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ABSTRACT 

 

Chemoreduction is the key treatment for retinoblastoma management. However, anticancer 

agents suffer from poor cell permeability and chemoresistance due to major interaction with 

multidrug resistant (MDR) efflux proteins (MDR1 and MRP2) over-expressed on 

retinoblastoma tumor. Ocular cells have shown good tolerability against antimicrobial 

moxifloxacin (fourth generation fluoroquinolone) at higher dose level. As majority of 

fluoroquinolones become ineffective due to efflux mediated acquired drug resistance 

therefore, we have first determined an interaction of moxifloxacin with efflux (MDR1 and 

MRP2) transporters. Our results provides direct evidence that moxifloxacin is an 

overlapping substrate of MDR1 and MRP2 efflux transporters. Since, literature has evident 

co-administration of overlapping drug substrate as a viable strategy to overcome MDR. 

Therefore, we have tested moxifloxacin potential to overcome chemoresistance in 

retinoblastoma. Our results showed that 2-2.5 fold increased uptakes of three anticancer 

drugs (etoposide, topotecan and vinblastine) were observed in the presence of moxifloxacin 

across model cell lines suggesting moxifloxacin mediated evasion of efflux pumps. 

Significant reductions in efflux ratio of these anticancer agents were also observed  

in the presence of moxifloxacin indicating moxifloxacin mediated improved anticancer  

iii 



transport. Following cytotoxicity study, tenfold reduction in IC50 value of topotecan and 

etoposide and twofold reduction in IC50 value of vinblastine was observed in the presence 

of moxifloxacin. Significant enhancement of anticancer mediated caspase-3 enzyme 

activity and reduction in proinflammatory cytokines (IL-8 and IL-6) release were also 

observed in the presence of moxifloxacin. There is a need to further explore this finding to 

confirm its clinical feasibility, if proven, ultimately it will aid to reduce the 

chemotherapeutic dose and associated dose-limiting toxicities. 

Considering the fact that most drug targets are indeed contained within specific intracellular 

compartments, the ability of a drug to accumulate into these sites is a critical determinant in 

the observed drug response. Mitochondrion is an attractive target for drug-delivery because 

there is a growing confirmation to support an association between mitochondrial 

dysfunctions and a number of ocular diseases. A range of possibilities exist for the selective 

drug delivery to the mitochondria one among such is a transporter targeted strategy. 

Localization of various influx and efflux transporters is generally considered to be restricted 

to cell surface level. However, cellular compartments may also be a potential site for these 

transporters. The functional localization of both efflux (MDR1) and influx (PepT-1) 

transporters in the mitochondrial membrane of primary corneal epithelial cells was studied. 

Isolation and purification of mitochondria was performed by optimized cell fractionation 

method. Functional activity of MDR1 and PepT-1 transporter was assessed by performing 

in vitro uptake studies on isolated mitochondria. Molecular characterization of both 

transporters was confirmed by western blot and confocal analysis. This knowledge of 

mitochondrial existence of MDR1 and PepT-1transporter may aid in the development of 

subcellular ocular drug delivery strategies. 
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CHAPTER 1 

LITERATURE REVIEW 

1.1 Barriers for Posterior Segment Ocular Drug Delivery 

Drug delivery, particularly to the posterior ocular segment remains an extremely 

challenging task due to its restrictive barrier functionalities. Blood-ocular barriers act as a 

physical barrier between the local blood vessels and ocular tissues and fluids. These barriers 

also control the passage of various solutes and effectively impedes the transport of various 

ocular therapeutic agents [1]. Research on the posterior segment diseases, such as age-related 

macular degeneration (AMD), diabetic macular edema (DME), retinitis pigmentosa, 

endophthalmitis and proliferative vitreoretinopathy is of high clinical significance.  

Drug delivery to the retina remains a challenging task due to various limitations and 

inefficiency associated with topical and systemic administrations. Various forms of local 

formulation strategies for intravitreal and transscleral drug delivery to the retina have 

recently emerged [2,3]. While intravitreal delivery is the primary mode of therapy to the 

retina, it also carries various risks that include cataract, endophthalmitis, retinal puncture and 

detachment [4-8]. Transscleral delivery is an alternative form of local therapy to the retina 

which includes, sub-conjunctival, sub-tenon’s, retrobulbar, peribulbar and intrascleral 

administrations (Fig. 1). Transscleral delivery offers localized drug delivery with a less 

invasive procedure compared to intravitreal administration [2]. 
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Figure 1. Structure of eye depicting anatomy and routes of administration. 
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Posterior segment drug delivery requires actives to permeate through various ocular 

tissue layers (sclera, Bruch’s membrane-choroid, and retinal pigment epithelium) before 

reaching the neural retina. As a result, a very steep concentration gradient is established and 

very low amounts are detected in the retina. This steep gradient is due to barriers that hinder 

molecules from successfully reaching the retina. Ocular barriers may be classified as static 

and dynamic barriers. Static barriers comprise of those ocular tissues that pose a physical 

barrier to drug diffusion such as sclera, Bruch’s membrane-choroid, retinal pigment 

epithelium and conjunctiva. Dynamic barriers include drug clearance mechanism through 

blood and lymphatic vessels [2].  

1.1.A Static Barriers 

Sclera 

The sclera is elastic and microporous tissue consists of proteoglycans and closely 

packed collagen fibers [2,9]. Collagen fibrils embedded in a glycosaminoglycan matrix is the 

major component of the sclera, with type I being the major collagen type [10,11]. The 

structure of the sclera, pore diameter and intracellular space may help to determine the 

behavior of drug movement [2]. Due to the regional difference in collagen architecture, 

posterior sclera is almost twice as thick as the anterior sclera [12] and has only 60% of the 

stiffness of the anterior sclera [13]. Posterior sclera is composed of loose weave of collagen 

fibers having a greater degree of extensibility in comparison to the more uniform weave 

orientation of anterior sclera which explains its higher permeability for solutes [14]. Lateral 

orientation of the scleral fibers may also affect drug transport, as diffusion within the sclera 

in the lateral direction appears to be a slower process that produces localized drug 

distribution on a millimeter scale over h to days [15]. Moreover due to hypocellular nature of 
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the sclera, it has very low level of proteolytic enzymes or protein-binding sites that can 

degrade or sequester drugs. Slower hydrolysis of various prostaglandin ester prodrugs further 

indicate low protease activity in sclera compared to the cornea [10,16]. Ex-vivo permeability 

of sclera has been extensively reported in the literature suggesting relatively high scleral 

permeability relative to the cornea (Table 1) [16-20].  

 

Table 1. Comparison of scleral versus corneal drug permeability [16-20]. 

Drug Permeability Coefficient (10
-6 

cm/sec) Scleral Permeability 

(fold increase) Cornea Sclera 

Prostaglandins 1.7 (± 0.5) 15.6 (± 2.5) 15 times 

Insulin and beta-blockers 1.9 (± 0.2)   8.5 (± 2.3)   5 times 

Hydrocortisone 4.5 (± 0.7) 21.8 (± 4.3)   5 times 

Polyethylene glycol 1.0   8.8   9 times 

Carbonic anhydrase inhibitors -   - 10 times 

 

 

 

 

 

 

 

 

 

 



5 
 

This fact has resulted in delivery of several drug molecules via transscleral route 

especially for posterior segment ocular diseases. Several factors influence scleral 

permeability of molecules. It has been a strong dependence on molecular weight (Table 2), 

with smaller molecules exhibiting higher permeabilities then larger molecules [20-23]. 

However, Ambati et al. have demonstrated scleral permeability for higher molecular weight 

dextrans, IgG and bovine serum albumin [21,24]. This anomaly may be explained by an 

orientation effect of asymmetrical particles in a matrix. Degrees of asymmetry of molecules 

rise with ascending molecular weight [22]. Thus facilitated diffusion in the matrix will be 

more pronounced like an extended polymer such as dextrans [14,24]. However, molecular 

radius was found to be much better predictor of scleral permeability than molecular weight. 

Globular protein albumin (3.62 nm) has higher scleral permeability than the linear dextran 

(4.5 nm) of the same molecular weight across rabbit sclera [10,21]. Results from log-linear 

regression analysis shows that molecular radius is a better predictor of scleral permeability 

(r
2 

= 0.87, P = 0.001) than molecular weight (r
2 

= 0.31, P = 0.16). Experimental data (Table 

2) demonstrated that scleral permeability roughly decreases exponentially with molecular 

radius [21,25]. 
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Table 2. Effect of solute’s molecular weights and molecular radii on scleral permeability [20-

23]. 

Compound Molecular Weight 

(D) 

Radius 

(nm) 

Permeability Coefficient 

(10
-6 

cm/sec) 

Species 

Sucrose 342 0.48 21.6 ± 6.0 Human 

Dextran-10 10000 0.23 6.4 ± 1.7 Human 

Dextran-40 40000 0.73 4.9 ± 2.4 Human 

Dextran-70 70000 0.81 1.9 ± 0.4 Human 

Sodium Fluorescein 376 0.50 84.5 ± 16.1 Rabbit 

FITC-D, 4 4400 1.30 25.2 ± 5.1 Rabbit 

FITC-D, 20 19600 3.20 6.8 ± 4.2 Rabbit 

FITC-D, 40 38900 4.50 2.8 ± 1.6 Rabbit 

FITC-BSA 67000 3.62 5.5 ± 2.1 Rabbit 

Rhodamine D,70 70000 6.40 1.4 ± 0.8 Rabbit 

FITC-D, 70 71200 6.40 1.4 ± 0.9 Rabbit 

FITC-IgG 150000 5.23 4.6 ± 2.2 Rabbit 

FITC-D,150 150000 8.25 1.4 ± 0.9 Rabbit 
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Boubriak et al. have reported that a diffusion coefficient increases in the sclera as 

hydration increases [22]. Large surface area (16-17 cm
2
) of the sclera and a high degree of 

hydration renders it conducive to water-soluble substances [11]. An increase in a solute’s 

lipid solubility is reported to lower the scleral permeability across rabbit and human sclera 

[26,27]. Other authors also reported higher scleral permeability for hydrophilic molecules 

[28,29]. Anionic molecules possess higher permeability then cationic molecules in bovine, 

porcine and rabbit sclera (Table 3) [30-32]. 

