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Although bedaquiline has advanced the treatment of multidrug-resistant tuberculosis (TB), concerns remain about the cardiotoxic potential of this agent, albeit by unexplored mechanisms. Accordingly, we have investigated augmentation of the reactivity of human platelets in vitro as a potential mechanism of bedaquiline-mediated cardiotoxicity. Platelet-rich plasma (PRP) or isolated cells prepared from the blood of healthy, adult humans were treated with bedaquiline (0.625–10 µg/ml), followed by activation with adenosine 5’-diphosphate (ADP), thrombin or the thromboxane A2 receptor agonist (U46619). Expression of platelet CD62P (P-selectin), platelet aggregation, Ca2+ fluxes and phosphorylation of Akt1 were measured using flow cytometry, spectrophotometry, fluorescence spectrometry, and by ELISA procedures, respectively. Exposure to bedaquiline caused dose-related inhibition of ADP-activated, but not thrombin- or U46619-activated, expression of CD62P by platelets, achieving statistical significance at a threshold concentration of 5 µg/ml and was paralleled by inhibition of aggregation and Ca2+ mobilization. These ADP-selective inhibitory effects of bedaquiline on platelet activation were mimicked by wortmannin, an inhibitor of phosphatidylinositol 3-kinase (PI3-K), implicating PI3-K as being a common target of both agents, a contention that was confirmed by the observed inhibitory effects of bedaquiline on the phosphorylation of Akt1 following activation of platelets with ADP. These apparent inhibitory effects of bedaquiline on the activity of PI3-K may result from the secondary cationic amphiphilic properties of this agent. If operative in vivo, these anti-platelet effects of bedaquiline may contribute to ameliorating the risk of TB-associated cardiovascular disease, but this remains to be explored in the clinical setting.
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Introduction

Inclusion of the diarylquinoline agent, bedaquiline, in chemotherapeutic regimens used in the treatment of multidrug-resistant and extensively drug-resistant (MDR/XDR)-tuberculosis (TB) has resulted in significantly improved outcomes (1–5). The therapeutic efficacy of bedaquiline has been attributed to its novel mechanism of action, targeting the F1/F0 ATP synthase of the Mycobacterium tuberculosis (Mtb) respiratory chain, encompassing both replicating and non-replicating bacilli (1, 2). Concerns remain, however, about the risk for development of cardiac dysfunction during chemotherapy with bedaquiline, specifically prolongation of the cardiac QT interval, an indicator of development of ventricular tachyarrhythmias and possibly cardiac arrest (2, 6–10). The risk of QT interval prolongation may be cumulative when bedaquiline is used in combination with other components of MDR/XDR-TB regimens, specifically clofazimine and delamanid (9, 10).

Although largely unexplored, acquisition of insights into the pathogenesis of bedaquiline-associated adverse cardiac events may enable the development of strategies to ameliorate risk. This may be of considerable importance since TB per se is also associated with a chronic pro-inflammatory/pro-thrombotic state and increased risk of acute cardiovascular events (11) that may be exacerbated in the settings of extended chemotherapy and co-existent co-morbidities (12). To date, however, only very limited data exists with respect to identification of mechanisms that underpin the cardiotoxic potential of bedaquiline. In this context, one study has described the potent inhibitory effects of bedaquiline on the activity of the Kv.11.1 channel (4), which mediates the repolarizing current in the cardiac action potential. However, the clinical relevance of this study, which was undertaken using Kv.11.1 channel-transfected hamster embryonic kidney cells in vitro, remains to be established (4).

An alternative, apparently unexplored, mechanism of bedaquiline-associated cardiac dysfunction relates to possible augmentative effects of this agent on the reactivity of human platelets. These cells not only drive inflammation and thrombosis (13, 14), but have also been implicated in the pathogenesis of cardiac arrhythmias (15). Accordingly, investigation of the effects of bedaquiline on the responses of human platelets activated in vitro with adenosine 5’-diphosphate (ADP), thrombin or a thromboxane A2 receptor agonist, represent the primary focus of the current study. As a strategy to identify possible mechanisms of action, the effects of bedaquiline on platelet responses activated by the various receptor-mediated stimuli were compared with those of two pharmacological antagonists of intracellular signaling pathways, specifically U73122 and wortmannin, inhibitors of phospholipase C (PLC) and phosphatidylinositol 3-kinase (PI3-K), respectively. In addition, we also investigated the effects of bedaquiline on PI3-K-mediated phosphorylation of the serine/threonine kinase, Akt1, the predominant isoform in human platelets (16) and key mediator of platelet α-granule release (17).



Materials and Methods


Ethics Committee Approval

Permission to undertake this study and draw blood from healthy, adult human volunteers was granted by the Research Ethics Committee of the Faculty of Health Sciences, University of Pretoria in full compliance with the World Medical Association Declaration of Helsinki, 2013 (Approval number: 116/2017). Informed consent was obtained from all participants in the study prior to the blood draw [17 female:7 male, mean age ( ± SD) = 35.25 ± 12.0 years].



