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Abstract

Introduction: The triphenyl phosphonium residue is a well-documented mitochondriotropic that has been shown to improve the accumulation of biomolecules in mitochondria. Stearyl triphenyl phosphonium (STPP) modified liposomes have been shown to facilitate the selective accumulation of various biomolecules in mitochondria resulting in improved effect in-vitro and in-vivo. More recently, STPP was reported to have higher toxicity towards a drug resistant ovarian cancer cell line compare to a non-drug resistant cell line. The purpose of this study was to further investigate STPP toxicity using multiple drug resistant and non-drug resistant cell lines. Methods: STPP was incorporated into phosphatidylcholine cholesterol liposomes using the thin film hydration method. Mean particle size and zeta potential was measured using dynamic light scattering. The 5,5,6,6′-tetrachloro-1,1′,3,3′ tetraethylbenzimi-dazoylcarbocyanine iodide (JC-1) dye accumulation assay was used as an indicator of mitochondrial membrane potential in the tested cell lines. Cytotoxicity of the preparations towards different cell lines was determined using light microscopy and the CellTiter 96® AQueous One Solution Cell Proliferation assay. Results: The JC-1 accumulation assay confirmed that the drug-resistant cell lines had significantly higher dye accumulation than the non-drug resistant cell lines. Higher cytotoxicity of STPP towards drug resistant cell line was seen when incorporated into liposomes but not when dissolved in dimethyl sulfoxide (DMSO). STPP showed a comparable toxicity profile to the known oxidative phosphorylation uncoupler carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone (FCCP). Discussion: Taken together, the data suggest that higher STPP toxicity in the drug-resistant cell lines is influenced by the presence of liposomal lipids and that STPP acts in a way similar to an oxidative phosphorylation uncoupler and is therefore more toxic to the drug-resistant cells that rely on a higher mitochondrial membrane potential to maintain their viability.
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Introduction
Recent advances in cancer research have resulted in the addition of molecular targeted and immune-therapy approaches to the traditional chemotherapeutic approaches to cancer therapy [1, 2]. Despite these recent advances, effective cancer therapy remains challenging. Drug resistance in particular remains a major challenge applicable to all types of therapeutic strategies [3, 4]. In a previous study, we explored the use of mitochondriotropic liposomes to deliver paclitaxel in order to test the hypothesis that paclitaxel resistance could be bypassed in drug resistant tumor cells by increasing the accumulation of paclitaxel in mitochondria [5]. The mitochondriotropic liposomes were prepared with stearyl triphenyl phosphonium (STPP). The triphenyl phosphonium ligand is well established as a mitochondria specific targeting ligand and its conjugation to a stearyl chain allows incorporation into liposomes in a manner to render the liposomes mitochondriotropic [6–10]. While STPP liposomes with incorporated paclitaxel did show improved cytotoxicity towards a human drug resistant ovarian cancer cell line (Ovcar-3), the data suggested that the improved cytotoxic effect in the Ovcar-3 cells was not due to increased accumulation of paclitaxel in the mitochondria but due to an apparent specific toxicity of STPP towards that cell line [5]. STPP was found to reduce mitochondrial membrane potential and change the morphological appearance of the resistant cells with no significant increase in caspase activation [5]. At the time of the study, it seemed unclear how the reduction in mitochondrial membrane potential alone could account for the specific toxicity of STPP towards the resistant cells. More recently however it has become increasingly evident that while drug sensitive tumor cells rely on the glycolytic pathway, drug-resistant tumor cells rely on increased oxidative phosphorylation (OXPHOS) to fulfill their metabolic needs [4, 11–14]. One of the hallmarks of the increased OXPHOS activity in drug-resistant tumor cells is an increase in mitochondrial membrane potential [15]. The difference in mitochondrial membrane potential between drug-resistant and non-drug resistant tumor cells could be an explanation for how STPP exerts specific toxicity towards the resistant cell line. Based on this new finding of the metabolic differences in resistant and non-drug resistant tumor cells, we undertook the current study to further investigate the effect of STPP on mitochondrial membrane potential in drug resistant versus non-drug resistant tumor cell lines.
Materials
Human ovarian carcinoma cell lines, A2780 (non-drug resistant) and Ovcar-3 (drug resistant) and human lung carcinoma cell lines, A549 (non-drug resistant) and H69/AR (drug resistant) were purchased from American Type Cell Culture Collection (ATCC; Manassas, VA, USA). Chicken egg L-α-phosphatidylcholine (PC), Cholesterol (Chol) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000(18:0 PEG 2000 PE) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich (Natick, MA, USA). Stearyl triphenyl phosphonium (STPP) was obtained from previously synthesized laboratory stock. CellTiter 96® AQueous One Solution Cell Proliferation Assay reagent was obtained from Promega (Madison, WI, USA). Carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone (FCCP) in DMSO and 5,5,6,6′-tetrachloro-1,1′,3,3′ tetraethylbenzimi-dazoylcarbocyanine iodide (JC-1) mitochondrial membrane potential assay kit was purchased from Abcam (Cambridge, MA, USA).
Methods
Cell culture
A2780 and A549 were cultured using RPMI 1640 medium supplemented with 1% penicillin–streptomycin (10 000 U/mL) and 10% Fetal Bovine Serum (FBS). Ovcar-3 and H69/AR were cultured using Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 1% penicillin–streptomycin (10 000 U/mL) and 20% FBS. Cells were cultured according to the protocol provided by ATCC in T-25 flasks that were maintained at 37 °C, 5% CO2 environment.
Preparation and characterization of STPP liposomes
Liposomes having a final lipid concentration of 5 mg/mL were prepared using a thin-film hydration method. Briefly, appropriate volumes of chloroform stock solutions of egg PC, cholesterol, and/or STPP as indicated in Table 1 were added to a 10 mL round bottom flask. A thin lipid film was obtained after the evaporation of chloroform with the help of a rotary evaporator under vacuum at 37 °C. The lipid film was then hydrated with 2 mL phosphate buffered saline (PBS) pH 7.4 and was subjected to sonication for two 10-min periods with a resting interval of 1 min between the two sonication periods. Sonication was carried out using a probe sonicator (Model 100 Sonic Dismembrator, VWR) with the round bottom flask immersed in an ice water bath. The size distribution and zeta potential of the prepared liposomes was determined using a 90Plus Particle Size Analyzer (Brookhaven Instruments Corporation, Holtsville, NY).
Table 1 
Physical characterization of liposomal preparations.