Scleral permeability is also altered by physical changes such as surgical thinning, 

cryotherapy, transscleral diode laser and variations in transscleral pressure [23]. Surgical 

thinning of the sclera predictably increases permeability whereas cryotherapy and diode laser 

treatment may not alter the permeability or ultrastructure of sclera [23]. Effect of simulated 

transscleral pressure on scleral permeability has been demonstrated across human and rabbit 

sclera which suggest decreasing in scleral permeability at higher intraocular pressure despite 

the tendency for a lowering in scleral thickness with higher pressure [9,33,34]. 
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Table 3. Effect of physicochemical properties of solutes on ocular tissue permeability. 

Ocular Tissue Molecular Radius Lipophilicity Charge 

Sclera Permeability exponential 

decreases with increasing 

molecular radii [21,25] 

Permeability decrease 

with increasing 

lipophilicity 

[11,26,27] 

Permeability increase 

with negatively 

charged solute 

[30-32] 

Bruch’s 

membrane-

choroid  

Permeability decreases 

with increasing molecular 

radii [35] 

Permeability decrease 

with increasing 

lipophilicity 

[30,36] 

Permeability increase 

with negatively 

charged solute 

[30,37] 

Retinal 

pigment 

epithelium  

Permeability exponential 

decreases with increasing 

molecular radii [35] 

Permeability increase 

with increasing 

lipophilicity [35] 

 

                    - 
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Bruch’s Membrane-Choroid (BC) 

The choroid is a vascular tunic part of the eye that supplies blood to the outer two-

thirds of the retina. Similar to sclera, the choroid is also made up of collagen and can be 

considered as a matrix. Higher melanin content of choroid differentiates it from sclera 

[30,38]. In terms of solute permeability, the choroid-Bruch’s layer generally offers greater 

resistance than does the sclera due to the presence of melanin and lipodial plasma membranes 

of endothelial cells. Due to rapid blood flow, choroid-Bruch’s layer could be an even more 

formidable barrier in vivo, which can potentially remove solutes before reaching the neural 

retina [30,39]. 

Bruch’s membrane and choroid permabilities have always been studied in tandem due 

to the difficulty of separating the two tissue layers [2,30]. Choroid-Bruch’s layer 

permeability has been studied across the bovine and porcine tissue which has shown 

dependency on a solute’s lipophilicity and molecular radii [30,35,36]. A trend line of 

decreasing choroid-Bruch’s layer permeability with increasing solute lipophilicity or 

molecular radii appear to be steeper than sclera. Overall results suggest that mechanistically, 

transport across the choroid-Bruch’s layer occurs in a fashion similar to transport across the 

sclera, differing only in magnitude, with the former being a more significant barrier for 

lipophilic solutes [2,30,36]. In addition to lipophilicity and molecular radii, molecular charge 

is another factor that should be taken into consideration. It has been shown that similar to 

sclera, choroid-Bruch’s layer is also more permeable to negatively charged solutes over 

positively charged solutes (Table 3) [30,37]. 

Resistance to solute transport across the choroid has been observed due to age-related 

changes in human Bruch’s membrane [30,40]. However, no significant change in 
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permeability or ultrastructure of sclera has been observed due to ageing [23]. It has been 

reported that Bruch’s membrane thickens (from 2 to 4.7 µm between first to tenth decades of 

life) and the choroidal layer thins out (11 µm per 10 years) with aging in the human eye [41]. 

Moreover, age-related linear diminution in hydraulic conductivity has been reported. Taurine 

and other amino acid transport across the choroid-Bruch’s layer in humans has been studied 

[40,42,43]. These results indicated that the aged Bruch’s membrane offers a major resistance 

to solute transport [40,42]. Permeability of human Bruch’s membrane to serum proteins was 

also reported to diminish about 10-fold from the first to ninth decade of life [44]. 

Taken together these reports indicate that the choroid-Bruch’s layer is a significant 

barrier to transscleral delivery of drugs. If the choroid is the intended target for treatment 

such as choroidal neovascularization, higher level of free drug in the choroid can be achieved 

by designing hydrophilic and anionic drugs and/or prodrugs relatives to lipophilic and 

cationic ones [30]. If retina is the intended target in addition to choroid-Bruch’s layer then 

there may be a further reduction in drug transport because of the presence of RPE which will 

be further discussed in the following section. 

Retinal Pigment Epithelium (RPE) 

The retina is a multilayered membrane of neuroectodermal origin and can be broadly 

divided into the neural retina and the RPE. Neural retina is involved in signal transduction, 

leading to vision. RPE, on the other hand, is a single cell layer lies at the interface between 

the neural retina and the choroid. It plays a vital role in supporting, and maintaining the 

viability of the neural retina [3,45]. The RPE is compared of a monolayer of highly 

specialized cuboidal cells located between the neural retina and the choroid [46]. It restricts 
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the absorption and permeation of drugs from choroid to the retina, to its intercellular 

junctions it is considered to be a tight barrier [35]. 

RPE can be easily removed and its permeability function assessed by comparing 

tissue permeability values with and without removal of RPE [2,47]. RPE permeability 

determines the transport of solute from the choroidal circulation to neural retina following 

systemic administration. Moreover, RPE permeability may also depend on drug binding to 

the melanin pigment or tissue proteins, active transport processes and metabolism [35,48,49]. 

In monkeys, the movement of horseradish peroxidase (44 kDa molecules) stopped at the tight 

RPE junctions [50,51]. However, in another study following subconjunctival administration, 

it was observed that the fluorescein-conjugated pigment epithelium-derived factor (PEDF) 

and ovalbumin proteins permeated to the cultured RPE monolayer of monkey even in the 

presence of fully formed tight junction. This data suggests that subconjunctival protein 

delivery may be feasible for delivering of proteins like PEDF and ovalbumin [47]. 

With hydrophilic molecules and macromolecules, RPE may be the rate-limiting 

barrier for the retinal drug delivery. Permeability of bovine RPE for hydrophilic 

carboxyfluorescein and FITC-dextrans shows exponential decrease with increase in 

molecular radius. In addition, permeability of lipophilic compounds (metoprolol and 

atenolol) is significantly higher whereas scleral permeability is less sensitive to solute 

lipophilicity. Moreover, macromolecules (dextran) transported passively across the retina 

have shown similar permeability values in the outward (retina choroid) and inward 

directions. However, carboxyfluorescein active transport shows difference in that outward 

permeability is higher than inward direction. It appears that the RPE presents a tighter barrier 

than 



12 
 

sclera for hydrophilic small and large molecules, therefore scleral permeability alone is not 

sufficient to predict the drug delivery rate to the retina [2,35]. 

Conjunctiva 

The conjunctiva is a thin, mucus-secreting transparent epithelial barrier; relatively 

well vascularized tissue covering the anterior one-third of the globe. It consists of two layers: 

an outer epithelium and its underlying stroma (substantia propria). The epithelial cells 

connect with each other by tight junctions at the apical side and act as a permeability barrier. 

The conjunctiva acts as a simple protective role in the eye by functioning as a passive 

physical barrier. It also participates in the maintenance of tear film stability by secretion of 

electrolytes, fluid, and mucins [52-54]. 

Paracellular transport, through the tight junctions of the conjunctival epithelial cells 

may be the rate-limiting step for diffusion of macromolecular drugs [52,54]. Since 

hydrophilic drug penetrates occurs via paracellular pathway (between the cells through the 

tight junctions), the total penetration surface area for any hydrophilic drug is extremely small 

compared to the surface area offered by transcellular pathway for absorption of lipophilic 

drugs [52,55]. Hence paracellular pathway of epithelial barriers (like cornea and conjunctiva) 

where adjacent cells are held together at the apical membrane by tight junctions, can act as 

the rate-limiting step for diffusion of hydrophilic macromolecule drugs including peptides 

and proteins [52,56,57]. Data from equivalent pore analysis suggests that conjunctiva may 

allow the permeation of hydrophilic compounds having molecular weight less than 20 kDa. 

The theoretical radius of such equivalent pores is predicted to be ∼ 5.5 nm [58]. Transport 

studies of a series of hydrophilic molecules e.g. D-mannitol (182 Da), 6-carboxyfluorescein 

(376 Da), and fluorescein isothiocyanate-labeled dextrans (4400, 9400, 21300, and 38600 Da 
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respectively) across the conjunctiva have shown a decline in permeability coefficients with 

increase in molecular weight of a solute. This results confirms that the conjunctiva may allow 

reasonable permeation of hydrophilic substances with a molecular weight less than 20 kDa, 

whereas cornea appears to offer significant resistance to inulin (5 kDa) and FD (20 kDa) 

solutes [56,58]. Moreover, conjunctival surface area is larger (∼ 9 and 17 times) than cornea 

in rabbits and human, respectively. This may be another contributing factor for greater 

absorption of hydrophilic drugs via conjunctival route, as conjunctiva is much leakier with 

numerous tight junctions than cornea [52,59].  