Test Agents

Bedaquiline, (1R,2S)-1-(6-bromo-2-methoxyquinolin-3-yl)-4-(dimethylamino)-2-naphthalen-1-yl-1-phenylbutan-2-ol, was purchased from AdooQ Bioscience (York, UK); wortmannin [(1R,3R,5S,9R,18S)-18-(methoxymethyl)-1,5-dimethyl-6,11,16-trioxo-13,17-dioxapentacyclo[10.6.1.02,10.05,9.015,19]nonadeca-2(10),12(19),14-trien-3-yl] acetate, a selective inhibitor of PI3-K, from the Sigma Chemical Co. (St Louis. MO, USA); U73122, {1-6[[(17ß)-3-methoxyestra-1,3,5(10)-trien-17-yl]amino]hexyl]-1H-pyrolle-2,5-dione}, a selective inhibitor of phospholipase C (PLC), and U46619, (Z)-7-{[1R,4S,5S,6R]-6-[(E,3S)-3-hydroxyoct-1-enyl]-2-oxabicyclo[2.2.1]heptan-5-yl}hept-5-enoic acid, a thromboxane A2 surrogate, were purchased from Tocris Bioscience, Bristol, UK. Bedaquiline, wortmannin, U73122, and U46619 were dissolved to stock concentrations in dimethylsulfoxide (DMSO), and used at final concentrations of 0.625–10 µg/ml (equivalent to 1.13–18 µM), 1 µM and 0.625 µM and 5 µM, respectively, in the assays of platelet activation described below, which also included appropriate solvent controls.

Adenosine-5’-diphosphate (ADP) and thrombin (from human plasma) were purchased from Boehringer Mannheim Biochemical (Basel, Switzerland) and the Sigma Chemical Co. respectively and used at final maximal concentrations of 100 µM and 1 NIH unit/ml respectively. ADP is an agonist of platelet P2Y1 and P2Y12 receptors and acts as a secondary, autocrine activator of these cells, while thrombin is an agonist of the platelet proteinase-activated receptors 1 and 4 (PAR1/4). U46619 was used at a final concentration of 5 µM, as mentioned above.

Unless indicated, all other chemicals and reagents were purchased from the Sigma Chemical Co.



Platelet-Rich Plasma

To prepare platelet-rich plasma (PRP), blood (anti-coagulated with five units of preservative-free heparin/ml blood) was centrifuged at 250 x g for 10 min at room temperature within 15 min of venepuncture and the essentially erythrocyte- and leukocyte-free upper layer of PRP decanted and used in the experiments described below.



Purified Platelet Suspensions

PRP was diluted four-fold with phosphate-buffered saline (PBS, 0.15M, pH 6.8) containing ethylene glycol-bis(β-aminoethyl ether)-N-N-N’-N’-tetraacetic acid (EGTA, final concentration 0.6 mM) and centrifuged at 260 x g for 10 min at 20°C to deplete residual erythrocytes and leukocytes. The platelet-enriched supernates were then centrifuged at 800 x g for 20 min and the cell pellets resuspended in PBS (pH 7.4) and counted using a Sysmex XN 20000 Automated Haematology Analyzer (Sysmex Corporation, Kobe, Japan).

The low pH (6.8) of the PBS together with the addition of EGTA to deplete extracellular Ca2+ and preparation of the cells at a constant temperature of 20°C, were used to minimize platelet activation. We preferred this strategy to inclusion of acetylsalicyclic acid as we have previously observed that induction of synthesis of thromboxane A2 represents a significant component of the platelet response following activation with ADP.



Effects of Bedaquiline on Platelet Activation According to the Magnitude of Expression of CD62P

Platelet activation was measured by flow cytometry as the proportion (%) of CD42a+ platelets expressing the α-granule-derived adhesion molecule, CD62P (P-selectin), a key mediator of platelet activation and pro-thrombotic activity. For these experiments, PRP (20 µl) was added to 980 µl of Hanks’ balanced salt solution (HBSS, indicator-free, 1.25mM calcium, pH7.4) and incubated for 10 min at 37°C in the presence of bedaquiline (0.625–10 µg/ml final, equivalent to 1.13–18 µM), or wortmannin (1µM), or U73122 (0.625 µM), or an equal volume of DMSO to control systems (0.1–0.2%, final). This was followed by the addition of ADP, thrombin, U46619 or an equal volume of HBSS (background to detect spontaneous platelet activation). The tubes were then incubated for a further period of 5 min at 37°C and processed immediately thereafter for analysis by flow cytometry. The cells were stained with 5 µl each of a murine anti-human platelet CD42a-phycoerythrin (PE)-labeled monoclonal antibody (Becton Dickenson, Franklin Lakes, USA) and an anti-human CD62P-fluorescein isothiocyanate (FITC)-labeled monoclonal antibody (Beckman Coulter, Miami, FL, USA) to detect the total and activated platelet populations respectively. After 15 min of incubation in the dark, the samples were analyzed on a Gallios flow cytometer (Beckman Coulter, Miami, FL, USA) and the results expressed as the percentage of activated platelets with 50,000 cells interrogated during each measurement.



