealed that BZD9L1 could potentially trigger oxidative stress by inducing ROS, which promotes proton leak and reduces coupling efficiency in liver-derived THLE cells. However, the same was not observed in human kidney-derived HEK293 cells. Interestingly, BZD9L1 had no impact on SIRT3 protein expression in both cell lines but affected SOD2 and its acetylated form at 72 h in THLE cells, indicating that BZD9L1 exerted its effect through SIRT3 activity rather than protein expression. In contrast, BZD9L1 reduced SIRT1 protein expression and impacted the p53 protein differently in both cell lines. Although BZD9L1 did not affect the spare respiratory capacity in vitro, these findings call for further validation of mitochondrial function through assessment of other mitochondrial parameters to evaluate the safety of BZD9L1.
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1. Introduction


Mitochondria are prominently involved in energy metabolism and cellular processes [1,2,3,4]. Alterations in mitochondrial energy metabolism can result in various pathogenesis and diseases [5,6]. Therefore, it is unsurprising that certain drug treatments and therapeutic interventions may give rise to off-target effects and oxidative stress, thereby impairing mitochondria function and causing significant adverse reactions [5,7]. Drug treatment may impair mitochondrial function at the mitochondrial-regulated biochemical pathways such as the electron transport chain (ETC), ATP synthase, and mitochondrial transporters, as well as at gene transcription and protein translation levels [4]. Mitochondrial bioenergetics plays a significant role in the liver and kidney, which are highly metabolically active organs; thus, understanding these processes is crucial for pharmaceutical interventions. In addition, understanding how drugs impact mitochondrial bioenergetics is essential for predicting drug clearance, potential drug–drug interactions, and drug toxicity. However, the detection of mitochondrial function in rodents remains challenging as most animals used in in vivo toxicity studies are drug naïve, and the effect is primarily idiosyncratic [4,8]. Many efforts have been undertaken to bridge the gap between drug discovery and drug-induced mitochondrial dysfunction. One such approach is by measuring the oxygen consumption rate (OCR) of mitochondria, which is a valuable method for assessing mitochondrial output.



The “Mito Stress Test” kit of the Seahorse Extracellular Flux (XFe) Analyzer (Agilent Technologies) allows for real-time measurement of the OCR and extracellular acidification rate (ECAR). These measurements serve as indicators of mitochondrial function and cellular metabolism [9,10]. The Mito Stress Test entails the sequential injection of three respiration modulators: ATP synthase inhibitor oligomycin A (Oligo), an uncoupler carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP), and ETC complex I and III inhibitors (rotenone/antimycin A) (Rot/AA) [10,11,12]. These modulators collectively enable the evaluation of mitochondrial function. Therefore, the Mito Stress Test could be applied as a preliminary drug screening tool to determine potential drug impact on cellular bioenergetics and mitochondrial function [12].



Sirtuins (SIRTs) are conserved histone deacetylases that rely on NAD+ as a cofactor for sensing energy fluctuations associated with metabolic and stress responses [6,13,14]. SIRTs are critical in modulating mitochondrial function in response to oxidative stress, ROS, and energy metabolism [15]. BZD9L1 is a SIRT1 and SIRT2 inhibitor reported to down-regulate SIRT1 and SIRT2 gene and protein expression in healthy and cancer models in vitro and in vivo [16,17,18,19]. In addition, SIRT1 and SIRT3 play a significant role in modulating mitochondrial biogenesis [20,21]. Hence, it is necessary to determine if BZD9L1 affects these SIRT members alongside the assessment of mitochondrial function, as changes in SIRT expression may impact mitochondrial activity and output.



We have previously reported the anti-cancer properties of the BZD9L1 SIRT 1 and 2 inhibitors, which blocked cell proliferation by inducing ROS and apoptosis in colorectal cancer cells [16,17,18]. Moreover, acute and repeated dose toxicity studies also revealed no significant side effects in mice [19]. However, the impact of BZD9L1 on mitochondrial function is unknown and needs to be investigated to complement the animal toxicity study. This work aims to investigate the effects of BZD9L1 on mitochondrial output in the human liver-derived cell line, THLE-2, and kidney-derived cell line, HEK293, using the Agilent Seahorse Cell Mito Stress Test as a preliminary screening tool.