Tissue resistance is a good indicator of passive barrier properties of a given biological 

barrier. Kompella et al. have shown that the freshly excised pigmented rabbit conjunctiva 

portrays a moderately tight epithelium with a transepithelial electrical resistance (TEER) of 

∼ 1.3 kU cm
2
. The conjunctival tissues excised from pigmented rabbits have a lower TEER 

than the tighter rabbit cornea with a TEER value of ∼ 7.0 – 9.0 kU cm
2 

[60-62]. This data 

further explains that the rabbit conjunctiva in general is more permeable to hydrophilic 

solutes than cornea, as demonstrated earlier using in-vivo study [63]. Thus, the conjunctival-

scleral pathway is favored for delivery of hydrophilic drugs because this mode of 

administration may evade the anterior chamber and drug may get direct access to the 

intraocular tissues of the posterior segments [52].   

In addition to structural barrier, the penetration of peptide drugs across the 

conjunctiva is also restricted by external enzymatic barrier [64]. For example, ocular delivery 

of enkephalins, substance P, and insulin are significantly degraded due to enzymatic activity 

[64-66]. Co-administration of protease inhibitor(s) may be one of the approaches to enhance 

absorption of peptide and protein drugs. The presence of camostat mesylate (an 
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aminopeptidase inhibitor) and leupeptin (a serine protease inhibitor) in the mucosal fluid 

resulted in transport of intact arginine vasopressin across the pigmented rabbit conjunctiva 

[67]. 

1.1.B Dynamic Barriers 

Conjunctival Blood Flow 

Tissues themselves (i.e. sclera, non-perfused choroid and retina) may not be the sole 

barrier to drug transport into the eye, and other factors, such as lymph and blood circulation 

play an important role in diminishing drug delivery to the posterior segment. The conjunctiva 

is well vascularized and several studies have reported that drug from conjunctival tissue may 

be cleared through blood and lymphatic vessels [39,68]. 

Longer retention of subconjunctivally injected microparticles compared to nanoparticles and 

higher half-life of albumin compared to 
22

Na in subconjunctival tissue suggest that molecular 

size may control the rate of conjunctival/episcleral clearance [69,70]. The barrier location 

and clearance parameters of ocular tissue need to be considered when designing a transscleral 

drug delivery system. Rapid transscleral movement into the vitreous, under complete 

cessation of lymph and blood clearances following euthanasia, was demonstrated by 

hydrophilic contrast agents and magnetic resonance imaging [71]. Robinson et al. have also 

demonstrated that selective elimination of the conjunctival/episcleral clearance mechanisms 

results in higher amounts of intraocular drug penetration. Rabbits receiving a sub-Tenon’s 

injection of triamcinolone acetonide with an incised ‘conjunctival window’ inhibit local 

blood and lymphatic clearance in the conjunctiva. Under this condition higher drug levels in 

the vitreous were observed than rabbits that did not have the incision [2,39].  
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Studies were also performed to compare the delivery of sodium fluorescein to the 

retina following periocular injection and a unidirectional episcleral exoplant. The exoplant 

allowed release of dye on the episcleral side but not on the conjunctival side. Higher amounts 

of sodium fluorescein were detected in the retina following a unidirectional episcleral explant 

than periocular injection. The results from these studies suggest that conjunctival/episcleral 

clearance mechanisms play a significant role in the reduction of intraocular drug penetration 

[2,72]. 

Choroidal Blood Flow 

Choroidal blood flow is among the highest per unit volume in the body. The 

choriocapillaris containing large fenestrations deliver oxygen and nutrients to the eye, 

suggesting that the choroidal blood flow could act as a sink for molecules and prevent 

therapeutic agents from reaching the target. A very few reports have been available in the 

literature showing effect of choroidal circulation on drug delivery to posterior segment 

tissues [73,74]. Using episcleral implants on rabbits, Kim et al. have observed significant 

vitreous concentrations in ex-vivo experiments but negligible vitreous concentrations during 

in-vivo experiments. The authors had attributed the observed difference to the choroidal 

blood flow and assumed the choroid to be a complete sink in their computational model [71].  

Robinson et al. have used cryotherapy as a method to eliminate choroidal blood flow 

locally. A single freeze-thaw cycle with cryotherapy forms a chorioretinal scar but leaves the 

conjunctiva and sclera intact. Results from this study showed that elimination via the 

conjunctival lymphatic/blood vessels was more effective in reducing vitreal concentrations 

than elimination by choroidal vessels. Hence, this study suggests that choroidal blood flow 

may not significantly contribute to drug elimination following transscleral delivery [39]. 
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Balachandran et al. supports this finding with Thiele modulus that suggests that a large 

fraction of the dose diffuses through the choroid without being washed away by the blood 

flow. Hence, clearance by the blood flow is not as important factor for drug loss as 

previously thought. The results of the study show that a loss to choroidal circulation is not as 

important impeding factor as thought previously. In contrast, the mass transfer from the 

scleral surface was found to be significant and therefore, design of the drug vehicle to be 

placed on the episcleral region needs more attention [73]. 

Blood Retinal Barrier (BRB) 

The integrity of the BRB has been recognized as an important component of normal 

vision. Disruption of this barrier may cause various retinal vascular diseases and macular 

pathologies, causing blindness. BRB serves as a selective partitioning barrier and restricts 

drug movement between the retina and blood circulation. It also maintains a highly 

specialized environment of the neural tight junction. BRB is located in the posterior part of 

the globe and is composed of two parts. The tight junctions of the retinal pigment epithelium 

serves as a outer part of the barrier while the endothelial cells and pericytes of the retinal 

blood vessels serve as a inner part of the barrier [75,76]. Under normal pathological 

conditions, BRB serves as “non-leaky” firm tight junctions and restricts diffusion of various 

small molecules like glucose, amino acid [77], sodium ions  and fluorescein into the retina 

[78,79].   

Inner Blood Retinal Barrier 

The inner part of the BRB is similar to the blood-brain barrier except presence of 

higher density of interendothelial junctions and endothelial vesicles. In addition, it also 

possesses a slightly higher vascular permeability. Inner BRB also expresses about four times 
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as many pericytes, which may limit leakiness of the vasculature despite a reduced 

transcellular resistance [80]. It has been suggested that pericytes can add to the tightness of 

the inner barrier. Lower pericyte density has been observed as one of pathological change in 

diabetic retinopathy where retinal vessels leak [81]. A break in the BRB at optic disc has 

been observed which may allow diffusion of hydrophilic substances from choroid into optic 

nerve head [78]. The barrier property of retinal vascular endothelium has been observed for 

fluorescein (376 D) and also for larger molecules including thorium oxide, horseradish 

peroxidase (40 kD) and microperoxidase (1.9 kD) [76,81,82]. The significance of the BRB to 

retinal disease has been demonstrated by fluorescein angiography. Clinical investigation can 

detect relationships between the breakdown of the BRB and diverse retinal disease [83]. In a 

healthy eye, very small quantity of fluorescein or its metabolite fluorescein glucuronide 

transport is noted across the barrier. However, more fluorescein leakage occurs in diabetic 

retinopathy then in nonpathological state. Although fluorescein molecules in smaller 

diameter and eighteen times more lipid soluble then fluorescein glucuronide, the permeability 

of both molecules was found to be similar. This observation suggests that neither molecular 

dimension nor lipid solubility is the rate limiting factor for enhanced BRB transport in 

diabetic retinopathy. Rather, the leakiness appears across the water-filled pores in the barrier. 

Moreover ultrastructural changes can be seen in capillaries that invade the retina during 

phototoxic retinopathy [84,85].   

Outer Blood Retinal Barrier 

It is comprised of junctions at apical border between adjacent retinal pigment 

epithelial cells. These tight junctions are composed of multiple layers of anastomosing 

strands. It has been reported that the BRB breakdown in diabetic RPE is due to alterations of 
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plasma membrane permeability rather than a loss of tight junctions. In the dystrophic rat 

retina, there is no change in the plasma membrane permeability, rather there is a loss in the 

number of junction strands [76].  

1.2 Ocular Transporters  

Recent progress in transporter identification has greatly contributed to the field of 

ocular drug delivery. Various transporters have been explored and recognized for transferring 

exogenous and endogenous nutrients across the cell membranes [86]. Various efflux (Table 

4) and influx (Table 5) transporters have been identified on the various region of the eye. A 

major role of influx transporters is to deliver essential nutrients and therapeutic molecules 

across various ocular barriers. However, an efflux transporter relatively lowers ocular 

bioavailability of therapeutic drug by pushing molecules out of the cell. Anticancer, 

antifungal, antiviral, steroids and fluoroquinolones are known substrates of efflux 

transporters, which lowers ocular bioavailability [87-90]. Several strategies have been 

applied to evade drug efflux, among which transporter targeted prodrug derivatization is one 

of the most successfully utilized approach for improving ocular bioavailability of therapeutic 

agents [91,92]. 
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Table 4. Efflux transporters in various ocular tissues [91]. 

Ocular Tissue P-glycoprotein Multidrug Resistance 

Associated Proteins  

Breast Cancer 

Resistance Protein  

Cornea human and rabbit 

cornea 

rabbit cornea, human 

corneal epithelial cells 

(HCEC) 

HCEC 

Conjunctiva rabbit 

conjunctival cells 

human conjunctiva - 

Retina rabbit retina - - 

Retinal pigment 

epithelium (RPE) 

human RPE human RPE cells  human RPE cells 
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Table 5. Influx transporters in various ocular tissues [91]. 