Determination of mitochondrial membrane potential
The JC-1 dye accumulation assay was used as an indicator of mitochondrial membrane potential in the tested cell lines [16–18]. Cell lines were seeded at appropriate densities (A2780 and Ovcar-3 15 000 and 20 000 cells/well A549 and H69/AR 16 000 and 25 000 cells/well) in 96 well plates and incubated overnight to yield test plates with cells at ~ 80% confluence in each well. Media was removed from the wells and the cells were incubated with 10 μM JC-1 dye for 10 min. Following the incubation, the cells were washed once with phosphate buffered saline, pH 7.4(PBS), and then selected representative wells were imaged in fresh PBS using a Model BZ-X800 Analyzer (Keyence, IL, USA) all in one fluorescence microscope with appropriate filters for red and green fluorescence. Red and green fluorescence was also quantitated in wells not used for microscopy imaging with a SynergyHT microplate reader (BioTek, VT, USA).
Determination of cytotoxicity
Cytotoxicity of various preparations was determined using the CellTiter 96® AQueous One Solution Cell Proliferation Assay. Cell lines were seeded at appropriate densities (A2780 and Ovcar-3 15 000 and 20 000 cells/well A549 and H69/AR 16 000 and 25 000 cells/well) in 96 well plates and incubated overnight to yield test plates with cells at ~ 80% confluence in each well. Preparations were added at different concentrations in 100 μL of media per well and the plates were incubated for the desired exposure times. Following the incubation, preparations along with the media were removed and replaced with 100 μL of media containing CellTiter 96® AQueous One Solution Cell Proliferation Assay reagent equivalent to 10 μL and incubated for 1 h after which, the absorbance in each well was measured at 490 nm in a SynergyHT microplate reader (BioTek, VT, USA).
Representative light microscopy images of cells post treatment were captured from selected wells using a Model BZ-X800 Analyzer (Keyence, IL, USA).
Results
Physical characteristics of STPP formulations
All liposomal preparations used in the study were characterized for their size, zeta potential and PDI. The values for each parameter in Table 1 are represented as average ± standard deviation from three independent preparations. All measured values are within the expected range for preparations of this type.
Mitochondrial membrane potential status of cell lines
Figure 1 shows representative fluorescence micrographs of JC-1 dye staining in A2780, Ovcar-3, A549, and H69/AR cell line. JC-1 is a green fluorescent dye that dimerizes at high concentration. JC-1 is well known to accumulate in mitochondria of cells that have a high mitochondrial membrane potential and reach a high enough concentration in the mitochondrial network to result in the dimerization of the dye molecules [16–18]. In cells with mitochondria that have low membrane potential JC-1 does not accumulate at a high enough concentration to dimerize. When dimerized, JC-1 exhibits red fluorescence. It is therefore possible to compare the mitochondrial membrane potential of cells based on the red:green fluorescence ratio after staining with JC-1. As seen from Figure 1A, Ovcar-3 and H69/AR cell lines have higher red fluorescence in comparison with A2780 and A549 respectively. Figure 1B shows the quantitative estimation of JC-1 dye fluorescence in A2780, Ovcar-3, A549, and H69/AR cell lines. The red:green fluorescence ratio of Ovcar-3 and H69/AR was significantly higher compared with A2780 and A549 respectively (p < 0.05 Student’s t test).
	[image: thumbnail]	Figure 1 Determination of JC-1 Dye accumulation. A: Fluorescence micrographs with green and red filters of indicated cell lines after dye staining protocol. Scale bar represents 100 μm. B: Ratio of red to green fluorescence in indicated cell lines after dye staining protocol. Values represent mean ± standard deviation from 3 independent experiments. *p < 0.05, Student’s t test.