2. Materials and Methods


2.1. Cell Culture


The human liver-derived cell line THLE-2 and the kidney-derived cell line HEK293 are widely used as in vitro models for pharmaco-toxicological studies [22,23,24]. The THLE-2 cells were purchased from the American Type Culture Collection (ATCC) and cultured in Bronchial Epithelial Cell Growth (BEGM) complete media (Lonza, Morristown, NJ, USA). The BEGM media were supplemented with bovine pituitary extract (BPE), hydrocortisone, human epidermal growth factor (hEGF), insulin, triiodothyronine, transferrin, and retinoic acid from the BEGM Bullet Kit (Lonza) with the addition of 70 ng/mL phosphoethanolamine (Sigma-Aldrich, Burlington, MA, USA) and 10% FBS (Tico Europe, Amstelveen, The Netherlands). HEK293 cells were a kind gift from Prof. Dr. Vikneswaren from Universiti Sains Malaysia, Malaysia. HEK293 cells were cultured in DMEM media (Nacalai Tesque, Kyoto, Japan) supplemented with 10% FBS, 100 units/mL penicillin (Nascalai Tesque) and 100 units/mL streptomycin (Nascalai Tesque). All cell lines were cultured and maintained in 25 or 75 cm2 tissue culture-grade flasks. Cells were incubated at 37 °C in a humidified 5% CO2 atmosphere.




2.2. Cell Treatment


BZD9L1 was dissolved in DMSO (Nacalai Tesque), stored as a 10 mM stock solution aliquot, and kept in the dark at −20 °C. BZD9L1 stock solution was further diluted with cell culture media to prepare a working solution according to the test concentrations.




2.3. Cell Viability Assay


The cytotoxicity of BZD9L1 on THLE-2 and HEK293 cell cultures was evaluated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay (Thermo Fisher Scientific, Waltham, MA, USA). A total of 5.0 × 103 and 2.5 × 103 cells/well of THLE-2 and HEK293 cells were seeded on a 96-well microplate and incubated for 24 h to allow proper cell attachment. On the next day, cells were treated with various concentrations of BZD9L1 with a total volume of 100 µL/well of the treatment media for 24, 48, and 72 h under normal conditions. Each concentration consists of three technical replicates, and the assay was repeated to generate at least three biological replicates. MTT assay was performed immediately at the end of each treatment timepoint. After incubation for 4 h in the dark at 37 °C, the media were removed, and 100 µL DMSO was added to solubilise any formazan crystals formed during the reaction. The quantity of formazan formed was presumably directly proportional to the number of viable cells. It was then measured by recording changes in absorbance at 570 nm using the Tecan Infinite M200 microplate reader (Tecan, Männedorf, Switzerland). Cell viability was determined using the following formula:


Cell viability (%) = (Absorbance of samples)/(Absorbance of vehicle control) × 100%












2.4. ROS Assay


The procedure of ROS assay was conducted using the DCFDA/H2DCFDA–Cellular ROS Assay Kit (Abcam, Cambridge, UK) at 6 h as suggested by the manufacturer’s protocol. Briefly, THLE-2 and HEK293 cells were seeded on a clear bottom 96-well microplate with 10,000 cells per well and incubated overnight. The cells were then treated with BZD9L1 for 6 h or tert-Butyl-hydroperoxide (tBHP) at 200 µM for 4 h as a positive control for ROS induction. Subsequently, the treatment media was removed and rinsed with 100 µL/well of the 1X Buffer, followed by 100 µL/well of the diluted DCFDA solution. The cells were incubated for 45 min at 37 °C in the dark. The plate was immediately read on a fluorescence plate reader at Ex/Em = 485/535 nm. The relative ROS production was calculated by subtracting the background readings from all measurements and determining fold change with respect to the assay control.




