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Abstract: Multidrug-resistant-tuberculosis (MDR-TB) patients are treated with a standardised, 
short, WHO-regimen, which includes clofazimine (CFZ) and bedaquiline (BDQ) antibiotics. These 
two antibiotics lead to development of QT prolongation in patients, inhibiting potassium (K+) 
uptake by targeting the Kv11.1 (hERG) channel of the cardiomyocytes (CMs). However, the 
involvement of these antibiotics on other K+ transporters of the CMs, as potential mechanisms of QT 
prolongation, has not been explored. This study determined the effects of CFZ and BDQ on the 
sodium, potassium-adenosine triphosphatase (Na+,K+-ATPase) activity of CMs, using the rat 
cardiomyocytes (RCMs). These cells were treated with varying concentrations of CFZ and BDQ 
individually and in combination (1.25 - 5 mg/L). Thereafter Na+,K+-ATPase activity was determined, 
followed by intracellular adenosine triphosphate (ATP) quantification and cellular viability 
determination. Both antibiotics demonstrated dose-response inhibition of the Na+,K+-ATPase 
activity of the RCMs. The greatest inhibition was demonstrated by combinations of CFZ and BDQ, 
followed by BDQ alone and lastly CFZ. Neither antibiotic, individually or in combination, 
demonstrated cytotoxicity under the experimental conditions used. The inhibitory effects of CFZ 
and BDQ individually and in combination, on the activity of the Na+,K+-ATPase pump of the RCMs 
highlight the existence of additional mechanisms of QT prolongation by these antibiotics. 

Keywords: bedaquiline; clofazimine; cardiomyocytes; cellular viability; multidrug-resistant-
tuberculosis; sodium; potassium-adenosine triphosphatase; adenosine triphosphate  

 

1. Introduction 

Tuberculosis (TB) disease is caused by the acid-fast bacterium, Mycobacterium tuberculosis (M. 
tuberculosis) and is currently the leading cause of morbidity and mortality worldwide due to a single 
infectious agent. One of the main contributing factors to the burden of the disease is an alarming 
increase in the number of multidrug-resistant-TB (MDR-TB) cases. Recently, an efficient 
chemotherapeutic regimen, containing two second-line drugs, namely clofazimine (CFZ) and 
bedaquiline (BDQ), has been introduced, shortening treatment schedules from 18 - 24 months to 9 - 
12 months, also resulting in high treatment success rates (87% - 90% cure rates) [1-4].  

However, despite these benefits in chemotherapy, CFZ and BDQ have been identified as the two 
main agents implicated in the development of QT prolongation in patients, which is a risk factor for 
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development of cardiac arrhythmia, leading to cardiac arrest [2,3,5-7]. Previous studies have shown 
that both CFZ and BDQ lead to the development of QT prolongation by interfering with K+ influx of 
the cardiomyocytes (CMs: cardiac muscle cells) [8-12], targeting the voltage-gated K+ channel Kv11.1 
(KCNH2: also known as the human Ether-a-go-go-related gene [hERG]) [7,13]. In addition to the 
Kv11.1, the CMs possess several other K+-uptake transporters, including the Kv1.3 (KCNA3) and the 
Na+,K+-ATPase pump [9,10,14,15]. However, the effects of both CFZ and BDQ on the activities of 
these transporters of the cardiac cells have not been reported.  

Despite the limited information on the other K+ transporters of CMs, CFZ and BDQ have been 
shown to inhibit the Kv1.3 of T lymphocytes [16] and monocytes [2,17-19]. In addition, CFZ was 
shown to inhibit the Na+,K+-ATPase activity of T lymphocytes [20]. However, the effects of BDQ on 
the activity of the Na+,K+-ATPase of any type of mammalian cells have not been described.  

In the current study, we investigated the effects of both antibiotics on the Na+,K+-ATPase activity 
of isolated CMs, as a potential in vitro mimic of the mechanism of QT prolongation. The Na+,K+-
ATPase transporter is a transmembrane, protein complex, found in the  cell membranes of all 
eukaryotic cells [21]. It is a member of the P-type ATPase class of enzymes, requiring ATP as an 
energy source for its activity [22]. Its function is to maintain homeostasis of Na+ and K+ ion 
concentrations, as well as their electrochemical gradients across the plasma membrane [23], operating 
as an antiporter, transporting K+ inwardly in exchange for Na+ [24-27]. It contributes significantly to 
osmoregulation and maintenance of the resting membrane potential [27]. Cells use K+ for 
maintenance of transmembrane potential (~90 mV) required for activation of various metabolic 
activities including protein synthesis, osmotic pressure and regulation of pH (acid-base balance) [28-
30].  