Influx 

Transporters 

Substrates Ocular Tissues 

PepT1 Dipeptides cornea, conjunctiva, retina, RPE, 

BRB 

GLUT1 Glucose cornea, conjunctiva, retina, RPE, 

BRB    

ENT1 Nucleoside cornea, conjunctiva, retina, RPE, 

BRB    

MCT Monocarboxylate cornea, retina, RPE, BRB  

SVCT2 Ascorbic acid cornea, retina, RPE, BRB    

SMVT Biotin cornea, retina, RPE, BRB    

Riboflavin Riboflavin cornea, retina, RPE 

LAT1, LAT2 Large neutral amino acids cornea, retina, RPE, BRB    

ASCT1 Neutral amino acids cornea, retina, BRB    

B(0,+) Neutral and cationic amino 

acids 

cornea, conjunctiva, retina, BRB    

RFT Reduced folate retina, RPE, BRB    

PCFT Folate retina, RPE, BRB    

 

PepT = Peptide transporter; GLUT = Glucose transporter; ENT = Equilibrative nucleoside 

transporter; MCT = Monocarboxylate transporter; SVCT = Sodium-dependent vitamin c 

transporter; SMVT = sodium-dependent multivitamin transporter; LAT = L-amino acid 

transporter; ASCT = alanine-serine-cysteine transporter; RFT = Reduced-folate transporter; 

PCFT = Proton-coupled folate transporter; RPE = Retinal pigment epithelium; BRB = Blood-

retinal barrier. 
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1.3 Retinal Diseases 

1.3.A Retinoblastoma 

Retinoblastoma is a childhood cancer in the retinal cell layer of the eye. According to 

the National Cancer Institute, 300 estimated new cases of retinoblastoma have been reported 

in the US in 2011. Mostly, infants and younger children (< 6 years) are diagnosed with 

retinoblastoma and it occurs about equally in male and female child, irrespective of races and 

ethnicities. Retinoblastoma can occur equally in the right or left eye, and in about 1 in 4 

cases, both eyes are affected. While the overall five-year survival rate is > 90%, the outlook 

is not nearly as good if the cancer has spread outside of the eye. Retinoblastoma can be 

hereditary or non-hereditary (sporadic) in nature. The hereditary form requires only one 

spontaneous mutation whereas, sporadic form requires two separate spontaneous mutations. 

Retinoblastoma that occurs in only one eye is usually non-hereditary compared to hereditary 

form which occurs in both eyes [93]. There are two retinoblastoma tumor types: endophytic 

tumors originate from the retina into the vitreous while exophytic tumors occur in the 

subretinal space of the eye [94]. Typical symptoms of retinoblastoma include crossed eye, 

pain, redness, bulging forward of the eyes, a white spot in the pupil, tearing, cataract, 

differences in pupil size and iris color. Treatment strategies for retinoblastoma have 

gradually evolved over the past few decades. The most important goal is to save the patients 

life, followed by preservation of vision and the cosmetic appearance of the eye. 

Treatment options include enucleation (surgery), external beam radiotherapy (EBRT), 

cryotherapy (freezing treatment), photocoagulation (laser treatment), and chemotherapy 

(intravenous/subconjunctival). The goal of chemotherapy is to shrink the tumor making it 

treatable with radiation, cryotherapy, or laser photocoagulation. While chemotherapeutic 



22 
 

agents varied according to the preference of the oncologist, most of the current studies have 

relied on vinblastin, etoposide or carboplatin/topotecan [95,96]. 

The major cause of treatment failure in retinoblastoma management with systemic 

chemotherapy has been linked to chemo-resistance induced by tumor expression of the multi-

drug resistance (MDR) proteins, most notably MDR1/Pgp and MRPs [97,98]. Major concern 

is how MDR can be prevented. This has led some investigators to advocate the incorporation 

of cyclosporine into standard chemotherapeutic regimens, as cyclosporin blocks the MDR1 

trans-membrane pump [99]. The logic behind using adjuvant cyclosporin in combination 

with chemotherapy for retinoblastoma arises from its role in countering multi-antineoplastic 

drug resistance. Although the successful treatment of retinoblastoma using cyclosporine has 

been reported, however the high dosage necessary to affect MDR1 expression were found 

very toxic and debilitating for the patient [100,101]. Therefore, future studies are needed to 

determine more effective and less toxic drugs that can inhibit MDR for retinoblastoma 

therapy. 

1.3.B Diabetic Retinopathy 

Diabetic retinopathy is the most prevalent microvascular complication of diabetes, 

and remains a leading cause of vision loss in many developed countries. The development of 

this microvascular disease occurs gradually and silently in as many as 50% of type I and 10% 

of type II diabetic patients within 15 years of diagnosis [102,103]. Chronic hyperglycemia 

and other risk factors (hypertension, dyslipidaemia) are believed to trigger a cascade of 

biochemical and physiological changes that lead to microvascular damage and retinal 

dysfunction. The retinal manifestations of diabetes mellitus are broadly classified as either 

nonproliferative diabetic retinopathy (NPDR) or proliferative diabetic retinopathy (PDR). 
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The progression of NPDR, which covers only intraretinal microvascular changes, starts from 

mild nonproliferative abnormalities (altered retinal vascular permeability) to moderate and 

severe nonproliferative diabetic retinopathy (vascular closure). The eventual progression of 

PDR is characterized by new blood vessel formation and sometimes fibrous band 

proliferation on the retinal surface.  Macular edema, characterized by retinal thickening from 

leaky blood vessels, can develop in both stages of retinopathy due to increased retinal 

vascular permeability which leads to fluid accumulation in the retina [104,105].
 

Various hyperglycemia-induced metabolic abnormalities, including increased activity 

of the polyol pathway, advanced glycation end products (AGEs) and protein kinase C (PKC) 

activation are implicated in the progress of diabetic retinopathy. These metabolic pathways 

are considered to be interconnected and may mediate oxidative stress. Elevated oxidative 

stress plays a major role in the pathogenesis of diabetic complications [106,107]. Oxidative 

stress is the accumulation of reactive oxygen species (ROS) beyond the capacity of a cell to 

defend, due to increased generation or impaired removal of ROS [108]. The presence of a 

high content of polyunsaturated fatty acids, and high oxygen uptake and glucose oxidation 

renders the retina more susceptible to oxidative stress relative than any other tissue [109]. 

Critical events suggested in the pathogenesis of diabetic retinopathy are hyperglycemia, 

changes in the redox homeostasis and oxidative stress. Increased oxidative stress is reported 

in diabetic retina of animal models (diabetic and galactosemic rats). Elevated retinal levels of 

lipid peroxides, superoxide and hydrogen peroxide and down-regulation of the mRNA of the 

enzymes responsible for scavenging superoxide, superoxide dismutase (SOD), and 

glutathione reductase were reported in diabetic rat and mouse models [110-112]. A decreased 

level of intracellular antioxidant (GSH) and impairment of antioxidant defense enzymes in 
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the retina was also reported in diabetic rats [113]. Furthermore, increased oxidative stress is 

also observed in bovine retinal endothelial cells (BREC) and pericytes incubated in high 

glucose medium and in other non-vascular retinal cells including transformed retinal Muller 

cells (rMC-1) and photoreceptors [110,114]. These animal experiments clearly suggested an 

important role of oxidative stress in the development of retinopathy in diabetes. Moreover, 

animal studies have confirmed that oxidative stress not only contributes to the development 

of diabetic retinopathy but also offers resistance to reversal of the conditions after glycemic 

control [115]. However, the mechanism by which oxidative stress can contribute to the 

pathogenesis of diabetic retinopathy remains to be elucidated.  

1.3.C Glaucoma 

Glaucoma is a neurodegenerative disease of the optic nerve characterized by the 

accelerated death of retinal ganglion cells (RGCs) and their axons which ultimately leads to 

progressive vision loss. Elevated intraocular pressure (IOP) and age are key risk factors for 

glaucoma. Reducing IOP is the only current treatment option available to retard glaucoma 

progression in clinical practice. However, control of IOP by itself may not be sufficient to 

arrest the progression of glaucoma and strategies that compliment IOP control for protecting 

the optic nerve are required [116,117]. 

1.3.D Age-related Macular Degeneration (AMD) 

AMD is a progressive neurodegenerative disease that primarily affects the central 

region of the retina (macula) and is a leading cause of blindness in the elderly. The presence 

of macroscopically visible soft drusen, with areas of hyper- or depigmentation are 

characteristic early symptoms of AMD, whereas atrophy of photoreceptors and retinal 

pigment epithelium (RPE), or choroidal neovascularization are evident during later stages of 
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the disease [118-120]. Age-related growing oxidative damage to the RPE due to an 

imbalance between generation and elimination of ROS may be responsible for the 

pathophysiology of AMD [121,122]. Treatment of AMD has always been a challenge for 

ophthalmologists. Therapeutic strategies targeted to the VEGF-signaling pathway has shown 

some success in the treatment of neovascular wet AMD, however there are no proven 

medical treatments for the more common ‘dry’ AMD. Potential use of antioxidants for 

delaying later stage progression of AMD has been confirmed by the AREDS study [123]. 

However, success of this study was likely limited by the choice of dietary antioxidants 

(which was later addressed in a new NEI funded clinical trial) and the subsequent realization 

that dietary antioxidants provide differential subcellular protection in the epithelial cells 

[124]. 

1.4 Role of Mitochondrial Dysfunction in Retinal Diseases 

The mitochondrion is a critical organelle for cell function and survival. Its primary 

roles are ATP production, control of cellular metabolism and regulation of apoptosis 

(programmed cell death). It consists of inner and outer membranes composed of 

phospholipid bilayers containing numerous integral proteins (Fig. 2). Mitochondrial density 

varies among different cell types and is expressed abundantly in highly metabolic active cell 

types such as retinal pigment epithelium (RPE) [125]. Due to its critical functioning, 

mitochondrial dysfunction may severely affect tissue homeostasis. Oxidative damage 

induced by mitochondrial dysfunction is currently the most prevalent ageing theory [125-

128]. 
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Figure 2. Structure of Mitochondria 

 (figure reproduced from public domain http://en.wikipedia.org/wiki/File:Animal_mitochondrion_diagram_en.svg).
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Acute and chronic mitochondrial dysfunction is associated with a number of age-

related degenerative diseases. This section will summarize recent developments in 

understanding the role of the mitochondria as a weaker link in the antioxidant defenses of 

retinal cells and a potential contributor to the pathogenesis of retinal degenerations such as 

diabetic retinopathy, glaucoma and AMD. 