2.5. Mito Stress Test Assay


The experiment was conducted according to the Agilent Seahorse XFe Cell Mito Stress Test protocol (Agilent Technologies, Santa Clara, CA, USA). Briefly, a total of 10.0 × 103 cells/well of THLE-2 or HEK293 cells were seeded on the Agilent Seahorse XFe24 Cell Culture Microplates (Agilent Technologies) and incubated overnight to allow proper cell attachment. The cells were then treated with the vehicle control (DMSO) or BZD9L1 at concentrations corresponding to IC50 and half IC50 for 24 h. Before the assay day, the Agilent Seahorse XFe Analyzer was switched on and left to warm up overnight. The sensor cartridge was hydrated with Seahorse XF Calibrant (Agilent Technologies) and incubated in a non-CO2 incubator at 37 °C overnight. On the assay day, the assay medium was prepared by supplementing the Seahorse XF DMEM medium (Agilent Technologies) with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose (Agilent Technologies). The assay medium was warmed in a water bath at 37 °C before use. Subsequently, the plated cells were rinsed with the warmed assay medium three times to remove the cell growth medium. Each well received a total of 500 µL of the assay media, and the microplate was then incubated at 37 °C in a non-CO2 environment for 45 min to 1 h. During the cell incubation time, the Mito Stress Test compounds (1 M oligomycin A, 2 M FCCP, and 0.5 M Rot/AA) (Agilent Technologies) were prepared according to the protocol and were resuspended and diluted with the prepared assay media to reach a final concentration of 100, 100, and 50 µM each. The diluted oligomycin A, FCCP, and Rot/AA were then loaded into the injection ports A, B, and C on the sensor cartridge with volumes of 55, 62, and 69 µL, respectively. After successfully loading the working solutions, the calibration plate and sensor cartridge were loaded into the XFe24 extracellular flux analyser for calibration. When prompted, the calibration plate was replaced with the cell culture microplate, and the assay was initiated. The method and plate setup were preset in the software. The parameters were set as follows: baseline, three cycles; inject port A (Oligo A), three cycles; inject port B (FCCP), three cycles; inject port C (Rot/AA), three cycles. Each cycle comprises periods of mixing (3 min), waiting (0 min), and measuring (3 min).



The cell plate and the sensory cartridges were removed when the run was completed. The cell plate was rinsed with PBS and subjected to the MTT assay. The cell viability data from MTT assay were used to normalise the Mito Stress Test results, as previously described by Little and colleagues [25]. The OCR data were expressed as pmol/min and ECAR as mpH/min. Data for the OCR, ECAR, and mitochondrial respiration parameters such as basal respiration, maximal respiration, proton leak, ATP production, and spare respiratory capacity were generated automatically by the Seahorse XF Mito Stress Test Report Generator.




2.6. Western Blot


The whole-cell extract after treatment was collected after resuspending in ice-cold 8 M urea lysis buffer and stored at −20 °C. The protein concentration was quantified using the bicinchoninic acid protein assay (Nacalai Tesque). Approximately 30 μg of protein was loaded and run on 10% sodium dodecyl sulfate (SDS) polyacrylamide gel and then transferred to a polyvinylidene fluoride membrane. Following a step of blocking in 5% milk in 1% Tween 20-buffered Tris-saline, the primary antibodies specific to the desired proteins were incubated with the membrane. The primary antibodies were SIRT1 (Cell Signaling Technology, Danvers, MA, USA, 2496S, rabbit polyclonal), SIRT3 (Cell Signaling Technology, 5490, rabbit polyclonal), SIRT4 (Santa Cruz, Santa Cruz, CA, USA, sc-135797, mouse monoclonal), SIRT5 (Santa Cruz, sc-271635, mouse monoclonal), SOD2 (acetyl K68) (Abcam, ab137037, rabbit polyclonal), SOD2 (GeneTex, Irvine, CA, USA, GTX116093, rabbit polyclonal), p53 (Cell Signaling Technology, 9282S, rabbit polyclonal), acetylated p53 (acetyl K382) (Abcam, ab75754, rabbit polyclonal), PARP (Cell Signaling Technology, 9542, rabbit polyclonal), β-actin (GeneTex, GTX109639, rabbit polyclonal), at 4 °C overnight. After washing the membrane with TBST washing solution three times, 10 min each, the membrane was incubated with diluted HRP-conjugated secondary antibodies (anti-mouse IgG, HRP-linked antibody, Cell Signaling Technology, 7076; anti-rabbit IgG antibody, Cell Signaling Technology, 7074) in blocking solution at room temperature for 1 h. Protein bands were visualised by incubating the membrane with Chemi-Lumi One Super (ECL) solution (Nacalai Tesque) in the dark for 1 min and scanned using the C-DiGit® Blot Scanner (LI-COR Bioscience, Lincoln, NE, USA). Densitometric analysis of band intensity for each blot was performed using the Image Studio™ Lite software version 5.2.5 (LI-COR Bioscience) and normalised to β-actin loading control.