Cytotoxic effect of STPP preparations
The toxicity of STPP DMSO solution, STPP liposomes and STPP DMSO solution co-administered with plain liposomes towards the four cell lines was measured using a metabolic assay. The goal of these experiments was to allow not only for the comparison of cytotoxicity in drug-resistant versus non-drug resistant cell lines but also to investigate any potential influence of exposure time or delivery vehicle on the effect of STPP in the selected cell lines. Figure 2 shows that STPP liposomes and co-delivery of blank liposomes with STPP in DMSO exhibit a greater toxic effect towards the drug resistant Ovcar-3 cell line compared to the non-drug resistant A2780 cell line. A significantly higher (p < 0.05, Student’s t test) toxicity towards Ovcar-3 cells occurs at a wider range of concentrations (5 μM and above) at 5 h in comparison with 12 h (40 μM and above). Likewise Figure 3 shows that STPP liposomes and co-delivery of blank liposomes with STPP in DMSO exhibit a greater toxic effect towards the drug resistant cell line H69/AR compared to the non-drug resistant A549 cell line. A significantly higher (p < 0.05, Student’s t test) toxicity towards H69/AR occurs at all the tested concentrations at 5 h, however, at 12 h it only occurs from 10 μM to 40 μM. STPP in DMSO did not show a greater toxic effect towards any of the drug resistant cell lines compared to the corresponding non-drug resistant cell lines. For additional mechanistic evaluation of the STPP effect in the selected cell lines, the known uncoupler FCCP was also tested in an analogous manner to that of STPP. As can be seen from Figure 4, FCCP shows a significantly higher (p < 0.05, Student’s t test) level of toxicity towards the drug resistant H69/AR cell line compared to the non-drug resistant A549 cell line. No significant difference was observed in the toxicity of FCCP towards Ovcar-3 and A2780 cell lines. The light micrographs in Figure 5 show that the morphological changes in the treated cells resulting from STPP treatments are similar to those resulting from FCCP treatment. The morphology of the drug resistant cell lines is also clearly different than that of the non-drug resistant cell lines with both STPP and FCCP treatments.
	[image: thumbnail]	Figure 2 Quantitative determination of STPP toxicity in human ovarian carcinoma cells. Percent cell viability in A, C: A2780 cells and B, D: Ovcar-3 cells, treated with STPP liposomes, STPP in DMSO and STPP in DMSO mixed with PC: Cholesterol liposomes for A, B: 5 h and C, D: 12 h at indicated concentrations of STPP. Values represent mean ± standard deviation from three independent experiments.