1.4.A Mitochondrial Dysfunction in Diabetic Retinopathy 

Mitochondria are considered to be the prime endogenous source of superoxides, 

peroxynitrite, and hydroxyl radicals, and are also a target for damaging effect of oxidants, 

suggesting the existence of a vicious cycle of oxidative damage [129]. Chronic 

overproduction of ROS in the retina results in abnormal mitochondrial function in diabetes 

(Fig. 3) [108,109,130]. Inhibition of antioxidant scavengers is one of the ROS-induced 

dysfunctions in mitochondria that may lead to enhanced sensitivity of retinal cells to 

oxidative stress. The isoform of SOD in the mitochondria (MnSOD) along with GSH may be 

suppressed in diabetic or high glucose-cultured retinal mitochondria [131-133]. Increased 

mitochondrial DNA damage has been reported in the diabetic retina of mice model [134]. 

Increased swelling of the mitochondria was observed in the retina of diabetic mice [131]. It is 

widely accepted that apoptosis of retinal cells is the most common incident in diabetic 

retinopathy. Kowluru et al. have demonstrated that the release of cytochrome c from 

mitochondria to the cytoplasm and Bax translocation from the cytoplasm to mitochondria 

that could drive cell apoptosis were increased in retinal capillary cells in diabetes [135]. 

Thus, it is evident that mitochondria play a crucial role in the development of retinopathy in 

diabetes, and oxidative stress can modulate mitochondrial cytochrome c release resulting in 

increased retinal capillary cell death.  
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Figure 3. Hyperglycemia mediated mitochondrial dysfunctioning in diabetic retinopathy. 
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Diabetic retinopathy is a complex disease which is difficult to treat due to its 

multifactorial nature. An efficient therapy will probably be a combination of drugs targeting 

multiple pathways involved in the pathogenesis of diabetic retinopathy. Since the disease 

pathogenesis is partially attributed to mitochondrial dysfunction, treatment options should 

also consider restoring normal mitochondrial function.  Oxidative stress is the significant 

instigator of hyperglycemia-induced mitochondrial damage. Therefore, treatment strategies 

to improve mitochondrial function by lowering oxidative stress may be an appropriate 

alternative [130]. Sheu et al. has described a number of antioxidants which can be 

transported into mitochondria but only a few have been tested in diabetic retinopathy [136]. 

Considering the role of superoxides in the development of diabetic retinopathy, SOD 

mimetics may represent a class of treatment to counter the effect of oxidative stress. MnSOD 

mimics are low-molecular weight, manganese containing, nonpeptidic molecules with similar 

function, and catalytic rates of native SOD enzymes. Kowluru et al. have shown that 

MnTBAP [manganese (III) meso-tetrakis (4-carboxypheny) porphyrin], can significantly 

inhibit glucose-induced decrease in GSH levels and translocation of cytochrome c from 

mitochondria and Bax into the mitochondria of retinal capillary cells. It can also inhibit 

apoptosis by suppressing caspase-3 activation [130,135]. It is therefore essential to recognize 

treatment strategies that could inhibit superoxide production which might represent a 

possible direction for clinical research in diabetes. Although the mimetics appear to be very 

promising, it is not known whether any of these mitochondria-targeted treatments are 

beneficial in diabetic retinopathy. Furthermore, pharmacokinetics and the route of 

administration also need to be addressed. Additional animal studies and clinical trials can 

resolve such issues [130]. 
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1.4.B Mitochondrial Dysfunction in Glaucoma 

Mitochondrial dysfunction is believed to contribute to the pathogenesis of a number 

of neurodegenerative disorders. Glaucoma has similar etiology to other neurodegenerative 

diseases, such as selective loss of a single neuronal cell population, age related incidence, 

and neuronal cell death. The dense distribution of mitochondria around the optic nerve head, 

the primary site of glaucomatous axonal injury, reflects a high requirement for ATP 

[116,117]. Ju et al. have recently demonstrated the induction of mitochondrial fission, 

abnormal cristae depletion, and cellular ATP reduction in differentiated RGC-5 cells exposed 

to high hydrostatic pressure over three days. This observation suggests that elevated pressure, 

a major risk factor in glaucoma, may disrupt mitochondrial structure and function in RGCs, 

possibly leading to apoptosis (Fig. 4) [116,137]. An association between glaucoma and 

mitochondrial dysfunction has also been suggested in a recent clinical study where a 20% 

reduction in mitochondrial respiratory function and an increase in mitochondrial DNA 

mutation were observed in peripheral blood of primary open-angle glaucoma patients relative 

to an age-matched control group [138]. The mitochondria are key regulator of apoptosis and 

are implicated as the prime factor responsible for neuronal loss in neurodegenerative 

diseases. Evidence has also suggested that apoptosis is an important mechanism of cell death 

in glaucoma neurodegeneration. RGC apoptosis occurs in animal glaucoma models and in 

the retina of glaucoma patients [139,140]. There is growing evidence to support involvement 

of mitochondria mediated ROS-induced RGC injury. ROS generation is noticed in the retina 

and optic nerve of glaucoma animal models and in retinal ischemia reperfusion models 

[141,142]. Furthermore, human studies have also confirmed the involvement of 

mitochondria-mediated oxidative stress in glaucoma due to up-regulation of various 
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antioxidant proteins (eg. serum auto-antibodies, glutathione S-transferase and iron-regulating 

proteins) [143,144]. 

 

 

Figure 4. Involvement of mitochondrial dysfunctioning in glaucoma pathogenesis. 
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As a potential neuroprotective therapy, various antioxidants have been studied in 

neurodegenerative diseases with partial success. Advances have also been made in targeting 

antioxidants directly to the mitochondria, a major site of ROS production, by conjugating 

antioxidants to lipophilic cations [136,145]. The mitochondria-targeted cationic 

plastoquinone derivative SkQ1 (10-(6′-plastoquinonyl) decyltriphenylphosphonium) has been 

investigated as a prospective tool for treating experimental glaucoma induced by serial 

injections of 2% hydroxypropyl methyl cellulose to the anterior segment of the rabbit eye. 

Once daily drops of 5 μM SkQ1 caused a reduction in glaucomatous changes [146]. SkQ1 

appears to be a promising candidate for treating glaucoma. Involvement of mitochondria in 

glaucoma pathogenesis might therefore represent a new therapeutic target for protecting the 

optic nerve and preventing vision loss. 

1.4.C Mitochondrial Dysfunction in AMD 

Strong evidence showing mitochondrial dysfunction in AMD has been reported. An 

association between AMD and a variant of mitochondrial protein (LOC387715/ARMS2) has 

been identified [147]. In AMD, genetic variants at two chromosomal loci, 1q32 and 10q26 

confer major disease risks. A consensus from multiple studies is that the 1q32 and 10q26 

regions simultaneously harbor a first and second major genetic determinant of AMD 

susceptibility [148-151]. Previous studies have identified chromosome 1q32 as harboring a 

susceptibility locus (complement factor H) for AMD which does not have any connection to 

the mitochondria [150,151]. However, signals at 10q26 overlap two nearby genes, 

LOC387715/ARMS2 (age-related maculopathy susceptibility 2) and HTRA1/PRSS11 (high-

temperature requirement factor A1). The LOC387715/ARMS2 gene produces a protein of 

unknown function that localizes in the mitochondria, and polymorphisms in 
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LOC387715/ARMS2 alter the risk of AMD by modulating the function of this gene [147-

149,152]. Furthermore, changes in the activity or regulation of LOC387715/ARMS2 are 

likely to be responsible for the impact on AMD disease susceptibility [152].
 

Retinal pigment abnormalities and RPE atrophy similar to those present in the early 

AMD phenotypes are detected in 75% of individuals with the MELAS A3243G 

mitochondrial DNA mutation [153]. mtDNA haplogroups which are associated with either 

increased or decreased prevalence of age-related maculopathy have been identified [154]. So 

far there is no report available which confirms the association of similar mtDNA haplotypes 

with AMD. Based on this finding one can further explore the possible involvement of 

mtDNA haplogroups in AMD.
 

In addition, the oxidative stress hypothesis of AMD proposes that cumulative 

oxidative damage to proteins, lipids, and DNA also leads to disease progression. Changes in 

selected redox proteins (an indicator of increased oxidative stress) and altered protein 

expression reflecting impaired mitochondrial biogenesis were found in human donor eyes 

with the progression of AMD [155,156]. These findings led to the proposition that 

bioenergetic consequences of mtDNA derangements may be expressed in macular RPE as a 

maculopathy and contribute to the development of AMD. Evidence of mitochondrial 

dysfunction from human tissue examination and animal models has also been reported. Feher 

et al. revealed through morphometric studies a significant diminution in number and area of 

RPE mitochondria as well as loss of cristae and matrix density with age in AMD specimens. 

These decreases were significantly greater in AMD than in normal aging. This study has 

further confirmed that besides changes in mtDNA, alterations of mitochondrial membranes 
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may also play a crucial role in the development of mitochondrial dysfunctions in AMD 

[157]. 

Despite evidence of mitochondrial dysfunction in AMD where emphasis is focused 

on the RPE, only a few studies have been focused the role of mtDNA damage and repair in 

the retina. Barreau et al. has identified mtDNA deletions in aged human retina [158]. 