2.7. Statistical Analyses


GraphPad Prism 8.0 (GraphPad, San Diego, CA, USA) was used to analyse all data. The analysis of variance (ANOVA) test was employed to compare mean values among three or more data sets, and Bonferroni’s post-test was used to compare any two data sets among the three or more sets. Statistical significance was indicated in the figures by *, p < 0.01, ***, p < 0.001, and **** p < 0.0001, compared to vehicle control. All error bars depict the standard error of the mean (SEM).





3. Results


3.1. BZD9L1 Reduced THLE-2 and HEK293 Cell Viability but Induced ROS Only in THLE-2 Cells


The effect of BZD9L1 (0–200 µM) on human liver-derived THLE-2 cells and kidney-derived HEK293 cells was assessed using the MTT assay at 24, 48, and 72 h. The IC50 for each cell line is listed in Table 1.



BZD9L1 reduced THLE-2 and HEK293 cell viability in a time- and dose-dependent manner (Figure 1a,b). The IC50 and half-IC50 concentration of BZD9L1 in both cell lines at the 72 h time point (i.e., 16 and 8 µM for THLE-2; 24 and 12 µM for HEK293 cells, respectively) were employed in downstream Mito Stress assay and Western blot analysis to determine the effect of BZD9L1 at non-cytotoxic doses on mitochondrial functions and early expression of SIRT proteins at 24 h. At both concentrations, BZD9L1 demonstrated a marginal increase in PARP protein expression but had no effect on cleaved PARP (cPARP) compared to vehicle control in THLE-2 cells 24 h post-treatment (Figure 1c). However, BZD9L1 at 16 µM increased cPARP expression marginally compared to vehicle control at 72 h (Figure 1c). Interestingly, HEK293 cells demonstrated no significant change in PARP protein expression and no signs of apoptotic cell death at both doses and treatment periods with undetectable cPARP protein expression (Figure 1d). A marginal but significant induction of ROS was observed in THLE-2 cells treated with 16 µM BZD9L1 at 6 h (Figure 1e). On the other hand, no ROS induction was detected in HEK293 cells (Figure 1f).




3.2. Effects of BZD9L1 on the Bioenergetics Profile of THLE-2 and HEK293 Cells


Given the crucial role of mitochondrial respiratory electron transport in energy metabolism and ROS production, the effects of BZD9L1 treatment on mitochondrial function were evaluated. The bioenergetic profiles of THLE-2 and HEK293 cell lines treated with BZD9L1 at their respective doses for 24 h are presented in Figure 2. BZD9L1 did not affect the basal OCR and ECAR at both concentrations in THLE-2 cells (Figure 2a,b). However, BZD9L1 at 16 µM significantly increased proton leak and reduced coupling efficiency in THLE cells (Figure 2c). No additional notable alterations were detected in other mitochondrial parameters. In HEK293 cells, BZD9L1 exhibited no significant changes in OCR, ECAR, and individual mitochondrial parameters (Figure 2e–g). The viability of THLE-2 and HEK293 cells remained unaffected by the drug treatments after the Mito Stress Test assay at 24 h, as validated by the MTT assay (Figure 2d,h).




3.3. Effects of BZD9L1 on the Regulation of Sirtuins in THLE-2 and HEK293 Cells


The effect of BZD9L1 on SIRT protein expression was determined at 24 and 72 h to ascertain the potential differential regulation of these proteins at early and late time points. At 16 μM for 72 h, BZD9L1 significantly reduced SIRT1 protein level in THLE-2 cells (Figure 3a,b). The p53 protein is one of the significant deacetylated targets of SIRT1 [26]. Interestingly, down-regulation of SIRT1 at 72 h did not increase the acetylated p53/beta-actin protein ratio compared to vehicle control (Figure 3a,d). A slight increase in the p53/beta-actin ratio was noted in cells treated with 16 μM BZD9L1 at 24 h. However, no alteration in the p53/beta-actin ratio was detected post treatment with BZD9L1 compared to vehicle control at 72 h (Figure 3a,d). The expression level of acetylated superoxide dismutase 2 (SOD2) and SIRT3 proteins remained unchanged compared to the control group at 24 h (Figure 3a,c,e). At 16 µM for 72 h, BZD9L1 diminished the level of acetylated SOD2 but significantly increased the protein expression of SOD2 (Figure 3a,e). Interestingly, SIRT4 and SIRT5 proteins were not detected in THLE-2 cells (Supplementary Figure S1a).