Measurement of Platelet Cytosolic Ca2+ Fluxes

Fura-2 acetoxymethyl ester (fura-2AM) was used as the fluorescent, Ca2+-sensitive indicator for these experiments (18). In this series of experiments, purified platelets suspended in HBSS were incubated at 37°C for 5 min followed by addition of fura-2AM (2 µM) and a further incubation period of 25 min at 37°C after which the platelets were pelleted by centrifugation at 350 x g for 20 min. The cell pellets were resuspended in PBS. For measurement of cytosolic Ca2+ fluxes, 100 µl of platelet suspension was added to 2.9 ml HBSS and incubated for 10 min at 37°C in the absence or presence of either bedaquiline (5 and 10 µg/ml) or wortmannin (1 µM). The fura-2AM-loaded platelets were then transferred to disposable reaction cuvettes maintained at 37°C in a Hitachi 650 10S fluorescence spectrometer with excitation wavelengths set at 340 and 500 nm respectively. After a stable baseline was obtained, the platelets were activated by addition of either ADP (100 µM) or thrombin (1 NIH unit/ml) and alterations in fluorescence intensity measured over a 5 min time course. These results are presented as the peak Ca2+ concentrations calculated as described previously (18) and as typical traces from representative experiments.



Measurement of Platelet Aggregation

For this limited series of experiments, PRP (150 µl), or an equal volume of platelet poor plasma (PPP) prepared by centrifugation of PRP at 350 x g for 5 min, was added to 1,850 µl of HBSS followed by the addition of 2 µl of bedaquiline (10 µg/ml final), wortmannin (1µM final), or DMSO to control systems and the test tubes incubated at 37°C for 20 min. Thereafter, ADP (100 µM final) or an equal volume of HBSS (background to detect spontaneous platelet aggregation), were added to the tubes, which were incubated at 37°C for 10 min with repeated inversion at 1-min intervals. For measurement of platelet aggregation, 250 µl from each tube (3 repeats) were added to a 96-well microtissue culture plate using reverse pipetting to minimize air bubbles. Light absorbance, as a surrogate of platelet aggregation, was measured spectrophotometrically at a wavelength of 650nm (19). The results are expressed as the mean percentage aggregation, which was calculated based on the absorbance of the PPP control (100% aggregation) and the PRP control (0% absorbance).



Measurement of Akt1 Phosphorylation

Platelets (approximately 1 x 108/ml) suspended in HBSS were preincubated with bedaquiline (5 and 10 µg/ml) or an equivalent volume of DMSO for 10 min at 37°C followed by the addition of ADP (100 µM). After 3 min of incubation (20–22), the reactions were terminated and the platelets lysed by addition of an equal volume of cell extraction buffer supplemented with a 1% protease and phosphatase inhibitor cocktail (all purchased from Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) and held on ice for 30 min. Thereafter, the cell extracts were centrifuged at 13,000 rpm for 10 min and the supernatants decanted and stored at −80°C until analysis of phosphorylated Akt1 using an Ultrasensitive solid phase sandwich ELISA system (Thermo Fisher Scientific). The results of five experiments using platelets from three separate donors are expressed as units/ml.



Expression and Statistical Analysis of Results

The results of each series of experiments are expressed as the median values with interquartile ranges, with the exception of platelet counts, contaminating cells, platelet aggregation and cytosolic Ca2+ fluxes, which are expressed as the mean values ± standard deviations, for a minimum of 3–4 different donors with numbers of replicate experiments indicated. Statistical analysis was performed using WinStat statistical software with the Shapiro-Wilk test used to test the distribution of data and levels of statistical significance calculated using the Mann-Whitney U-test for comparison of non-parametric data. A P value of <0.05 was considered significant.




Results


Platelet Counts

Circulating platelet counts for all blood donors were within the normal range (150–400 x 109/l), while the mean number of platelets in the concentrated, purified platelet suspensions was 558 x 109/l (n=14). The numbers of contaminating neutrophils, lymphocytes and monocytes in the pure platelet suspensions were almost undetectable, the mean values with SDs being 0.98 ± 0.14. 0.23 ± 0.42 and 0.016 ± 0.02 x 109, respectively.



Effects of Bedaquiline, Wortmannin, and U-73122 on ADP-, Thrombin-, and U46619-Activated Expression of CD62P by Platelet-Rich Plasma

As shown in Figure 1, pre-treatment of PRP with bedaquiline (0.625–10 µg/ml) resulted in dose-related inhibition of ADP (100 µM)-activated upregulation of expression of CD62P, which achieved statistical significance at concentrations of 5 and 10 µg/ml bedaquiline (P<0.05). As shown in Figure 2, however, the corresponding responses of platelets activated with thrombin (1NIH unit/ml) or U46619 (5µM) were unaffected by exposure to bedaquiline at either 5 or 10 µg/ml, demonstrating a selective inhibitory effect of the test anti-mycobacterial agent on ADP-mediated platelet activation.




Figure 1 | Effects of bedaquiline (BDQ, 0.625–10 µg/ml) on the magnitude of CD62P expression on platelets activated with adenosine diphosphate (ADP, 100 µM). The results are expressed as the median % CD62P expression with interquartile ranges (n=10 experiments). *P<0.05 for comparison of BDQ (5 and 10µg/ml) respectively, with the control system (BG = unstimulated platelets).






Figure 2 | Effects of bedaquiline at 5 and 10 µg/ml on the magnitude of CD62P expression on platelets activated by thrombin (1 NIH unit/ml) or U46619 (5 µM). The results are expressed as the median % CD62P expression with interquartile ranges (data from nine and six experiments), respectively. No statistically differences were evident on comparison of the bedaquiline-untreated and –treated systems at both concentrations with both activators.