	[image: thumbnail]	Figure 3 Quantitative determination of STPP toxicity in human lung carcinoma cells. Percent cell viability in A, C: A549 cells and B, D: H69/AR cells, treated with STPP liposomes, STPP in DMSO and STPP in DMSO mixed with PC: Cholesterol liposomes for A, B: 5 h and C, D: 12 h at indicated concentrations of STPP. Values represent mean ± standard deviation from three independent experiments.



	[image: thumbnail]	Figure 4 Quantitative determination of FCCP toxicity in human ovarian carcinoma and human lung carcinoma cells. Percent cell viability in A: A2780 cells, B: Ovcar3 cells, C: A549 cells, D: H69/AR cells exposed to either FCCP in DMSO or FCCP in DMSO with PC: Cholesterol liposomes for 4 h at indicated concentrations of FCCP. Values represent mean ± standard deviation from three independent experiments.



	[image: thumbnail]	Figure 5 Qualitative determination of STPP and FCCP toxicity human ovarian carcinoma and human lung carcinoma cells. Light micrographs of indicated cell lines with no treatment (untreated) 100 μM FCCP in DMSO for 4 h (FCCP), 80 μM STPP in DMSO for 5 h (STPP) and 80 μM STPP liposomes for 5 h (STPP liposomes). Scale bar indicates 100 μm.