Increased mtDNA damage and decreased repair, along with reduced mitochondrial 

respiration in RPE and choroid of rodents are also observed with progression of ageing [159]. 

Thus, mtDNA damage in RPE is associated with aging and may be a susceptibility factor in 

the development of AMD. 

Cell culture studies have shown damage to mtDNA but not to nuclear DNA (nDNA) 

in human RPE cells exposed to oxidizing or alkylating agents [160]. Furthermore, nDNA 

damage repair appears to be rapid relative to mtDNA repair in the RPE, which appears to be 

slow and relatively inefficient. The lack of evidence for mtDNA repair in response to 

oxidative stress further suggests that the mitochondrion is a weaker link in the RPE cell’s 

defense against oxidative damage [161-163]. A collective outcome of mtDNA damage will 

be the reduction in metabolic activity and/or an increased propensity for apoptosis. However, 

mtDNA repair capacity appears to be overwhelmed, resulting in diminished mtDNA repair 

which may play a significant role in the commencement of AMD [159,163]. Further 

evidence has shown that human RPE cells treated with H2O2 resulted in mtDNA damage, 

which leads to compromised mitochondrial redox function due to impaired repair mechanism 

[160,163]. This impaired repair mechanism clearly explains the susceptibility of mtDNA to 

oxidative damage in human RPE cells, together with the age-related decrease of the cellular 

anti-oxidant system [163]. 
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The susceptibility of RPE mtDNA to oxidative damage along with failure of mtDNA 

repair provides an intriguing and plausible mechanism for a mitochondria-based model of 

AMD and retinal degeneration. Figure 5 summarizes the possible mechanisms of AMD from 

oxidative stress to mtDNA damage [125,163,164]. 

 

 

 

Figure 5. ROS-induced mtDNA damage based model for development of AMD. 
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In support of the therapeutic concept for retinal degeneration, a study by Jarrett et al. 

has confirmed that dietary interventions can provide oxidative protection to hippocampal 

mtDNA and can lower ROS levels in rat model of AMD [165]. Reports have further proven 

that Bcl-2 overexpression, melatonin, ascorbic acid and glutathione-S-transferase can prevent 

mtDNA damage in cultured RPE [124,166-168]. An alteration of mitochondrial membranes 

in AMD has immediate clinical significance as several in vitro and in vivo studies showed 

that mitochondrial membranes may be a target for the treatment of mitochondrial 

dysfunction. Compounds with specific affinity for mitochondrial membranes 

(mitochondriotropic) can restore mitochondrial functions [146]. Alterations of mitochondrial 

membranes are accompanied by considerable accumulation of lipofuscin which may account 

for oxidative damage to the RPE [169]. Oxidative damage may result in impaired lipid 

metabolism and apoptosis, characteristics of late AMD [170]. Improvement in lipid 

metabolism in the RPE may be an innovative therapeutic approach for preventing AMD. As 

mitochondria and peroxisomes are implicated in both lipid biosynthesis and catabolism, 

Feher et al. suggested that the most effective dietary intervention may be achieved by 

targeting these organelles. These researchers developed a new metabolic approach by 

combining mitochondriotropic compounds, including acetyl-L-carnitine (ALC), n-3 fatty 

acids, coenzyme Q10 and vitamin E, for improvement of retinal function in early AMD. 

Clinical studies have confirmed this finding, since a combination of ALC, omega-3 fatty 

acids and coenzyme Q10, after an initial improvement, stabilized several visual functions in 

early AMD [171]. Recently, these preliminary results were confirmed by a randomized, 

double-masked, placebo controlled, clinical trial that showed improvement in both visual 

function and fundus alterations in early AMD [172]. These results regarding the restoration 
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of mitochondrial function are certainly very promising for a new therapeutic approach for the 

treatment of AMD. 
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CHAPTER 2 

MOXIFLOXACIN INTERACTION WITH TRANSPORTERS AND ANTICANCER 

AGENTS FOR RETINOBLASTOMA MANAGEMENT 

2.1 Overview 

Retinoblastoma is a major, vision-threatening, intraocular malignancy affecting 300 

children/year in the USA [173]. Chemoreduction is the key treatment for retinoblastoma 

which includes topotecan, etoposide and vinblastine. However, chemoresistance is the major 

cause of treatment failure in retinoblastoma since, anticancer agents suffer from poor cell 

permeability due to major interaction with multi-drug resistance (MDR) efflux proteins: P-

glycoprotein (P-gp/MDR1) and multidrug resistant protein 2 (MRP2). MDR1 and MRP2 

belong to the ATP-binding cassette transporter superfamily and act as energy-dependent 

efflux pumps, decreasing the intracellular drug concentration. Several attempts have been 

made to overcome MDR using MDR1 or MRP2 inhibitors [100,101]. However, major 

limitations of MDR1 or MRP2 inhibitors are (i) lack of clinical approval, (ii) undesirable 

pharmacokinetic interaction with metabolizing enzymes, (iii) negligible improvement in 

therapeutic drug activity, (iv) off-target effects and (v) detrimental side effects and toxicity at 

therapeutic dose levels. Furthermore, these inhibitors can blocks only a single efflux 

transporter functionality out of multiple efflux transporters overexpressed on the tumor cells. 

Therefore, alternative safe MDR modulators are needed that can simultaneously regulate 

multiple efflux sites and also improve anticancer efficacy for retinoblastoma therapy.   

Moxifloxacin is an 8-methoxy fluoroquinolone with a broad spectrum of bactericidal 

activity against gram positive and gram negative pathogens. The antibacterial spectrum of 

moxifloxacin includes all major upper and lower respiratory tract pathogens as well as ocular 
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pathogens. Ocular cells have shown good tolerance against moxifloxacin even at higher dose 

levels [174]. Moxifloxacin interferes with bacterial survival by binding to DNA gyrase 

(topoisomerase II) and topoisomerase IV, essential bacterial enzymes involved in the 

replication, translation, repair and recombination of deoxyribonucleic acid [175,176]. 

Recently, the anti-topoisomerase activity of moxifloxacin has also been evident in 

several eukaryotic and tumor cells [177-179]. Furthermore, moxifloxacin has also displayed 

anti-proliferative, anti-angiogenic, immuno-modulatory and pro-inflammatory cytokines 

suppression activity, which points to its potential for treating chronic tumors [178,180-184]. 

Since a majority of fluoroquinolones become ineffective due to bacterial as well as efflux 

pump mediated acquired resistance, it is important to delineate the interaction of 

moxifloxacin with major efflux transporters before evaluating its potential for tumor 

management. This knowledge may provide better direction to overcome MDR caused by 

efflux transporters. Furthermore, a majority of fluoroquinolones are known substrates of the 

monocarboxylate transporter (MCT) [185,186]. Therefore, understanding moxifloxacin 

substrate specificity to the monocarboxylate influx transporter is also important to delineate 

mechanism of its active transcellular localization. Finally, understanding the interaction of 

moxifloxacin with anticancer agents may offer new insight for regulation of MDR in 

retinoblastoma.  

This part of dissertation deals with interaction of moxifloxacin with the influx 

transporter (MCT), efflux transporters (MDR1 and MRP2) and anticancer agents (etoposide, 

topotecan and vinblastin). 

2.2 Statement of the Problem 

Chemoresistance is the major cause of treatment failure in retinoblastoma.   
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Anticancer agents suffer from poor cell permeability and MDR due to major interaction with 

efflux proteins (MDR1 and MRP2) over-expressed on retinoblastoma tumor. A strategy of 

utilizing efflux pump inhibitors to overcome MDR has its own limitations since these 

inhibitors are not clinically approved. Ocular cells have shown good tolerability against 

clinically accepted fluoroquinolone, moxifloxacinat, at higher dose level. As a majority of 

fluoroquinolones have become ineffective due to efflux mediated acquired drug resistance 

therefore, it is important to delineate the interaction of moxifloxacin with major efflux 

transporters. Moreover, various reports suggest that fluoroquinolones are a known substrate 

of the monocarboxylate influx transporter. Therefore, knowledge of moxifloxacin substrate 

specificity to monocarboxylate influx transporter may delineate the mechanism of its active 

transcellular localization. Furthermore, based on the literature findings which suggest 

potential role of moxifloxacin in modulating activity of cytotoxic agents, it would be 

interesting to study its interaction with anticancer agents for the management of 

retinoblastoma. We hypothesized that in such interactions, moxifloxacin will not only 

modulate the permeability of anticancer agent across retinoblastoma cells expressing efflux 

proteins (due to competitive inhibition at efflux sites) but it will also modulate the 

antiproliferative activity of chemotherapeutics. This approach may simultaneously reduce the 

chemoresistance, chemotherapeutic dose and associated dose-limiting toxicities. 

2.3 Objectives 

The objectives of this part of dissertation project are:  

a) to study in vitro interaction of moxifloxacin with the monocarboxylate influx 

transporter on ARPE 19 cells using model MCT substrates and inhibitors. 
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b) to study in vitro interactions of moxifloxacin with MDR1 and MRP2 efflux 

transporters by uptake and bi-directional transport experiments on transfected MDCK 

cells. 

c) to determine IC50 values of moxifloxacin inhibition of MDR1- and MRP2-mediated 

efflux functionality.  

d) to study in vitro interaction of moxifloxacin with anticancer agents by uptake and bi-

directional transport experiments on transfected MDCK cells. 

e) to study modulation of anticancer cytotoxicity and anti-apoptotic activity by 

moxifloxacin in human retinoblastoma cells. 

f) to study modulation of anticancer induced cytokines release by moxifloxacin in 

human retinal pigment epithelial cells.  
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CHAPTER 3 

INTERACTION OF MOXIFLOXACIN WITH INFFLUX TRANSPORTER 

3.1 Rationale 

Localized drug delivery is an important alternative to systemic therapy owing to its fewer 

side effects upon chronic drug exposure. Intravitreal injection is the most common localized 

drug delivery route for treating retinal ailments as age-related macular degeneration (AMD), 

diabetic retinopathy, retinoblastoma and endophthalmitis [187,188].  