As shown in Figure 3, pre-treatment of PRP with either wortmannin (1 µM) or U73122 (0.625 µM), almost completely attenuated ADP-activated upregulation of CD62P expression, seemingly demonstrating the mechanistic involvement of PI3-K and/or PLC in this event.




Figure 3 | The effects of wortmannin (wort, 1 µM) and U73122 (0.625 µM) on the magnitude of CD62P expression on platelets activated with ADP (100 µM). The results are expressed as the median % CD62P expression with interquartile ranges (n=6–7 experiments). *P<0.05, for comparison of both the wortmannin- and U73122-treated systems with the corresponding control system. (BG = unstimulated platelets).



The effects of wortmannin (1 µM) or U73122 (0.625 µM) on thrombin- and U46619-activated platelets are shown in Figure 4. Pre-treatment of PRP with wortmannin did not affect the magnitude of either thrombin- or U46619-mediated upregulation of CD62P expression, while pre-treatment with U73122 almost completely attenuated upregulation of CD62P expression mediated by both thrombin and U46619. These results appear to demonstrate the key involvement of PLC, but not that of PI3-K, in upregulated expression of CD62P by platelets activated by thrombin and U46619.




Figure 4 | The effects of wortmannin (wort, 1 µM) or U73122 (0.625 µM) on the magnitude of CD62P expression on platelets activated with thrombin (1NIH unit/ml) or U46619 (5 µM). The results are expressed as the median % CD62P expression with interquartile ranges (n=6–12 experiments). *P<0.05, for comparison of U73122 with the corresponding control system. (BG = unstimulated platelets).





Effects of Bedaquiline on Platelet Cytosolic Ca2+ Fluxes Activated by ADP or Thrombin

As shown in Figure 5, pre-treatment of purified platelets with bedaquiline at 10 µg/ml or wortmannin (1 µM) caused statistically significant inhibition of the immediate increase in the concentration of cytosolic Ca2+ following addition of ADP, while the more intense response activated by thrombin was unaffected by treatment of platelets with either of these agents. The basal cytosolic Ca2+ concentration of unstimulated platelets was 192 ± 21 nM, while the peak values observed for ADP-activated platelets in the absence or presence of bedaquiline or wortmannin were 420 ± 121 nM, 81 ± 74 nM (P<0.05) and 330 ± 136 nM (P<0.05), respectively. The corresponding values for thrombin-activated platelets in the absence or presence of bedaquiline were 680 ± 124 nM and 694 ± 151 nM (P=0.77), respectively (n=6–12 experiments). The slight increase in the rate of decline of fluorescence intensity in the thrombin-activated system in the presence of bedaquiline may result from attenuation of the endogenous ADP-mediated autocrine response.




Figure 5 | Fura-2 fluoresecence responses of ADP (100 µM)-activated platelets in the absence (:::) or presence of bedaquiline (BDQ, 10 µg/ml) (- - - -) or wortmannin (1 µM) (………), as well as the fura-2 fluorescence responses of thrombin (1 NIH unit/ml)-activated platelets in the absence (:::) or presence of BDQ (10 µg/ml) (- - - -). These are traces from a single representative experiment with a total of 5–12 in each series. The arrow (↑) denotes the addition of ADP or thrombin.



These findings implicate interference with both PLC and PI3-K in bedaquiline-mediated inhibition of ADP-mediated activation of platelets.



Effects of Bedaquiline and Wortmannin on Platelet Aggregation

Pre-treatment of platelets with bedaquiline (10 µg/ml) or wortmannin (1 µM) caused statistically significant inhibition of platelet aggregation. The magnitudes of ADP-activated platelet aggregation in the absence or presence of bedaquiline or wortmannin were 17, 3.7, and 0.4%, (P<0.05) (n=8–14 experiments), respectively. These findings reveal that bedaquiline inhibits several functions of ADP-activated platelets.



Effects of Bedaquiline on ADP-Activated Phosphorylation of Akt1

As shown in Figure 6, pre-treatment of isolated platelets with bedaquiline (5 and 10 µg/ml) resulted in potent, statistically significant (P<0.05 for both), dose-related inhibition of PI3-K-mediated phosphorylation of Akt1, representing the probable mechanism by which bedaquiline attenuates ADP-induced platelet activation.




Figure 6 | Effects of bedaquiline (5 and 10 µg/ml) on PI3-K-mediated phosphorylation of Akt1 measured in the lysates of ADP (100 µM)-activated platelets using an ELISA procedure. The results of five experiments (n=3 donors) are presented as the median values with interquartile ranges as units phosphorylated Akt1/ml; *P<0.05 for comparison of both bedaquiline-treated systems with the drug-free control system.






Discussion

Most importantly, this study has demonstrated that bedaquiline, at concentrations of 5–10 µg/ml, caused statistically significant inhibition of several activities of human platelets activated with ADP in vitro, but not with either thrombin or U46619 (a thromboxane A2 surrogate). These activities of platelets included upregulation of expression of CD62P, mobilization of intracellular Ca2+, and aggregation. Importantly, the concentrations of bedaquiline at which these inhibitory effects on platelet activation were observed are attainable during antimicrobial chemotherapy with this agent, reaching peak plasma concentrations of 5.5 µg/ml at 4–6 h following administration of the initial recommended dose of 400 mg/day (23).