In the current study, rat CMs (RCMs) were incubated in the absence and presence of the two 
antibiotics, individually and in combination. Thereafter, cellular Na+,K+-ATPase activities were 
determined, followed by measurement of intracellular ATP concentrations, and cellular viability.  

2. Results 

2.1. Confirmation and Antibiotic Treatments of the RCMs 

The sizes and viabilities of the cells were confirmed using the scatter plot generated by the flow 
cytometer (Figure 1S). The RCMs were thereafter treated with three concentrations of CFZ and BDQ 
antibiotics individually, prepared in double dilutions, which were 1.25, 2.5 and 5 mg/L, while the 
combination assays were treated with mixtures of the two antibiotics prepared at their mid-points 
(1.25C + 1.25B, 2.5C + 2.5B and 5C + 5B). Based on DMSO being used as a solvent for the antibiotic 
solutions, two controls were prepared, which included the DMSO-free and DMSO-treated control 
assays. The antibiotic assays were analysed for determination of the effects of the antibiotics on the 
Na+,K+-ATPase activity, intracellular ATP concentrations and cellular viability. All antibiotic 
treatment assays were analysed using comparison with the DMSO-treated control system. 

2.2. The Na+,K+-ATPase Activity of the RCMs 

The Na+,K+-ATPase activity of individual antibiotic-free controls and antibiotic-treated samples 
were determined following the formula described in the Na+,K+-ATPase activity assay kit.  All the 
variables used in the determination of enzyme activity are as shown in Table S1, Supplementary. The 
results of the effects of the individual antibiotics on RCM Na+,K+-ATPase activity assays are as shown 
in Figure 1.  

The mean Na+,K+-ATPase activities of the antibiotic-free controls were 8.042 ± 2.89 and 13.49 ± 
1.8 µmol Pi/mg prot/hour for the DMSO-untreated and treated controls, respectively, showing an 
increase in Na+,K+-ATPase activity by treatment of cells with DMSO. The difference in activity 
between these controls was significant (p = 0.0087). 

For antibiotic treatments, both test agents demonstrated inhibitory effects on the activity of 
Na+,K+-ATPase of the RCMs in a dose-dependent manner. Clofazimine demonstrated inhibitory 
effects on the Na+,K+-ATPase activity of the RCMs only at the highest concentrations of 2.5 and 5 
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mg/L, achieving statistically significant differences at both concentrations (p < 0.0043 and < 0.0087, 
respectively). The inhibitory effects of these two CFZ concentrations resulted in 1.5-fold and 1.75-fold 
decreases in the Na+,K+-ATPase activity in relation to the controls, respectively. Interestingly, at 1.25 
mg/L, CFZ demonstrated an increase in Na+,K+-ATPase activity, which was, however, not statistically 
significant (p = 0.24).  

 In the case of BDQ, unlike CFZ, all three concentrations of this agent demonstrated inhibition 
of RCM Na+,K+-ATPase activity. However, similar to CFZ, BDQ achieved statistically significant 
inhibitory effects on enzyme activity only at the highest concentrations of 2.5 and 5 mg/L tested (p = 
0.0152 and 0.0022, respectively). Exposure of RCMs to these concentrations of BDQ resulted in 1.4-
fold and 2.2-fold levels of inhibition of Na+,K+-ATPase activity relative to the controls values, 
respectively.  

 Similar to the effects of BDQ, treatment of the RCMs with all of the antibiotic combinations 
demonstrated inhibitory effects on Na+,K+-ATPase activity, achieving statistical significance at all of 
combinations tested (p = 0.0022 for all concentrations). The inhibitory effects of these combination sets 
resulted in 2.1-fold, 2.2-fold and 3.5-fold decreases in activity for 1.25C + 1.25B, 2.5C + 2.5B and 5C + 
5B (mg/L) concentrations in relation to the controls, respectively.  