Postoperative endophthalmitis remains as a most devastating complication of cataract 

surgery possessing significant vision threat. Moxifloxacin (Fig. 6), a fourth generation 

fluoroquinolone has shown a potent and rapid bactericidal activity against postoperative 

endophthalmitis pathogens. Reports have suggested safe and effective intracameral delivery 

of moxifloxacin in an animal endophthalmitis model [189]. Furthermore, efficacies 

intravitreal delivery of moxifloxacin for bacterial endophthalmitis has been reported 

clinically [189,190]. However, lowest vitreous half-life of moxifloxacin (1.76 h) among other 

fluoroquinolones (ofloxacin→5.6 h and ciprofloxacin→2.2 h) used for the treatment of 

bacterial endophthalmitis has been reported in the literature [190-192]. Typical order of 

fluoroquinolones lipophilicity (moxifloxacin > ciprofloxacin > ofloxacin) explains the faster 

vitreal elimination of highly lipophilic moxifloxacin [193].  Vitreal elimination of molecules 

largely depends on its physicochemical properties such as hydrophilicity, lipophilicity (log 

P), molecule size and diffusion across vitreous fluid. Moreover, substrate specificity of drug 

molecules for transporters expressed on retinal pigmented epithelium (RPE) or retinal blood 

capillaries may also have an effect on its vitreous half-life [193]. Therefore, in this report we 

aim to delineate interaction of moxifloxacin with monocarboxylate influx transporter present 
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on the RPE to evaluate its role in vitreous elimination of intravitreally administered 

moxifloxacin.  

Monocarboxylates such as lactate, acetate, pyruvate and ketone bodies are known to 

be transported via H
+
-coupled, Na

+
-coupled or anionic-exchange carrier mediated process in 

a variety of cells and tissues [194]. Monocarboxylate transporter (MCT) is a family of 

proton-linked plasma membrane transporters which actively translocate monocarboxylates. 

The substrates recognized by MCT are in general weak monovalent organic acids with the 

carboxyl group attached to a relatively short side chain [195]. Various reports suggest that 

fluoroquinolones such as ciprofloxacin, levofloxacin and ofloxacin are known substrates of 

MCT [185,186]. This may be due to the presence of carboxyl group in the chemical structure 

of these fluoroquinolones acting as a MCT substrate recognition site (Fig. 6). Recently, 

functional and molecular localization of MCT has been reported on the apical membrane of 

retinal pigment epithelium cells (ARPE-19) [196]. Therefore, ARPE-19 can be used as a 

model retinal cell line to screen substrate specificity of potential drug candidates toward 

MCT expressed on RPE [196]. Here, we aim to evaluate the in vitro interaction of 

moxifloxacin with MCT using ARPE-19 cells. L-lactic acid, which has been widely used as a 

substrate for carrier-mediated monocarboxylate transport processes in various tissues/organs, 

was chosen as the model substrate along with other agents such as salicylic acid and 

ofloxacin [197-201]. In addition, pH dependency and competitive uptake inhibition studies 

were also performed to delineate the mechanism of moxifloxacin influx via MCT. 
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Figure 6. Chemical structures of fluoroquinolones. 
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3.2 Material and Methods 

Materials 

A retinal pigment epithelial (ARPE-19) cell line was purchased from American Type Culture 

Collections (ATCC; Manassas, VA, USA). Fetal bovine serum (FBS) was purchased from 

Atlanta Biologicals (Lawrenceville, GA, USA) and D-MEM/F-12 was obtained from Gibco 

(Invitrogen, Grand Island, NY, USA). Streptomycin, penicillin, sodium bicarbonate, HEPES, 

p-chloromercuribenzene sulfonate (pCMBS), quercetin, D,L-dithiothreitol (DTT), 4,4'-

diisothiocyano-2,2'-stilbenedisulfonic acid (DIDS), 2,4-dinitrophenol (DNP), ouabain, and 

sodium azide were purchased from Sigma-Aldrich (St. Louis, MO, USA). Culture flasks (75 

cm
2
 growth area) and 12-well (3.8 cm

2
 growth area per well) culture plates were obtained 

from Corning Costar Corp. (Cambridge, MA, USA). [
14

C] L-lactic acid (specific activity : 

131 mCi/mmol) was procured from Perkin-Elmer Inc. (Boston, MA, USA). Levofloxacin 

and moxifloxacin was acquired from TCI America (Sunnyvale, CA, USA) and China, 

respectively. Bradford protein assay reagent was purchased from Bio-Rad Laboratories 

(Hercules, CA, USA). All the solvents were of HPLC grade and obtained from Fisher 

Scientific (St. Louis, MO).  

Cell Culture 

ARPE-19 cells (passages 20-30) were cultured in D-MEM/F-12 (1:1) and incubated at 37 
0
C 

with 5% CO2 and 90% relative humidity. The growth media was supplemented with 10% 

heat-inactivated FBS, 15 mM HEPES, 29 mM sodium biocarbonate, penicillin (100 U/mL), 

streptomycin (100 μg/mL). For uptake experiments, cells were seeded at a density of 3×10
6
 

cells per 12-well tissue culture plates. The medium was changed every alternate day and cells 

were allowed to grow for 26-28 days before conducting experiments. 



46 
 

Stock Solution and Sample Preparation 

Different stocks were prepared for the calibration standards of moxifloxacin and other 

compounds. For moxifloxacin, the stock solutions were prepared in DMSO and diluted with 

the uptake buffer (for experiments) or mobile phase (for analysis). Stock solutions of various 

substrates and inhibitors such as quercetin, pCMBA, pCMBS, 2,4-DNP, DTT, DIDS, 

ouabain and sodium azide were also prepared in DMSO. Final concentration of DMSO in the 

uptake medium was adjusted to below 2% to avoid any damage to the ARPE-19 cells. For 

LC/MS analysis, samples were thawed at 37 
0
C and 20 µL (10 µg/mL) of levofloxacin (IS) 

was added and vortexed for 30 s. 900 µL of cold ethyl acetate (protein precipitating and 

extraction solvent) was added to the 200 µL of sample to promote protein precipitation. 

Samples were vortexed and centrifuged at 12,000 rpm for 5 min. The supernatants were 

subjected to vacuum drying at 40 
0
C for 2 h. Finally, the vacuum dried samples were 

reconstituted with 200 µL of mobile phase for analysis. 

LC/MS–MS Conditions 

All experiments were performed on an API 3200 triple quadrupole linear QTrap spectrometer 

(Applied Biosystem/MDS Sciex) Agilent LC pump and an auto-sampler. After sample 

preparation, 10 µL of the clear upper layer was injected on a Luna XTerra
®

 C18 analytical 

column (50 × 2.1 mm, 5 µm) for chromatographic separation. The mobile phase (0.1 % 

trifluroacetic acid in distilled deionized water and acetonitrile (50:50)) flow rate was adjusted 

to 0.25 mL/min. The MDS Sciex API 3200 Triple Quadrupole linear QTrap mass 

spectrometry (Applied Biosystems/MDSSciex, Foster City, California) system was interfaced 

by turbo ion spray with positive ion source in Multiple Reaction Monitoring (MRM) mode 

was used for detection of positive ions (electrospray ionization). Levofloxacin was used as an 
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internal standard (IS) for analysis. With a scan width of 0.5 m/z and injection rate of 20 

µL/min, following transitions were measured: 402.2→384.2 for moxifloxacin and 

362.2→344.2 for levofloxacin (IS). Ion spray voltage, dwell time, and capillary temperature 

were set at 5200 V, 400 ms and 350 °C, respectively.  

Concentration Dependence Uptake of Moxifloxacin on ARPE-19 Cells 

Uptake of moxifloxacin was performed according to earlier published protocol with minor 

modifications [92]. Briefly, 28-30 days postseeding of ARPE-19 cells, the medium was 

removed and cells were washed twice with Dulbecco’s phosphate buffered saline (DPBS, pH 

5.0) containing 130 mM NaCl, 2.5 mM KCl, 7.5 mM Na2HPO4, 1.5 mM KH2PO4, 1 mM 

CaCl2, 0.5 mM MgSO4 and 5 mM glucose. Moxifloxacin solutions were prepared at different 

concentrations (0.5-250 µM) in DPBS (pH 5.0), and spiked with L-Lactic acid (10 mM). 

Uptake was initiated by incubating the cells with 1 mL of each solution for a predetermined 

time at 37 °C. Previously published experiments revealed that L-lactic acid uptake was linear 

for at least 60 s therefore, we kept constant incubation period of 60 s for moxifloxacin uptake 

[196]. Following incubation, the solution was removed and cells were washed twice with ice-

cold stop solution (0.52 g/L HEPES and 15.64 g/L KCl) to stop cellular uptake of 

moxifloxacin. Cells were lysed by rapid freeze–thaw cycle (three times) and moxifloxacin 

was extracted following cold ethyl acetate extraction. Samples were further analyzed using 

the LC-MS/MS method as described previously. All the experiments were performed in 

quadruplicate and cellular accumulation was normalized using protein count measured by 

Bio-Rad protein assay.  
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pH Dependency and Competitive Inhibition Studies 

The uptake experiment was performed as described previously. pH dependency of in vitro 

moxifloxacin uptake was determined using different pH buffer solutions (pH 5.0-7.4). 