From a mechanistic perspective, the absence of effects of bedaquiline on upregulation of CD62P expression by thrombin- or U46619-activated platelets excludes non-specific cytotoxicity as the cause of the selective inhibitory effects of the test agent on the responses of ADP-activated platelets. Moreover, inhibition of PLC and mobilization of intracellular Ca2+ as a putative primary mechanism of bedaquiline-mediated interference with ADP-activated platelet activation also seems improbable. This contention is based on the failure of bedaquiline to inhibit the responses of platelets activated with either thrombin or U46619. As with ADP, triggering of platelets by thrombin, thrombin receptor-activating peptides (TRAPs) and U46619 are dependent on activation of PLC and mobilization of intracellular Ca2+, as confirmed in the current study according to the stimulus-non-specific inhibitory effects of the potent PLC inhibitor, U73122.

The selective inhibitory effects of bedaquiline on ADP-activated platelets, included Ca2+ mobilization, CD62P expression and aggregation that were closely mimicked by the PI3-K inhibitor, wortmannin, suggesting that this enzyme per se, or related events downstream of its activation, may be the target of bedaquiline. In this context, PI3-K has been reported by others to be critically involved in ADP-mediated activation of platelets, including all of the aforementioned activities (24, 25), while the corresponding responses of platelets activated by thrombin, TRAPs, and U46619 are largely unaffected by inhibitors of PI3-K (26–28). This contention is supported by the observed potent inhibitory effects of bedaquiline on PI3-K-mediated phosphorylation of Akt1 following activation of platelets with ADP.

With respect to the mechanism by which wortmannin inhibits mobilization of intracellular Ca2+ following activation of platelets with ADP, it is noteworthy that PI3-K mediates activation of the γ-isoform of PLC (29, 30), which is prominently expressed in human platelets (31). In this context, activation of PLCγ by PI3-K may represent an auxiliary mechanism of Ca2+ signaling underpinning the differential effects of bedaquiline, U73122, and wortmannin on intracellular Ca2+ fluxes (32). This mechanism is summarized in Figure 7.




Figure 7 | Proposed mechanism by which bedaquiline inhibits upregulated expression of CD62P by ADP-activated platelets. Interaction of ADP with platelet P2Y1 and P2Y12 receptors results in activation of PI3-K (phosphatidylinositol 3-kinase), which turn, activates phospholipase C-γ (PLCγ) and Akt1. These events lead to mobilization of α-granules and upregulation of expression of CD62P. The target of bedaquiline, PI3-K, is indicated by the <- - - - symbol.



The apparent link between bedaquiline and inhibition of PI3-K is strengthened by the fact that bedaquiline is a cationic amphiphilic drug with a high affinity for the anionic phospholipid constituents of the plasma membrane (33, 34), which may result in interference with membrane structure and function (35, 36). In this context, cationic amphiphilic drugs have a particularly high affinity for membrane phosphatidylinositol 4,5-biphosphate [PI(4,5)P2], the substrate for PI3-K, possibly interfering with access of this enzyme to its phospholipid substrate (37). Bedaquiline-mediated preferential interference of access to PI3-K to its target 3’-hydroxyl group on the inositol ring of platelet membrane PI(4,5)P2 may therefore underpin the selective inhibitory effects of this agent on ADP-mediated activation, of these cells. Alternatively, or possibly interactively, molecular modeling and docking studies have recently revealed that certain types of cationic amphiphiles also bind to and inactivate the active enzymatic site of PI3-K (38). We do concede, however, that mechanisms other than those proposed here may also be operative in the setting of bedaquiline-mediated suppression of platelet reactivity following interaction of ADP with the platelet purinergic P2Y1 and P2Y12 receptors.

Antagonism of P2Y12 receptors with agents such as clopidogrel and ticagrelor is a well-recognized strategy in the prevention and treatment of myocardial infarction and stroke (39). In this context, it is noteworthy that engagement of the platelet P2Y12 receptor by ADP is linked to activation of PI3-K and phosphorylation of Akt1 (40). If the anti-thrombotic activities of bedaquiline described in the current study, albeit in an in vitro setting, are evident in the clinical setting of the extended therapy of MDR/XDR-TB, they may contribute to counteracting the disease-related cardiac dysfunction associated with chronic inflammation and a pro-thrombotic state. This contention may, however, be offset by the aforementioned inhibitory effects of bedaquiline on cardiomyocyte Kv.11.1 channels (4), possibly together with suppression of the activities of various types of cardiac inward rectifier channels that are dependent on channel-PI(4,5)P2 interactions (41), as well as on the anti-arrhythmogenic activity of cardiomyocyte PI3-Kα (42, 43).



Conclusion

In conclusion, the findings of the current study have identified a novel, potentially beneficial, anti-platelet activity of bedaquiline, which is achieved via selective interference with ADP-mediated platelet activation, seemingly involving inhibition of PI3-K. However, the clinical significance of this platelet-targeted, secondary activity of the antimicrobial agent, if any, remains to be established. We concede that testing the effects of bedaquiline in combination with other potentially cardiotoxic MDR/XDR agents in vitro, as well as investigating other PI3-K-linked intracellular signaling, mechanisms, together with pre-clinical assessment in murine models of experimental TB, would have added value to our study. Nevertheless, our findings provide a basis for future research of this type.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by the Research Ethics Committee of the Faculty of Health Sciences, University of Pretoria Approval number: 116/2017. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

All authors contributed significantly to the conceptualization and planning. GT, AT, MC, JGN, HS, and RA performed the laboratory investigations. GT, AT, and RA contributed to the analysis of the data and preparation of the figures, while all authors contributed to the interpretation of the data and compilation of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

The study was supported from a grant awarded to MC Cholo by the National Health Laboratory Research Trust of South Africa (Grant: 004 94648), while C. Feldman is supported by the National Research Foundation of South Africa.