In HEK293 cells, only SIRT3 and SIRT5 proteins, but not SIRT4, were detected at 24 and 72 h post BZD9L1 treatment (Figure 4 and Supplementary Figure S1b). At 12 and 24 μM, BZD9L1 did not affect SIRT3 and SIRT5 protein expression (Figure 4a,c,d). Both 12 and 24 μM BZD9L1 notably reduced the SIRT1/beta-actin ratio at 72 h compared to vehicle control (Figure 4a,b). An increase in the p53/beta-actin ratio and a decrease in acetylated p53/beta-actin ratio were observed in cells treated with 24 μM BZD9L1 at 72 h (Figure 4a,e). Surprisingly, the protein level of acetylated SOD2 was significantly reduced 72 h post-treatment (Figure 4a,f). However, 12 μM BZD9L1 at 72 h increased the expression of the endogenous SOD2 protein compared to vehicle control (Figure 4a,f).





4. Discussion


Mitochondrial function has lately garnered increasing attention as one of the critical parameters in drug safety assessment. This is due to its potential correlation with the aetiology of drug-induced organ toxicity [27,28]. In the present study, an increase in proton leak and reduced coupling efficiency without a significantly reduced ATP production may implicate drug-induced oxidative stress [29,30]. The proton leak is a process where H+ ions are returned from mitochondrial intermembrane space to the mitochondrial matrix without passing through ATP synthase, resulting in incomplete ATP synthesis. The use of oligomycin in the assay could potentially increase mitochondrial membrane potential, leading to an underestimation of ATP-linked OCR and an overestimation of proton leak [31]. Independent measurement of mitochondrial membrane potential is, therefore, necessary to delineate the mode of action of BZD9L1 on mitochondrial function. Coupling efficiency describes the amount of O2 required to fully drive ATP synthesis compared with O2 driving proton leak, where reduced coupling efficiency may indicate reduced mitochondrial respiration efficiency and lower ATP production [32]. However, other studies also reported that proton leak induction may not affect the overall energy efficiency in cells [33,34]. BZD9L1 induced oxidative stress through ROS production (measured at 6 h), which enhanced proton leak and reduced coupling efficiency. An increase in proton leak may indicate either an increase in uncoupling protein activity, damage to the inner mitochondrial membrane and/or ETC complexes, or electron slip resulting in increased oxygen consumption without proton translocation [33,35,36]. Thus, the association of BZD9L1-induced proton leak with mitochondria damage warrants further investigation. Furthermore, the spare respiratory capacity determines mitochondrial fitness and reflects the “health” of the mitochondrion [37,38]. The spare respiratory capacity may be deployed to offset the proton leak triggered by the FCCP [37]. No statistical significance was achieved between the BZD9L1 and vehicle control-treated cells, suggesting healthy mitochondrial function [39].



ECAR can be used to study how cells respond to drugs that affect their glycolytic capacity. Drugs that impair mitochondrial function usually accelerate glycolysis in cells to minimise oxidative damage and suppress apoptosis [40,41]. In turn, this may reduce the pH of the culture medium through elevated lactate production, which can be detected as an increase in the ECAR [40,41]. The status of ECAR generation (via glycolysis or CO2 production from the tricarboxylic acid cycle (TCA) cycle) was determined through Rot/AA injection [39,42]. A reduction of ECAR upon Rot/AA injection indicated that ECAR is generated from the TCA cycle, while a constant or increased ECAR in response to Rot/AA treatment may indicate ECAR generation via glycolysis [39,42]. Given that both THLE-2 and HEK293 cell lines demonstrated a decrease of ECAR, which remained higher than the basal ECAR in response to Rot/AA injection, the ECAR kinetic may be modestly attributable to CO2 production from the TCA cycle as described by Divakaruni and colleagues [42]. Nevertheless, a rigid conclusion on ECAR cannot be made as the Mito Stress Test assay only allows for qualitative interpretation of cellular ECAR. Although the MTT assay has previously been reported as a normalizing tool for the Mito Stress Test assay [25], it is noteworthy that normalising the OCR and ECAR data to MTT readout may result in discrepancies when correlating cellular ATP to the absolute cell numbers [43,44], hence the limitation of this study. Therefore, cell viability assays that do not interfere with cell metabolism may be used as an alternative approach [44].