In summary, CFZ and BDQ individually and in combination demonstrated dose-response 
inhibition of the activity of Na+,K+-ATPase  of the RCMs. Based on the magnitude of inhibition by 
the individual antibiotic assays, the highest inhibitory effects were demonstrated by combinations of 
the two antibiotics, followed by BDQ concentrations while CFZ concentrations demonstrated the 
least inhibitory effects on  enzyme activity.  
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(c) 

Figure 1. The Na+,K+-ATPase activities (µmol Pi/mg prot/hour) of the RCMs treated with varying 
concentrations of a) CFZ and b) BDQ alone and c) in combination. Statistical significance, representing 
p ≤ 0.05, is shown by *. The P value representing statistical difference between NDM and DMSO 
antibiotic-free controls is denoted by #. The p value determined between the NDM and DMSO-treated 
controls was 0.0087.  For the antibiotic treatment assays the p values were: for CFZ = 0.24, 0.0043 and 
0.0087 for 1.25C, 2.5C and 5C; for BDQ = > 0.99, 0.0152 and 0.0022 for 1.25B, 2.5B and 5B; for CFZ and 
BDQ combinations = 0.0022 for all combinations. Abbreviations: B, bedaquiline; C, clofazimine; 
DMSO, dimethylsulphoxide; NDM, no DMSO; Na+,K+-ATPase, sodium, potassium-adenosine 
triphosphatase; RCMs, rat cardiomyocytes. 

2.3. The Intracellular ATP Concentrations of the RCMs  

The concentrations of intracellular ATP in the different samples were determined (µmol/mL) as 
described in the materials and methods section (Figure 2).  

For the antibiotic-free control systems, the intracellular concentrations of ATP were 5.67 ± 0.337 
and 5.48 ± 0.241 µmol/mL, for the DMSO-untreated and treated samples, respectively, showing a 
decline in ATP concentrations following treatment of cells with DMSO, achieving a statistically 
significant difference (p = 0.0102).  

For the antibiotic treatments, all antibiotic-treated assays demonstrated an increase in ATP 
concentrations. Clofazimine demonstrated a dose-response increase in ATP concentrations, reaching 
peak levels at 5 mg/LCFZ. However, the increase in ATP levels was significantly different at all 
antibiotic concentrations tested (1.25 - 5 mg/L) (p < 0.05). 

Similar to CFZ, BDQ demonstrated dose-response increases in intracellular ATP concentrations, 
which were significantly different from the controls at all concentrations tested, being maximal at 
1.25 mg/L in the case of BDQ.     

Similar to the individual antibiotics, combinations of the test antibiotics also demonstrated 
increased intracellular ATP concentrations. However, in contrast to the individual antibiotics, dose-
response increases in ATP concentrations were detected only with the first two antibiotic 
combination sets, viz. 1.25C + 1.25B and 2.5C + 2.5B mg/L and similar to BDQ, being maximal at 125C 
+ 1.25B mg/L.  

These results illustrate that treatment of cells with CFZ and BDQ individually or in combinations 
resulted in increased in intracellular ATP concentrations, presumably due to inhibition of Na+,K+-
ATPase.  
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(a)                                            (b)

 

(c) 

Figure 2. Intracellular ATP concentrations in the RCMs treated with various concentrations of a) CFZ 
and b) BDQ alone and c) in combination. Statistical significance, representing p ≤ 0.05, is shown by *. 
The p value representing the statistical difference between NDM and DMSO antibiotic-free controls 
is denoted by #. The P value determined for a statistically significant difference the between the NDM 
and DMSO-treated controls was 0.0102.  For the antibiotic treatment assays these p values were: for 
CFZ = 0.0101, 0.0161and 0.0022* for 1.25C, 2.5C and 5C; for BDQ = 0.0065, 0.0241 and 0.0125 for 1.25B, 
2.5B and 5B; for CFZ and BDQ combinations = 0.0022, 0.0299 and 0.292 for 1.25C + 1.25B, 2.5C + 2.5B 
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and 5C + 5B, combinations, respectively. Abbreviations: ATP, adenosine triphosphate; B, bedaquiline; 
C, clofazimine; DMSO, dimethylsulphoxide; NDM, no DMSO. 