References

1. Diacon, AH, Pym, A, Grobusch, M, Patientia, R, Rustomjee, R, Page-Shipp, L, et al. The diarylquinoline TMC207 for multidrug-resistant tuberculosis. N Engl J Med (2009) 360:2397–405. doi: 10.1056/NEJMoa0808427

2. Cholo, MC, Mothiba, MT, Fourie, B, and Anderson, R. Mechanisms of action and therapeutic efficacies of the lipophilic antimycobacterial agents clofazimine and bedaquiline. J Antimicrob Chemother (2017) 72:338–53. doi: 10.1093/jac/dkw426

3. Caño-Muñiz, S, Anthony, R, Niemann, S, and Alffenaar, JC. New approaches and therapeutic options for Mycobacterium tuberculosis in a dormant state. Clin Microbiol Rev (2017) 31:e00060–17. doi: 10.1128/CMR.00060-17

4. US Food and Drug Administrations (FDA). Briefing Package, Division of Anti-Infective Products, Office of Antimicrobial Products, CDER, FDA. NDA 204-384. Committee Meeting 2012, November 2012. Available at: https://www.fda.gov/downloads/advisorycommittees/committeesmeetingmaterials/drugs/anti-intentivedrugsadvisorycommittee/UCM329258.pdf.

5. Fox, GJ, and Menzies, D. A review of the evidence for using bedaquiline (TMC207) to treat multi-drug resistant tuberculosis. Infect Dis Ther (2013) 2:123–44. doi: 10.1007/s40121-013-0009-3

6. Li, S, Chan, JY, Li, Y, Bardelang, D, Zheng, J, Yew, WW, et al. Complexation of clofazimine by macrocyclic cucurbit[7]uril reduced its cardiotoxicity without affecting the antimycobacterial efficacy. Org Biomol Chem (2016) 14:7596–9. doi: 10.1039/c6ob01060a

7. Wallis, RS. Cardiac safety of extensively drug-resistant tuberculosis regimens including bedaquiline, delamanid and clofazimine. Eur Respir J (2016) 48:1526–7. doi: 10.1183/13993003.01207-2016

8. Pym, AS, Diacon, AH, Tang, SJ, Conradie, F, Danilovits, M, Chuchottaworn, C, et al. the TMC207-C209 Study Group. Bedaquiline in the treatment of multidrug- and extensively drug-resistant tuberculosis. Eur Respir J (2016) 47:564–74. doi: 10.1183/13993003.00724-2015

9. Tadolini, M, Lingtsang, RD, Tiberi, S, Enwerem, M, D’Ambrosio, L, Sadutshang, TD, et al. Cardiac safety of extensively drug-resistant tuberculosis regiments including bedaquiline, delamanid and clofazimine. Eur Respir J (2016) 48:1527–9. doi: 10.1183/13993003.01552-2016

10. Jones, J, Mudaly, V, Voget, J, Naledi, T, Maartens, G, and Cohen, K. Adverse drug reactions in South African patients receiving bedaquiline-containing tuberculosis treatment: an evaluation of spontaneously reported cases. BMC Infect Dis (2019) 19:544. doi: 10.1186/s12879-019-4197-7

11. Huaman, MA, Kryscio, RJ, Fichtenbaum, CJ, Henson, D, Salt, E, Sterling, TR, et al. Tuberculosis and risk of acute myocardial infarction: a propensity score-matched analysis. Epidemiol Infect (2017) 145:1363–7. doi: 10.1017/S0950268817000279

12. Pepper, DJ, Marais, S, Wilkinson, RJ, Bhaijee, F, Maartens, G, McIlleron, H, et al. Clinical deterioration during antituberculosis treatment in Africa: incidence, causes and risk factors. BMC Infect Dis (2010) 10:83. doi: 10.1186/1471-2334-10-83

13. Wagner, DD. New links between inflammation and thrombosis. Arterioscler Thromb Vasc Biol (2005) 25:1321–4. doi: 10.1161/01.ATV.0000166521.90532.44

14. Lisman, T. Platelet-neutrophil interactions as drivers of inflammatory and thrombotic disease. Cell Tissue Res (2018) 371:567–76. doi: 10.1007/s00441-017-2727-4

15. de Jong, JS, and Dekker, LR. Platelets and cardiac arrhythmia. Front Physiol (2010) 1:166. doi: 10.3389/fphys.2010.00166

16. Woulfe, D, Jiang, H, Morgans, A, Monks, R, Birnbaum, M, and Brass, LF. Defects in secretion, aggregation, and thrombus formation in platelets from mice lacking Akt2. J Clin Invest (2004) 113:441–50. doi: 10.1172/JCI20267