Discussion
The development of intrinsic or acquired drug resistance by tumor cells continues to limit the effectiveness of clinical therapy for many tumor types [19, 20]. Although, several mechanisms for the development of drug resistance in the tumor have been identified, the general approaches for over-coming tumor drug-resistance focus on either inhibiting molecular events underlying resistance or using particulate carrier systems for increasing the drug accumulation at the target site [21–27]. Recent advances in understanding the cellular metabolism of drug resistant tumor cells, suggest that contrary to the prevailing Warburg theory that tumor cells rely on aerobic glycolysis, certain drug-resistant tumor cells in fact rely on increased OXPHOS activity for their survival [4, 11, 12, 28–30]. These recent findings offered a new insight to previous studies [5] in which STPP appeared to have a greater level of toxicity toward drug resistant ovarian carcinoma Ovcar-3 tumor cells compared to non-drug resistant ovarian carcinoma A2780 cells. At that time, experiments aimed at elucidating the mechanism of cell death triggered by STPP confirmed a reduction in the mitochondrial membrane potential as well change in the morphological appearance; however, the morphological changes and Caspase activity profile were found to be distinct from that of camptothecin suggesting a non-apoptotic mechanism of cell death [5]. The aim of this study was to test the hypothesis that STPP acts like an OXPHOS uncoupler and, therefore, has a more pronounced cytotoxic effect in the drug-resistant cell lines that are now known to rely on higher levels of OXPHOS for cellular activity.
An additional pair of drug-resistant (H69/AR) and non-drug resistant (A549) cell lines was included to check that the differential toxicity was not limited to the original pair of drug-resistant (Ovcar-3) and non-drug resistant (A2780) cells. The JC-1 assay confirmed that both drug-resistant cell lines had higher levels of JC-1 accumulation compared to their non-drug resistant counterparts, strongly suggesting the existence of a higher mitochondrial membrane potential in the drug resistant cell lines. STPP liposomes showed higher toxicity towards both the drug resistant cell lines. STPP in DMSO was used as a non-liposomal delivery control and unexpectedly not only was the toxicity of STPP much higher when administered in DMSO, no differential toxicity was observed in either of the cell pairs tested. This finding raised the possibility that the liposomal lipids might have some role in the effect of STPP and prompted the testing of a mixture of plain (PC:Chol) liposomes with STPP dissolved in DMSO. This additional control group showed no significantly different cytotoxic profile compared to STPP incorporated in liposomes. Taken together, these observations seem to suggest a potential role for liposomal lipids in the toxicity of STPP.
When the cytotoxic effect of the well-known OXPHOS uncoupler FCCP was evaluated, the results showed a similar differential toxicity towards the drug resistant lung carcinoma cell line but not in the drug resistant ovarian carcinoma cell line. The presence of liposomal lipids did not result in any significant changes in the cytotoxic profile of FCCP towards the cell lines tested. Morphological changes resulting from either STPP or FCCP exposure appear similar. It would therefore seem that due to its previously reported effect on lowering mitochondrial membrane potential [8], STPP essentially acts like an OXPHOS uncoupler and the presence of liposomal lipids is essential to its selective toxicity towards the drug resistant cell lines.
Structurally, with the triphenyl phosphonium group serving as a head group and the stearyl chain as a hydrophobic tail, STPP is very similar to a lysophospholipid. Lysophospholipids are well documented to exert a permeability increasing effect on lipid bilayers [31, 32]. It is therefore likely that the accumulation of STPP in the mitochondrial membrane has a permeability altering effect that leads to the loss of mitochondrial membrane potential and effective OXPHOS uncoupling. FCCP in contrast, is known to exert its OXPHOS uncoupling effect by serving as a proton transporter across the mitochondrial membranes [33]. The independence of FCCP effect from the presence of liposomal phospholipids also suggests a different mechanism for STPP uncoupling. While it cannot entirely be ruled out that the presence of liposomal lipids could alter the bioenergetic state of the drug resistant cells on account of lipid metabolism, a lysophospholipid-like permeability altering mechanism for STPP toxicity is more likely to depend on the influence of liposomal lipids on its membrane interactions and trafficking within the cell. Lysophospholipids have been shown to have different effects on membranes depending on whether they are symmetrically distributed in the bilayer or are concentrated in the external layer [34–36]. Given the well documented role of naturally occurring lysophospholipids in membrane permeabilizing and membrane fusion effects [36–38], it is certainly reasonable to hypothesize similar effects for STPP. When incorporated in liposomes, it is very likely that STPP has sufficient opportunity to distribute between both layers of the liposomal bilayer. The subsequent interactions of the liposomal membrane and the cellular membrane ensure that STPP gets trafficked into the cell in endosomal membranes in which it remains symmetrically distributed eventually reaching the mitochondrial membrane where it likely maintains its symmetrical distribution in the inner and outer leaflets of the bilayer. If administered in a DMSO solution, it is more likely that all STPP molecules localize to the external leaflet of the cell membrane and thereby exert a different effect at the cell membrane and when eventually transported to the mitochondrial membrane. Further support for this hypothetical mechanism can be drawn from a previous study comparing the toxicity of STPP with triphenyl phosphonium (TPP) modified phospholipids [8]. TPP modified phospholipids showed comparable mitochondrial accumulation to STPP without the mitochondrial membrane potential reducing effect and its associated cytotoxicity [8]. These findings are therefore a good cautionary tale about choosing an appropriate lipid anchor to enable surface modification of liposomes with potential targeting ligands. Finally, since the selective toxicity of STPP towards drug resistant cells occurs at concentrations that would be difficult to achieve in vivo in solid tumors [39, 40], further investigation of STPP as a potential tumor therapy agent is not warranted.
Nomenclature
Chol: 
Cholesterol

DMSO: 
Dimethyl sulfoxide

FBS: 
Fetal bovine serum

FCCP: 
Carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone

JC-1: 
5,5,6,6′-tetrachloro-1,1′,3,3′ tetraethylbenzimi-dazoylcarbocyanine iodide