2.4. Viability of the RCMs 

Cellular viability for antibiotic-free controls and -treated cells was determined by flow 
cytometry. The numbers of viable cells in all the assays were determined as a percentage in relation 
to the DMSO-treated controls (Figure 3). 

The results showed that treatment of cells with DMSO did not significantly change the number 
of viable cells. Furthermore, treatment of cells with the three antibiotics, either individually or in 
combinations did not change the number of viable cells, resulting in cellular viabilities ranging 
between 95% - 100%. 

 

                           (a)                             (b) 

 
(c) 

Figure 3. Viability determinations of the RCMs treated with various concentrations of a) CFZ and b) 
BDQ alone and c) in combination. Statistical significance, representing p ≤ 0.05, is shown by *. No 
statistical difference was shown between the DMSO treated controls and the antibiotic treated assays. 
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Abbreviations: B, bedaquiline; BDQ, bedaquiline; C, clofazimine; CFZ, clofazimine; DMSO, 
dimethylsulphoxide; NDM, no DMSO. 

3. Discussion 

The application of the multidrug, short course, MDR-TB-treatment regimen has led to several 
chemotherapeutic successes in the management of MDR-TB patients [2]. This treatment regimen is 
administered over a shorter period of 9 - 12 months as opposed to 18 - 24 months with the previous 
longer MDR-TB treatment regimen. It has also led to improvement in treatment outcomes increasing 
treatment success rates from 30% - 55% to 87% - 90% [1,6]. More importantly, it is associated with low 
relapse rates in patients [1,2,4,31].  

Despite its beneficial effects, this treatment regimen is also associated with development of 
adverse events in patients, which differ in severity ranging from mild to fatal [2]. One of the most 
severe adverse events is QT prolongation, which leads to fatal cardiac arrhythmia [32-35]. Cardiac 
arrhythmia develops as a result of damage to the cardiac muscle, affecting contraction, resulting in 
abnormal heart rates [32,33]. Among the constituent antibiotics of the MDR-TB, short-course 
treatment regimen, CFZ and BDQ have been identified as the main antibiotics associated with 
development of QT prolongation, despite being associated with beneficial therapeutic antimicrobial 
effects [2,13,36-41].   

Previous studies have demonstrated that the mechanism of QT prolongation by CFZ and BDQ 
is via inhibition of K+ uptake through blockage of the voltage-gated K+-uptake channel, Kv11.1 of CMs 
[13,42]. However, information on the involvement of these antibiotics on other K+-uptake transporters 
of CMs including the Kv1.3 and the Na+,K+-ATPase transporters in the mechanisms of QT 
prolongation has not been described. 

 In the current study, the potential effects of these antibiotics on the Na+,K+-ATPase of the CMs 
were investigated. Due to challenges in accessing human CMs (HCMs), we used the RCMs in place 
of the HCMs. The effects of the antibiotics individually and in combination on the Na+,K+-ATPase 
activity of the RCMs were investigated by determining the rates of ATP decomposition by measuring 
the rate of intracellular Pi release in the absence and presence of the test antibiotics. Based on the 
utilisation of ATP for the activity of the Na+,K+-ATPase pump [26,43], the amounts of intracellular 
ATP were also determined by using a spectrophotometric procedure. Furthermore, the cytotoxic 
effects of these antibiotics on the RCMs were evaluated by viability determination using PI-based 
staining flow cytometry. 

The results of the current study showed that both CFZ and BDQ individually and in 
combination, have inhibitory effects on the activity of the Na+,K+-ATPase of RCMs. However, the 
degree of inhibition by these antibiotics differed. Clofazimine demonstrated inhibitory effects on the 
Na+,K+-ATPase activity only at higher concentrations of 2.5 and 5 mg/L, which were also statistically 
significant. These inhibitory effects of higher concentrations of CFZ on Na+,K+-ATPase activity 
coincided with statistically significant elevations in cellular ATP concentrations, illustrating 
decreased utilisation of ATP as a consequence of attenuation of the activity of the Na+,K+-ATPase 
transporter, highlighting the Na+,K+-ATPase transporter as the highest consumer of cellular ATP. 
Despite exhibiting this inhibitory effect on Na+,K+-ATPase activity, CFZ did not demonstrate any 
significant change in cellular viability, demonstrating absence of cytotoxicity, showing that the 
inhibition in enzymatic activity is not dependent of the number of viable cells.    