17. Woulfe, DS. Akt signaling in platelets and thrombosis. Expert Rev Hematol (2010) 3:81–91. doi: 10.1586/ehm.09.75

18. Grynkiewicz, G, Poenie, M, and Tsien, RY. A new generation of Ca2+ indicators with greatly improved fluorescence properties. J Biol Chem (1985) 260:3440–50. doi: 10.1016/S0021-9258(19)83641-4

19. Chan, MV, Armstrong, PC, and Warner, TD. 96-Well plate-based aggregometry. Platelets (2018) 29:650–5. doi: 10.1080/09537104.2018.1445838

20. Poeckel, D, Tausch, L, Altmann, A, Feisst, C, Klinkhardt, U, Graff, J, et al. Induction of central signalling pathways and select functional effects in human platelets by β-boswellic acid. Br J Pharmacol (2005) 146:514–24. doi: 10.1038/sj.bjp.0706366

21. O’Brien, KA, Stojanovic-Terpo, A, Hay, N, and Du, X. An important role for Akt3 in platelet activation and thrombosis. Blood (2011) 118:4215–23. doi: 10.1182/blood-2010-12-323204

22. Moroi, AJ, and Watson, SP. Akt and mitogen-activated protein kinase enhance C-type lectin-like receptor 2-mediated platelet activation by inhibition of glycogen synthase kinase 3α/β. J Thromb Haemost (2015) 13:1139–50. doi: 10.1111/jth.12954

23. Rustomjee, R, Diacon, AH, Allen, J, Venter, A, Reddy, C, Patientia, RF, et al. Early bactericidal activity and pharmacokinetics of the diarylquinoline TMC207 in treatment of pulmonary tuberculosis. Antimicrob Agents Chemother (2008) 52:2831–5. doi: 10.1128/AAC.01204-07

24. Sun, DS, Lo, SJ, Tsai, WJ, Lin, CH, Yu, MS, Chen, YF, et al. PI3-kinase is essential for ADP-stimulated integrin alpha(IIb)beta3-mediated platelet calcium oscillation, implications for P2Y receptor pathways in integrin alpha(IIb)beta3-initiated signaling cross-talks. J BioMed Sci (2005) 12:937–48. doi: 10.1007/s11373-005-9016-z

25. Cattaneo, M. P2Y12 receptors: structure and function. J Thromb Haemost (2015) 13:S10–6. doi: 10.1111/jth.12952

26. Kovacsovics, TJ, Bachelot, C, Toker, A, Vlahos, CJ, Duckworth, B, Cantley, LC, et al. Phosphoinositide 3-kinase inhibition spares actin assembly in activating platelets but reverses platelet aggregation. J Biol Chem (1995) 270:11358–66. doi: 10.1074/jbc.270.19.11358

27. Lauener, RW, Stevens, CM, Sayed, MR, Salari, H, and Duronio, V. A role for phosphatidylinositol 3-kinase in platelet aggregation in response to low, but not high, concentrations of PAF or thrombin. Biochim Biophys Acta (1999) 1452:197–208. doi: 10.1016/s0167-4889(99)00125-1

28. Dangelmaier, C, Jin, J, Smith, JB, and Kunapuli, SP. Potentiation of thromboxane A2-induced platelet secretion by Gi signaling through the phosphoinositide-3 kinase pathway. Thromb Haemost (2001) 85:341–8. doi: 10.1055/s-0037-1615690

29. Barker, SA, Lujan, D, and Wilson, BS. Multiple roles for PI 3-kinase in the regulation of PLCgamma activity and Ca2+ mobilization in antigen-stimulated mast cells. J Leukoc Biol (1999) 65:321–9. doi: 10.1002/jlb.65.3.321

30. Rameh, LE, Rhee, SG, Spokes, K, Kazlauskas, A, Cantley, LC, and Cantley, LG. Phosphoinositide 3-kinase regulates phospholipase Cgamma-mediated calcium signalling. J Biol Chem (1998) 273:23750–7. doi: 10.1074/jbc.273.37.23750

31. Wonerow, P, Pearce, AC, Vaux, DJ, and Watson, SP. A critical role for phospholipase Cgamma2 in alphaIIbbeta3-mediated platelet spreading. J Biol Chem (2003) 278:37520–9. doi: 10.1074/jbc.M305077200

32. Hardy, AR, Jones, ML, Mundell, SJ, and Poole, AW. Reciprocal cross-talk between P2Y1 and P2Y12 receptors at the level of calcium signaling in human platelets. Blood (2004) 104:1745–52. doi: 10.1182/blood-2004-02-0534

33. Chen, H, Nyantakyi, SA, Li, M, Gopal, P, Aziz, DB, Yang, T, et al. The mycobacterial membrane: a novel target space for anti-tubercular drugs. Front Microbiol (2018) 9:1627. doi: 10.3389/fmicb.2018.01627

34. Patel, H, Pawara, R, Pawara, K, Ahmed, F, Shirkhedkar, A, and Surana, S. A structural insight of bedaquiline for the cardiotoxicity and hepatotoxicity. Tuberculosis (2019) 117:79–84. doi: 10.1016/j.tube.2019.06.005

35. Nussio, MR, Sykes, MJ, Miners, JO, and Shapter, JG. Characterisation of the binding of cationic amphiphilic drugs to phospholipid bilayers using surface plasmon resonance. Chem Med Chem (2007) 2:366–73. doi: 10.1002/cmdc.200600252