In general, SIRT3 activates while SIRT4 represses mitochondrial enzymes. Remarkably, SIRT5 activates and represses the mitochondrial enzymes [45]. In the present study, only SIRT3 protein was detected in THLE-2 cells. Furthermore, SIRT3 and SIRT5 but not SIRT4 proteins were detected in HEK293 cells, which is consistent with the findings by others [45,46]. However, the lack of SIRT4 and SIRT5 protein expression in THLE-2 cells or SIRT4 in HEK293 cells contrasted our previous in vivo findings where all mitochondrial SIRTs were found to be expressed in both mouse liver and kidney tissues [19], suggesting the limitation of using cell lines as the microenvironment may be crucial in impacting treatment outcomes. THLE-2 cells express the phenotypic characteristic of normal adult liver epithelial cells, closely related to human hepatocytes [22,47]. However, THLE-2 cells expressed a relatively low level of drug transporters compared to other liver carcinoma cell lines (e.g., HepG2, Hep3B, SK-Hep-1, or Huh7) and human hepatocytes; they also have a lower mRNA expression of NADPH cytochrome P450 (CYP) reductase [22,24,47]. These properties could retain drugs in the cells and increase cellular susceptibility to the cytotoxic effect of BZD9L1. Consequently, this may explain the low IC50 value of BZD9L1 in THLE-2 cells.



Alteration of SIRT3 activity in response to cellular environment changes or interference by external factors (e.g., treatment or genetic modification) can affect ATP production and mitochondrial quality [20,48,49,50]. However, no significant changes in SIRT3 protein expression were observed in both cell lines at 24 h post treatment, indicating that BZD9L1 might not affect the SIRT3-ETC complex activities during OXPHOS, which is consistent with the normal ATP production observed in the Mito Stress Test assay. Moreover, ETC is a major site for producing ROS. ROS is the by-product of mitochondrial respiration that contributes to oxidative stress, proton leak, and mitochondrial dysfunction [51]. Excess ROS generated during OXPHOS may lead to DNA damage and impair cell viability [20]. We previously demonstrated the potential of BZD9L1 to induce ROS and activate the mitochondrial apoptotic pathway in colorectal cancer cells [17,18]. BZD9L1 induced ROS and SOD2 protein expression but reduced acetylated SOD2 protein in both THLE-2 and HEK293 cells. SIRT3 is an important regulator in the mitochondrial ROS scavenging pathway via direct deacetylation of mitochondrial SOD2, which is also known as manganese superoxide dismutase (MnSOD) [52,53,54]. Although increased SIRT3 expression was shown to enhance SOD2-mediated ROS reduction, this effect may be reversed upon SIRT3 depletion [52]. Hence, increased ROS production may be essential to trigger the deacetylate activity of SIRT3 to activate the SOD2 protein, resulting in the conversion of superoxide into hydrogen peroxide and water [33,52,55]. On the other hand, acetylated SOD2 may lose its dismutase activity and be further converted to pro-oxidant (peroxidase) macromolecules that can cause unspecific substrate oxidation and oxidative damage [56]. Reduction of acetylated SOD2 protein expression and increased expression of SOD2 protein in THLE-2 and HEK293 cells suggest a protective mechanism against oxidative stress that was triggered 72 h post-treatment. Although BZD9L1 did not induce ROS production in HEK293 cells, other reactive oxygen and nitrogen species could elicit this response and thus warrant further investigation.