Unlike CFZ, BDQ demonstrated a dose-related inhibitory effect on the Na+,K+-ATPase of the 
RCMs at all concentrations tested, indicating  that BDQ is more potent than CFZ with respect to 
inhibition of this enzyme. However, like CFZ, BDQ achieved significant inhibitory effects on the 
enzyme activity at the highest concentrations of 2.5 and 5 mg/L, which coincided with elevated levels 
of ATP at all BDQ concentrations tested. However, the ATP concentrations declined somewhat at 
these highest concentrations of BDQ (2.5 and 5 mg/L), suggesting the simultaneous presence of 
inhibitory effects of BDQ on ATP synthesis. Despite the defective ATP synthesis coupled with 
inhibition of Na+,K+-ATPase activity, similar to CFZ, BDQ did not show any significant effect on the 
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cellular viability, demonstrating absence of cytotoxicity on the RCMs in the current experimental 
settings.  

The most potent inhibitory effects of the antibiotics on the Na+,K+-ATPase activity of the RCMs 
were observed with the antibiotic combination assays, which unlike the individual antibiotics, 
attained statistical significance at all combinations concentrations tested (1.25C + 1.25B to 5C + 5B 
mg/L). Inhibition of enzymatic activity was associated with increased intracellular ATP levels, which 
were dose-related, with the highest ATP concentrations being detected at the lowest concentrations 
of the test antibiotic combinations (1.25C + 1.25B mg/L) declining at higher concentrations of 
combinations in a dose-dependent manner. The inhibitory effects of the combination assays on the 
ATP concentrations may be attributable to the presence of BDQ as it demonstrated similar effects of 
attenuating ATP levels at higher concentrations on the RCMs when operating alone (Figure 2). 
Similar to the individual antibiotics, despite a high degree of attenuation of Na+,K+-ATPase activity, 
the inhibitory effects of the antibiotic combinations did not lead to cellular cytotoxicity, possibly 
insignificant damage to the CMs, even when the antibiotics are used in combination during 
antimicrobial chemotherapy, although this may differ with prolonged treatment with CFZ and/or 
BDQ, as opposed to the short incubation times used in the current in vitro study  

The current study is the first to report the inhibitory effects of both CFZ and BDQ individually 
and in combination on the Na+,K+-ATPase of CMs, which is a potential augmentative mechanism of 
development of QT prolongation. Previous studies have demonstrated that development of 
prolonged QT intervals [41,42,44] as a result of attenuation of Na+,K+-ATPase of the CMs caused by 
other drugs was associated with cardiotoxicity [27,45]. However, in the current study, the inhibition 
of the Na+,K+-ATPase activity in the absence of cytotoxicity may not exclude the involvement of these 
two antibiotics in cardiotoxicity, but may be due to the experimental design, involving  a short 15 
min exposure time of the antibiotics to the cells as mentioned above. Additionally, the discrepancy 
might be as a result of the use of the RCMs which differ in characteristics from HCMs [46,47]. 
Nonetheless, the findings of the current study, highlight attenuation of Na+,K+-ATPase activity as a 
potential novel mechanism by which CFZ and BDQ contribute to development of QT prolongation 
during  anti-tuberculosis chemotherapy, leading to cardiac arrhythmia. 

In conclusion, in addition to previous findings, which identified the Kv11.1 K+-uptake channels 
of the CMs as targets of CFZ and BDQ, the results of the current study have also identified the Na+,K+-
ATPase of the CMs as a potential target of these antibiotics, suggesting the inhibitory effects of the 
antibiotics on the Na+,K+-ATPase as a possible contributor to development of QT prolongation in TB 
patients. These findings are indicative of possibly shared, as well as distinct, molecular/biochemical 
mechanisms of CFZ- and BDQ-mediated interference with the activity of Na+,K+-ATPase, in the 
development of cardiac dysfunction, which remain to be elucidated. These results therefore highlight 
the necessity of a careful selection of antibiotics in future design of short-course, MDR-TB regimens. 