OXPHOS: 
Oxidative phosphorylation

PBS: 
Phosphate buffered saline

PC: 
L-α-phosphatidylcholine

PC-Chol: 
L-α-phosphatidylcholine-cholesterol

PDI: 
Polydispersity index

RPMI: 
Roswell Park Memorial Institute (RPMI) 1640 Medium

STPP: 
Stearyl triphenyl phosphonium
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	[image: thumbnail]	Figure 1 Determination of JC-1 Dye accumulation. A: Fluorescence micrographs with green and red filters of indicated cell lines after dye staining protocol. Scale bar represents 100 μm. B: Ratio of red to green fluorescence in indicated cell lines after dye staining protocol. Values represent mean ± standard deviation from 3 independent experiments. *p < 0.05, Student’s t test.
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	[image: thumbnail]	Figure 2 Quantitative determination of STPP toxicity in human ovarian carcinoma cells. Percent cell viability in A, C: A2780 cells and B, D: Ovcar-3 cells, treated with STPP liposomes, STPP in DMSO and STPP in DMSO mixed with PC: Cholesterol liposomes for A, B: 5 h and C, D: 12 h at indicated concentrations of STPP. Values represent mean ± standard deviation from three independent experiments.
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	[image: thumbnail]	Figure 3 Quantitative determination of STPP toxicity in human lung carcinoma cells. Percent cell viability in A, C: A549 cells and B, D: H69/AR cells, treated with STPP liposomes, STPP in DMSO and STPP in DMSO mixed with PC: Cholesterol liposomes for A, B: 5 h and C, D: 12 h at indicated concentrations of STPP. Values represent mean ± standard deviation from three independent experiments.
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	[image: thumbnail]	Figure 4 Quantitative determination of FCCP toxicity in human ovarian carcinoma and human lung carcinoma cells. Percent cell viability in A: A2780 cells, B: Ovcar3 cells, C: A549 cells, D: H69/AR cells exposed to either FCCP in DMSO or FCCP in DMSO with PC: Cholesterol liposomes for 4 h at indicated concentrations of FCCP. Values represent mean ± standard deviation from three independent experiments.
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      Table 1 

      Physical characterization of liposomal preparations.

      
        
          
            
              	Preparation
              	Lipid composition
              	Molar ratio
              	Mean particle size (nm)
              	Zeta potential (mV)
              	Polydispersity index (PDI)
            

          
          
            
              	Blank liposomes
              	PC:Chol
              	70:30
              	96 ± 5
              	−7 ± 1
              	0.26 ± 0.018
            

            
              	STPP liposomes
              	PC:Chol:STPP
              	68:30:2
              	107 ± 4
              	28 ± 3
              	0.28 ± 0.002
            

          
        

      

    

  
    
      Figure 1 
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        Determination of JC-1 Dye accumulation. A: Fluorescence micrographs with green and red filters of indicated cell lines after dye staining protocol. Scale bar represents 100 μm. B: Ratio of red to green fluorescence in indicated cell lines after dye staining protocol. Values represent mean ± standard deviation from 3 independent experiments. *p < 0.05, Student’s t test.

      

    

  
    
      Figure 2 
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        Quantitative determination of STPP toxicity in human ovarian carcinoma cells. Percent cell viability in A, C: A2780 cells and B, D: Ovcar-3 cells, treated with STPP liposomes, STPP in DMSO and STPP in DMSO mixed with PC: Cholesterol liposomes for A, B: 5 h and C, D: 12 h at indicated concentrations of STPP. Values represent mean ± standard deviation from three independent experiments.

      

    

  
    
      Figure 3 
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        Quantitative determination of STPP toxicity in human lung carcinoma cells. Percent cell viability in A, C: A549 cells and B, D: H69/AR cells, treated with STPP liposomes, STPP in DMSO and STPP in DMSO mixed with PC: Cholesterol liposomes for A, B: 5 h and C, D: 12 h at indicated concentrations of STPP. Values represent mean ± standard deviation from three independent experiments.

      

    

  
    
      Figure 4 
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        Quantitative determination of FCCP toxicity in human ovarian carcinoma and human lung carcinoma cells. Percent cell viability in A: A2780 cells, B: Ovcar3 cells, C: A549 cells, D: H69/AR cells exposed to either FCCP in DMSO or FCCP in DMSO with PC: Cholesterol liposomes for 4 h at indicated concentrations of FCCP. Values represent mean ± standard deviation from three independent experiments.

      

    

  
    
      Figure 5 
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        Qualitative determination of STPP and FCCP toxicity human ovarian carcinoma and human lung carcinoma cells. Light micrographs of indicated cell lines with no treatment (untreated) 100 μM FCCP in DMSO for 4 h (FCCP), 80 μM STPP in DMSO for 5 h (STPP) and 80 μM STPP liposomes for 5 h (STPP liposomes). Scale bar indicates 100 μm.
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