Apart from the three SIRTs (SIRT3–5) localised to mitochondria, suppression of SIRT1 by pan SIRT1 inhibitor has been associated with the induction of oxidative stress [57]. Reduction of cellular SIRT1 protein expression could lead to a reduction of antioxidant capacity and increased ROS and oxidative damage [58,59]. SIRT1 was shown to enhance the expression of MnSOD by deacetylating the p53 protein to increase cellular antioxidant capacity [58]. Nevertheless, acetylated p53 remained unaffected by BZD9L1 despite a reduction in SIRT1 protein expression. To our knowledge, it is unknown whether alteration of SIRT1 protein expression in the liver or kidney cells could lead to mitochondrial malfunction. In many cases, SIRT expressions are affected by the availability of substrates, which may also involve an intricate regulatory network and extensive feedback loop [60]. In this study, we showed that BZD9L1 modulates mitochondrial response toward oxidative stress in human-derived kidney cells by regulating SIRT1 and SIRT3 protein levels, which may then impact secondary mechanisms. However, a study focused on the molecular mechanism induced by BZD9L1 towards SIRT-intramitochondrial communication requires further delineation by exploring the (i) activity changes in each ETC complex, (ii) the impact on mitochondrial membrane potential, and (iii) the expression of mitochondrial stress markers. Although BZD9L1 had no impact on the spare respiratory capacity of the cells, further validation of mitochondrial function through assessment of other mitochondrial parameters is warranted to assess the safety of BZD9L1. This information may be crucial to explicate cellular behaviour changes in response to metabolic or oxidative stresses that may compromise mitochondrial function [61].



In a nutshell, the Seahorse XF Mito Stress Test offers a valuable advantage in the realm of drug discovery. Its real-time and highly sensitive assessment of mitochondrial function makes it an essential tool in the early stages of drug development. While the assay may not encompass the full range of metabolic processes or delve into the underlying mechanisms of action, it does provide initial insights into how a drug might influence mitochondrial function, guiding subsequent mechanistic investigations. It is worth noting that the assay relies on in vitro cell cultures, which may not fully replicate the intricate complexities of in vivo tissue microenvironment. To address this, integrated systems biology approaches that amalgamate the Seahorse XF Mito Stress Test findings with other -omics data (such as metabolomics, transcriptomics, and proteomics) can be instrumental in constructing comprehensive models of metabolic processes and their responses to BZD9L1. Moreover, the use of high-content imaging techniques is valuable for visualizing alterations in cellular and mitochondrial morphology induced by drugs. This approach sheds light on structural changes and their consequences for cellular function. More advanced technologies that utilise tissue chips or organ-on-a-chip techniques, such as microphysiological systems (MPS), may better emulate the human organ system in predicting outcomes in a more physiologically relevant manner [62]. Finally, evaluating BZD9L1 in vivo presents an opportunity for a more profound understanding of the compound’s impact on mitochondrial function and cellular metabolism within the context of drug discovery.