4. Materials and Methods 

4.1. Materials 

4.1.1. Antibiotics and Other Chemicals 

The antibiotics investigated in the current study were CFZ and BDQ. Clofazimine was 
purchased from Sigma Aldrich (Sigma Chemical Co., St. Louis, MO, USA) while BDQ was obtained 
from Adooq Bioscience (York, UK). The antibiotics were dissolved in dimethylsulphoxide (DMSO) 
and used at final concentrations of 1.25 - 5 mg/L, individually and in combination, in all of the 
experimental assays. The DMSO was used at a final concentration of 0.1% as solvent control in all the 
control systems.  

Unless otherwise stated, all other chemicals and reagents were purchased from Sigma-Aldrich, 
Lasec (Cape Town, RSA) and Whitehead Scientific (Cape Town, RSA). Propidium iodide (PI) dye 
[deoxyribonucleic acid (DNA) Prep Stain], used for determining cell viability, was purchased from 
Beckman Coulter (Brea, CA, USA).  
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4.1.2. Assay Kits  

The assay kits used in the current study include the Na+,K+-ATPase activity kit (Elabscience 
Biotechnology Inc., Houston, TX, USA) for determination of Na+,K+-ATPase activity, as well as the 
ATP colorimetric assay kit (Abcam, ab282930) (Abcam, Waltham, MA, USA) for quantification of 
cellular ATP concentrations.   

4.1.3. RCMs and Growth Media 

Rat cardiomyocytes (RCMs, were sourced from Lonza Walkersville, Inc., Walkersville, MD, 
USA). They were cryopreserved and stored at -196 °C in liquid nitrogen. 

The RCM growth medium (RCGM) was used for preparation of the RCMs. This was prepared 
by using the RCGM bullet Kit (200 mL of RCM basal medium (RCBM) and the RCGM SingleQuots 
kit) (Lonza Biosciences, Walkerville, MD, USA). The RCGM was prepared by mixing the ingredients 
of the RCGM SingleQuots kit (300 µL of antibiotic mixture: gentamycin sulphate and amphotericin 
B), 18 mL of horse serum from Equidae and 18 mL of foetal bovine serum) with 200 mL of the RCBM.  

4.2. Methods 

4.2.1. Preparation of the RCMs 

A vial containing 1 mL of RCM cells was taken from liquid nitrogen storage and the cells thawed 
by gentle rubbing of the vial with fingers for approximately two - three minutes. The cells were then 
transferred into a 15 mL tube and RCGM medium added stepwise and the cell suspension mixed by 
gently inverting the 15 mL tube. The cell suspension was then incubated at 37 °C for 3.5 h in the 
presence of 5% CO2. The RCGM medium was removed from the cells by centrifugation at 335 x g, at 
4 °C for 10 min and the supernatant thereafter discarded. The cell pellet was resuspended in pre-
warmed saline solution (0.9%, NaCl). The characteristics of the cells with respect to size and viability 
were determined by flow cytometry by mixing 50 µL of cell suspension with 450 µL of propidium 
iodide and the mixture analysed using a FC500 Flow Cytometer (Beckman Coulter, USA).   

4.2.2. Antibiotic Reaction Assays 

Approximately 3 x 105 cells/ mL were transferred into different 1.5 mL Eppendorf tubes. 
Thereafter, 1 µL of varying stock concentrations of antibiotics (CFZ, BDQ and their combinations) 
were added to the cells. The antibiotic concentrations were prepared in double dilutions ranging from 
1.25 - 5 mg/L for both CFZ and BDQ. For combination assays, the individual antibiotics were mixed 
at their midpoint concentrations [e.g ½ (1.25 mg/L CFZ) + ½ (1.25 mg/L BDQ)]. In reaction mixtures, 
the concentrations for each antibiotic or their combinations are shown by a number and symbol C, B 
or C + B representing CFZ, BDQ individually or their combinations, respectively, such as 1.25C, 1.25B 
or 1.25C + 1.25B. Two antibiotic-free controls, solvent-free (no DMSO) and DMSO-treated, prepared 
by adding 1 µL of 100% DMSO yielding 0.1% DMSO, were included. The suspensions were mixed 
by inverting the tubes and the mixtures incubated at 37 °C for 15 minutes in the presence of 5% CO2. 
The reactions were stopped by placing the tubes on ice for one min and the contents analysed for 
Na+,K+-ATPase activity, ATP quantification and cellular viability.  