36. Abraham, T, Marwaha, S, Kobewka, DM, Lewis, RN, Prenner, EJ, Hodges, RS, et al. The relationship between the binding to and permeabilization of phospholipid bilayer membranes by GS14dfK4, a designed analog of the antimicrobial peptide gramicidin S. Biochim Biophys Acta (2007) 1768:2089–98. doi: 10.1016/j.bbamem.2007.06.023

37. Osman, S, Taylor, KA, Allcock, N, Rainbow, RD, and Mahaut-Smith, MP. Detachment of surface membrane invagination systems by cationic amphiphilic drugs. Sci Rep (2016) 6:18536. doi: 10.1038/srep18536

38. Al-Blewi, FF, Rezki, N, Al-Sodies, SA, Bardaweel, SK, Sabbah, DA, Messali, M, et al. Novel amphiphilic pyridinium ionic liquids-supported Schiff bases: ultrasound assisted synthesis, molecular docking and anticancer evaluation. Chem Cent J (2018) 12:118. doi: 10.1186/s13065-018-0489-z

39. Comin, J, and Kallmes, D. Clopidogrel (plavix). AJNR Am J Neuroradiol (2011) 32:2002–4. doi: 10.3174/ajnr.A2913

40. Dorsam, RT, and Kunapuli, SP. Central role of the P2Y12 receptor in platelet activation. J Clin Invest (2004) 113:340–5. doi: 10.1172/JCI20986

41. López-Izquierdo, A, Ponce-Balbuena, D, Moreno-Galindo, EG, Aréchiga-Figueroa, IA, Rodríguez-Martínez, M, Ferrer, T, et al. The antimalarial drug mefloquine inhibits cardiac inward rectifier K+ channels: evidence for interference in PIP2-channel interaction. J Cardiovasc Pharmacol (2011) 57:407–15. doi: 10.1097/FJC.0b013e31820b7c03

42. Yang, T, Meoli, DF, Moslehi, J, and Roden, DM. Inhibition of the α-subunit of phosphoinositide 3-kinase in heart increases late sodium current and is arrhythmogenic. J Pharmacol Exp Ther (2018) 365:460–6. doi: 10.1124/jpet.117.246157

43. Zhabyeyev, P, Chen, X, Vanhaesebroeck, B, and Oudit, GY. PI3Kα in cardioprotection: Cytoskeleton, late Na + current, and mechanism of arrhythmias. Channels (Austin) (2019) 13:520–32. doi: 10.1080/19336950.2019.1697127



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Tintinger, Theron, Steel, Cholo, Nel, Feldman and Anderson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-11-621148-g006.jpg
(jwysyun) Py pajeifioydsoyd





OEBPS/Images/fimmu-11-621148-g003.jpg
60-






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Submission for Special Issue: The Role of Platelet Activation in the Pathophysiology of HIV, Tuberculosis, and Pneumococcal Disease. Bedaquiline Suppresses ADP-Mediated Activation of Human Platelets In Vitro via Interference With Phosphatidylinositol 3-Kinase

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Ethics Committee Approval

          



          		

            Test Agents

          



          		

            Platelet-Rich Plasma

          



          		

            Purified Platelet Suspensions

          



          		

            Effects of Bedaquiline on Platelet Activation According to the Magnitude of Expression of CD62P

          



          		

            Measurement of Platelet Cytosolic Ca2+ Fluxes

          



          		

            Measurement of Platelet Aggregation

          



          		

            Measurement of Akt1 Phosphorylation

          



          		

            Expression and Statistical Analysis of Results

          



        



        



        		

          Results

        

          		

            Platelet Counts

          



          		

            Effects of Bedaquiline, Wortmannin, and U-73122 on ADP-, Thrombin-, and U46619-Activated Expression of CD62P by Platelet-Rich Plasma

          



          		

            Effects of Bedaquiline on Platelet Cytosolic Ca2+ Fluxes Activated by ADP or Thrombin

          



          		

            Effects of Bedaquiline and Wortmannin on Platelet Aggregation

          



          		

            Effects of Bedaquiline on ADP-Activated Phosphorylation of Akt1

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-11-621148-g001.jpg
CD62P expression (%)

60-

2.

&

S @ o & &
S @ P S

Bedaquiline Concentration (ug/mi)

&






OEBPS/Images/fimmu.2020.621148_cover.jpg
’ frontiers
in Immunology

Submission for Special Issue: The
Role of Platelet Activation
in the Pathophysiology of
HIV, Tuberculosis, and Pneumococcal
Disease. Bedaquiline Suppresses
ADP-Mediated Activation of Human
Platelets In Vitro via Interference
With Phosphatidylinositol 3-Kinase





OEBPS/Images/fimmu-11-621148-g005.jpg
Aysuaqu 23uadsasonyy

Thrombin





OEBPS/Images/fimmu-11-621148-g007.jpg
ADP

P2v1ana P2v12
G-protein coupled receptors

T —

agranuies

CD62P expression





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-11-621148-g004.jpg
60-

(%) uoissaidxe 4z9aD





OEBPS/Images/fimmu-11-621148-g002.jpg
(CD62P expression (%)

80-

&

¢ &
&