5. Conclusions


In this study, the in vitro model using normal human liver- and kidney-derived cell lines was employed to complement short-term toxicology evaluation in vivo. However, as in vitro cell culture lacks stromal cells and their interactions with the epithelial cells, further translation and interpretation from the former to the latter is therefore challenging. Nonetheless, measuring the OCR allows bioenergetic profiling to provide insights into how BZD9L1 may impact mitochondrial function. In short, BZD9L1 did not likely impair mitochondrial function in both cell lines as no changes were observed in the cellular spare respiratory capacity and ATP production despite an increase in proton leak and reduced coupling efficiency in THLE cells. As proton leak and coupling efficiency are not mutually exclusive, future assessment of membrane potential and the role of uncoupling protein (UCP) in regulating proton gradient may provide insights into the relationship between uncoupling efficiency and mitochondrial function upon BZD9L1 treatment.
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Figure 1. BZD9L1 reduced the metabolic viability of THLE-2 and HEK293 cells but induced ROS levels only in THLE-2 cells. Representative graphs demonstrating the cell viability of (a) THLE-2 and (b) HEK293 cells post-BZD9L1 treatment at 24, 48, and 72 h. Representative blots showing the protein levels of PARP and cPARP in (c) THLE-2 and (d) HEK293 whole-cell lysates post BZD9L1 treatment for 24 and 72 h, n = 3 independent experiments. cPARP was not detected across all treatments in HEK293 cells. β-actin was used as a loading control. Densitometry analysis of band intensity for each blot was performed using Image StudioTM Lite software, and the resulting values were normalised to the corresponding level of β-actin. ROS levels were measured using the DCFDA assay in human (e) THLE-2 and (f) HEK293 cells. Cells were pretreated with BZD9L1 at the indicated concentrations for 6 h. tert-Butyl-hydroperoxide (tBHP) at 200 µM was used as a positive control. All graphs report means ± SEM (error bars) of triplicates. Statistical analysis (* p < 0.05, ** p < 0.01, **** p < 0.0001, one-way ANOVA, Bonferroni’s post-test) was determined using GraphPad Prism 8.0. Statistical significance (*) depicts a comparison between the treatment group and the vehicle control. 
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Figure 2. The effect of BZD9L1 on oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in (a–d) THLE-2 and (e–h) HEK293 cells 24 h post-treatment with BZD9L1. The (a,e) OCR and (b,f) ECAR rates in THLE-2 and HEK293 cells were measured using the Seahorse XF analyser and were normalised to MTT optical density at the endpoint of the assay. (c,g) Graphs show the mitochondrial respiration parameters in THLE-2 and HEK293 cells, including basal respiration, maximal respiration, non-mitochondrial respiration, proton leak, ATP production, spare respiratory capacity, and coupling efficiency. (d,h) MTT assay of THLE-2 and HEK293 cells following the Mito Stress Test showed no significant difference in cell viability. The graphs report means ± SEM (error bars, n = 4 independent experiments). Statistical analysis (* p < 0.05, one-way ANOVA, Bonferroni’s post-test; # p < 0.05, Student’s t-test) was determined using GraphPad Prism 8.0. Statistical significance (*) depicts the comparison between the treatment group and vehicle control. Oligo, oligomycin A; FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone, Rot/AA, rotenone, and antimycin A. 
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Figure 3. Sirtuin and SOD2 protein expression profile in THLE-2 cells treated with BZD9L1 (a–e). Representative blots showing protein levels of mitochondrial SIRT1, SIRT3, p53, and SOD2 in THLE-2 whole-cell lysates post BZD9L1 treatment for 24 (lane 1–3) and 72 h (lane 4–6), n = at least 3 independent experiments. β-actin was used as a loading control. Densitometry analysis of band intensity for each blot was performed using Image StudioTM Lite software, and the resulting values were normalised to the corresponding level of β-actin. All graphs report means ± SEM (error bars) of triplicates. Statistical analysis (* p < 0.05, ** p < 0.01, **** p < 0.0001, one-way ANOVA, Bonferroni’s post-test) was determined using GraphPad Prism 8.0. Statistical significance (*) depicts a comparison between the treatment group and the vehicle control. 
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Figure 4. Mitochondrial sirtuin and SOD2 protein expression profile in response to BZD9L1 treatment in HEK293 cells (a–f). Representative Western blots showing protein levels of SIRT1, SIRT3, SIRT5, p53, and SOD2 in HEK293 cells post BZD9L1 treatment for 24 (lane 1–3) and 72 h (lane 4–6), n = at least 3 independent experiments. β-actin was used as a loading control. Densitometry analysis of band intensity for each blot was performed using Image StudioTM Lite software, and the resulting values were normalised to the corresponding level of β-actin. All graphs report means ± SEM (error bars) of triplicates. Statistical analysis (* p < 0.05, ** p < 0.01, **** p < 0.0001, one-way ANOVA, Bonferroni’s post-test) was determined using GraphPad Prism 8.0. Statistical significance (*) depicts a comparison between the treatment group and the vehicle control. 
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Table 1. The IC50 of BZD9L1 in THLE-2 and HEK293 cells at 24, 48, and 72 h post-treatment.
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Treatment Duration

	
Cell Viability (IC50), µM




	
THLE-2

	
HEK293






	
24 h

	
178.92 ± 0.049

	
77.72 ± 0.083




	
48 h

	
21.11 ± 0.052

	
31.00 ± 0.089




	
72 h

	
15.75 ± 0.051

	
23.74 ± 0.072








Abbreviations: h, hours; IC50, half-maximal inhibitory concentration.
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