4.2.3. Na+,K+-ATPase Activity 

The enzymatic activity of Na+,K+-ATPase was determined according to the method of Chen et 
al. [48]. Detection of enzymatic activity is based on Na+,K+-ATPase-mediated decomposition of ATP 
to produce ADP and Pi. The amount of Pi is then quantitated and used to calculate the Na+,K+-ATPase 
activity. The ADP and Pi are extracted from the cells as protein constituents.  

4.2.3.1. Protein Extraction 
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Protein samples used for measurement of Na+,K+-ATPase enzymatic activity were extracted 
from the control and antibiotic-treated RCMs using the vortexing method. Following centrifugation 
at 335 x g at 4 °C for 10 min, the supernatants were discarded and the pellets vortexed followed by 
addition of 500 µL saline solution. Approximately 500 µL of beads (2 mm diameter) were added to 
each cell suspension and the mixtures vortexed for a maximum period of five min, with cooling on 
ice every two minutes. The cell suspensions were then centrifuged at 335 x g at 4 °C for one minute 
and approximately 500 µL of the supernatants, containing the protein extracts, were harvested. 
Protein concentrations of the samples were determined at 280 nm using a NanoDrop 
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and recorded as mg/mL.  

4.2.3.2. Na+,K+-ATPase Activity  

The protein extracts were also used for determination of Na+,K+-ATPase activity. The Na+,K+-
ATPase reactions were performed using the method based on the colorimetric  detection of the 
released free Pi.   

The reaction mixture tubes were incubated at 37 °C for 10 minutes. Thereafter, protein 
precipitator reagent was added to precipitate the proteins to promote release of free Pi. The tubes 
were vortexed and centrifuged at 8,000 x g for 10 minutes at 4 °C and the supernatants harvested for 
colorimetric detection of Pi.   

Reaction mixtures for each sample (control and antibiotic treated) were prepared by mixing 20 
µL of each sample with 200 µL of chromogenic working solution. Standard reaction mixtures 
(containing known standard Pi concentrations) were also prepared by mixing individual standards 
with chromogenic working solutions. The reaction mixtures were incubated at 37 °C for 15 minutes, 
followed by optical density (OD) measurements at 660 nm using a PowerWavex spectrophotometer 
(Bio-Tek Instruments, Inc., Winooski, CA, USA). The optical densities (ODs) of the standard Pi 
concentrations were used for generation of the standard curve.  

The Na+,K+-ATPase activities for each sample were calculated using the following formula: 
Na+,K+-ATPase activity (µmol Pi/mg protein/hour) = (ΔA660-b) / a x V1 / (Cpr x V2) / t x f,  
where:  
y: ODstandard – ODblank (ODblank is the OD value when the standard concentration is 0) 
x: The concentration of the standard 
a: The slope of the standard curve 
ΔA660: ODsample – ODcontrol 
V1: The total volume of reaction system (0.25 mL) 
V2: The volume of added sample (0.1 mL) 
t: The time of enzymatic reaction (1/6 hours) 
Cpr: Concentration of protein in sample (mg protein/mL) 
f: Dilution factor of sample before tested. 

4.2.4. ATP Concentration Determination 

Quantification of ATP was determined using the ATP colorimetric assay kit (Abcam, ab282930). 
The assay is based on phosphorylation of glycerol (transfer of phosphate group to glycerol from ATP) 
using glycerol kinase, producing ADP and glycerol phosphate. The procedure involves extraction of 
ATP from lysed cells, followed in this case by deproteinization and ultimately quantification of ATP.  

4.2.4.1. ATP Extraction 

The control and antibiotic -treated reaction mixtures were centrifuged at 4,833 x g, for 10 min at 
4 °C. The supernatants were discarded and the pellets vortexed. Thereafter, 50 µL of ice-cold ATP 
assay buffer (supplied in the kit) was added and vortexed to lyse the cells, followed by centrifugation 
of the mixtures at 4,833 x g for 10 min at 4 °C.  About 100 µL of each lysate was harvested and 
transferred into separate 1.5 mL Eppendorf tubes. These samples were placed on ice immediately to 
prevent consumption and utilisation of ATP by enzymes present in the samples. The proteins (and 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 September 2024                   doi:10.20944/preprints202409.1413.v1

https://doi.org/10.20944/preprints202409.1413.v1


 11 

 

enzymes) were then removed from the supernatant lysates by a deproteinisation procedure 
performed using a spin column method. A 100 µL volume of the lysate of each sample was 
transferred immediately onto a spin column (Qiagen RNeasy mini kit, Hilden, DE, Germany), which 
was placed in a new 1.5 mL Eppendorf tube. The tubes were centrifuged immediately at 4,833 x g for 
10 min, at 4 °C and the eluates collected.  

4.2.4.2. ATP Quantification 

The deproteinated samples were thereafter used for ATP assay concentration determination. 
The concentrations of ATP in the eluate samples were determined using the ATP reaction assay kit 
following the manufacturers’ instructions, with no modification. Briefly, the deproteinated samples 
and the standard ATP concentrations samples were used for preparation of reaction mixtures in a 96-
well plate to final volumes of 15 µL/ well. The 96-well plate was then incubated for 45 minutes, at 
room temperature, in the dark and the ODs of the contents of the wells determined at 570 nm. The 
OD values of the standard concentrations were used to plot the standard curve, which was used to 
determine the ATP concentrations in samples.  

The ATP concentration for each sample was determined using the formula: 
Sample ATP concentration [C, nanomoles (nmol)/ µL) = B/V x D 
Where: 
B = ATP concentration in the reaction well from standard curve (nmol) 
V = the sample volume added into sample wells (µL) 
D = the dilution factor 

4.2.5. Viability of the RCMs 

To determine the cytotoxic potential of the test antibiotics, viability of the cells in the antibiotic-
treated and control reaction mixtures (Section 2.2.2) was determined by using the PI staining method. 
The PI dye binds to the nuclei of lysed cells forming a nuclear-PI complex, which fluoresces, but does 
not to bind to live cells, which it fails to penetrate.   

A 50 µL aliquot of each sample, either the control or various antibiotic-treated systems (Section 
2.2.2), was transferred into a 5 mL flow tube and 450 µL of PI reagent (DNA Prep Stain, Beckman 
Coulter, USA) was added. The mixture in the flow tube was vortexed and inserted immediately into 
the FC500 Flow Cytometer instrument (Beckman Coulter, USA) and viability determined according 
to the resultant scatter graph. The dead and live cells were located in different positions on the scatter 
chart, resulting in positioning of live cells closer to zero on the X-axis, while dead cells were 
positioned further away from zero in the positive direction.  

4.3. Statistical Analysis 

Statistical analyses were performed on all data using GraphPad Instant 3 Programme (GraphPad 
Software, San Diego, CA, USA). The results of each series of experiments were expressed as the mean 
values ± standard deviations. Due to all antibiotic mixtures prepared in DMSO, statistical significance 
was calculated between antibiotic-treated and DMSO-treated control systems using the Mann-
Whitney U-test for comparison of non-parametric data.  A P value of ≤ 0.05 was considered 
significant. 

Supplementary Materials: The following supporting information, published alongside the manuscript: Figure 
1S: Flow cytometric scatter plot demonstrating the size of the rat cardiomyocytes (RCMs). The RCMs are large 
cells, with most of them being positioned between 105 and 106 coordinates on the Y-axis and zero and 500 on the 
X-axis. The majority of the cells are positioned closer to zero on the X-axis showing that they are viable. Figure 
2S: The protein concentrations (mg/mL) of antibiotic-free and antibiotic-treated RCMs, extracted using vortex 
methods, which were used for the Na+,K+-ATPase activity determination, measured using nanodrop mg/mL. 
Abbreviations: B: bedaquiline; C, clofazimine; DMSO, dimethylsulphoxide; NDM, no DMSO. Figure 3S: The 
standard curve for inorganic phosphate (Pi) concentrations. The slope of the graph was Y = ax + b with a = 0.4551 
± 0.01140, while b = 0.05283 ± 0.01926. Figure S4: The standard curve for determination of adenosine triphosphate 
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(ATP) concentrations. The slope of the standard curve was y = ax + b = 0.013 ± 0.003x + 0.005 ± 0.0048. Table 1S: 
The variables used for determination of the Na+,K+-ATPase activity formula  
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