Furthermore, interaction of moxifloxacin was evaluated using known MCT substrates such as 

salicylic acid (10 mM), ofloxacin (1 mM) and L-lactic acid (5 and 10 mM). Moxifloxacin (10 

µM) and MCT substrates were simultaneously incubated for 60 s for in vitro uptake studies 

on ARPE-19 cells. Finally, effect of MCT inhibitors (Quercetin, pCMBA, and pCMBS), 

metabolic inhibitors (ouabain and sodium azide), protonophores (DNP), anion transporter 

inhibitors (DIDS), and sulfhydryl-group modifying agents (NEM and DTT) on moxifloxacin 

uptake was determined by pre-incubating ARPE-19 cells for 10 min with DPBS buffer (pH 

7.4) (control) or above inhibitors. Uptake of moxifloxacin (10 µM) was then performed for 

60 s and samples were analyzed using LC-MS/MS as described previously.  

Data Treatment 

Uptake data was fitted to the classical Michaelis-Menten equation represented in equation 1, 

……………Eq. 1. 

when V is the total rate of uptake, Vmax is the maximum uptake rate for the carrier-mediated 

process, Km (Michaelis-Menten constant) is the concentration at half maximum velocity and 

C is the substrate concentration. Data were fitted to equation 1 with the aid of a nonlinear 

least squares regression analysis program (Kaleida Graph V3.09, Synergy Software). 

Statistical Analysis 

All experiments were conducted in quadruplicate and results are expressed as mean ± 

standard deviation (SD). Michaelis-Menten parameters Km and Vmax, are expressed as 
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mean ± SD. Statistical analysis between two groups were determined using Student’s t test. A 

difference between mean values was considered statistically significant at p < 0.05. 

3.3 Results 

LC/MS-MS Method Moxifloxacin Detection 

An LC/MS method was successfully developed for moxifloxacin with levofloxacin (IS) (Fig. 

7). The method was developed over the linear (r
2 

> 0.99) concentration range 30-1000 ng/mL 

for both moxifloxacin and levofloxacin. Lower limit of quantification (LLOQ) was found to 

be 5.0 and 7.8 ng/mL for moxifloxacin and levofloxacin, respectively. 

Concentration Dependent Uptake of Moxifloxacin 

Concentration dependency of moxifloxacin was determined by incubating ARPE-19 cells 

with L-lactic acid (10 mM) and various concentrations of moxifloxacin (0.5-250 µM). The 

concentration of moxifloxacin was determined by LC/MS-MS analysis following cold ethyl 

acetate extraction. Cellular accumulation of moxifloxacin display saturable kinetics (Fig. 8). 

Km and Vmax of moxifloxacin uptake on ARPE-19 cells were found to be 2.02 ± 0.04 µM 

and 14.51 ± 2.94 nmol/min/mg of protein, respectively.  

Effect of MCT Substrates on Moxifloxacin Uptake 

Moxifloxacin uptake was analyzed in presence of various MCT substrates on ARPE-19 cells. 

Significant (p < 0.05) reduction of moxifloxacin uptake was observed in presence of salicylic 

acid (~ 72%), ofloxacin (~ 56%) and L-lactic acid (~ 52% and ~ 64%) (Fig. 9). 

 

 



50 
 

 

Figure 7. LC/MS mass spectrum of moxifloxacin (m/z 402.2→384.2) using levofloxacin 

(m/z 362.2→344.2) as an internal standard. 
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Figure 8. Concentration dependent uptake of moxifloxacin (0.5 - 250 µM) on ARPE-19 cells. 

Values are expressed as mean ± SD (n = 4). 
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Figure 9. Cellular accumulation of moxifloxacin (MFX) alone and in presence of salisylic 

acid, ofloxacin and L-lactic acid across ARPE-19 cells. Values are expressed as mean ± SD 

(n = 4). 
*
Data were considered statistically significant for P ≤ 0.05. 
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Effect of MCT Inhibitors on Moxifloxacin Uptake 

Effect of specific MCT inhibitors such as quercetin (100 and 200 µM), pCMBA (200 and 

500 µM) and pCMBS (1, 10, 50 and 100 µM) on moxifloxacin (10 µM) uptake was studied 

on ARPE-19 cells. Significant (p < 0.05) reduction of moxifloxacin uptake was observed in 

response to MCT inhibitors. Moxifloxacin uptake was reduced to ~ 70% at 100 and 200 µM 

concentration of quercetin and ~ 40% at 200 and 500 µM concentration of pCMBA (Fig. 10). 

Furthermore, pCMBS (MCT1 inhibitor) also exhibited concentration dependent inhibition of 

moxifloxacin uptake by ~ 25-65% on ARPE-19 cells (Fig. 10). 

Effect of Protonophore and Organic Anion Transporter Inhibitor on Moxifloxacin Uptake 

Effect of protonophore (DNP) on moxifloxacin (10 µM) uptake was studied on ARPE-19 

cells. Cellular accumulation of moxifloxacin was reduced to ~ 40% by DNP (500 µM) 

whereas, no significant change in moxifloxacin uptake was observed due to DIDS (organic 

anion transporter inhibitor) on ARPE-19 cells (Fig. 11). 

Effect of Sulfhydryl-Modifying Agents on Moxifloxacin Uptake 

Effect of sulfhydryl-modifying agents (NEM and DTT) on the uptake of moxifloxacin (10 

µM) was determined on ARPE-19 cells. Cellular uptake of moxifloxacin was reduced to ~ 

62% and ~ 51% by NEM (500 µM) and DTT (500 µM), respectively (Fig. 11).  

Effect of pH and Metabolic Inhibitors on Moxifloxacin Uptake 

Uptake of moxifloxacin (10 µM) was performed as a function of different buffer pH 

compositions. Cellular accumulation of moxifloxacin was observed ~ 2.3 and ~ 1.4 fold 

higher at pH 5.0 relative to pH 7.4 and pH 6.0, respectively (Fig. 12). Furthermore, effect of 

metabolic inhibitors such as ouabain (Na
+
/K

+ 
ATPase inhibitor) and sodium azide (an 

uncoupler of oxidative phosphorylation) on moxifloxacin uptake was also determined on 
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ARPE-19 cells. Moxifloxacin uptake was reduced to 40% and 50% by sodium azide (1 and 

10 mM) and 50% by ouabain (1 mM) (Fig. 13). 
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Figure 10. Inhibition of moxifloxacin (MFX) uptake by MCT inhibitors. Values are 

expressed as mean ± SD (n = 4). 
*
Data were considered statistically significant for P ≤ 0.05. 
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Figure 11. Inhibition of moxifloxacin (MFX) uptake by protonophore (DNP), organic anion 

transporter inhibitor (DIDS) and sulfhydryl-modifying agents (NEM and DTT). Values are 

expressed as mean ± SD (n = 4). 
*
Data were considered statistically significant for P ≤ 0.05. 
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Figure 12. Effect of pH on cellular accumulation of moxifloxacin (MFX) across ARPE-19 

cells. Values are expressed as mean ± SD (n = 4).  
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Figure 13. Inhibition of moxifloxacin (MFX) uptake by metabolic inhibitors (ouabain and 

sodium azide) across ARPE-19 cells. Values are expressed as mean ± SD (n = 4). 
*
Data were 

considered statistically significant for P ≤ 0.05. 
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3.4 Discussion: 

Clinical endophthalmitis may affect the elimination half-life of a drug depending on 

its physiochemical properties (e.g. lipophilicity, size and structure) and elimination route 

(e.g. posterior route through passive or active transport across retina and anterior route 

through aqueous humor). Zwitterions such as ciprofloxacin and other fluoroquinolones are 

eliminated by posterior route and display shorter elimination half-lives relative to cationic 

compounds, which are primarily eliminated by passive transport through anterior chamber 

and aqueous humor [190]. However, in vitro MIC 90 value (minimum inhibitory 

concentration to inhibit 90% pathogens) of moxifloxacin for bacteria commonly encountered 

in postoperative and posttraumatic endophthalmitis are lowest (0.25 to 2.5 µg/mL) relative to 

other fluoroquinolones, making it promising candidate for treating ocular infections [202-

204].   

Moxifloxacin displays a low vitreous half-life compared to other fluoroquinolones 

indicating possibilities of its reorganization and translocation by active transport system 

present on the retina, which leads to rapid drug elimination from vitreous. Carrier-mediated 

(Na
+
 and H

+
) transport mechanism of monocarboxylic acid via MCT has been reported on 

retinal pigment epithelium cells (ARPE-19) [196]. A carrier mediated uptake of L-lactic acid 

(known MCT substrate) on ARPE-19 cells represents a potential mechanism by which 

monocarboxylic acid drugs eliminates from vitreous humor to retina.  

The aim of present study was to evaluate moxifloxacin recognition by carrier-

mediated MCT as a possible cause of its faster vitreous elimination. Significant reduction of 

moxifloxacin uptake in presence of competitive MCT substrates (L-lactic acid, ofloxacin and 

salisylic acid) on ARPE-19 cells suggests competitive inhibition of moxifloxacin uptake by 
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these monocarboxylates (Fig. 9). This study provides preliminary indication of possible 

moxifloxacin interaction with MCT. However, moxifloxacin uptake inhibition was not 

observed by di- and tri- carboxylic acids in ARPE-19 cells (data not shown) [205-208]. This 

observation further suggests that cellular accumulation of moxifloxacin is mediated by MCT 

influx transporter. Furthermore, significant reduction of moxifloxacin uptake by quercetin 

and pCMBA (classical inhibitors of MCT) [206,209,210] confirms active involvement of 

MCT during moxifloxacin uptake across ARPE-19 apical cell monolayer (Fig. 10). 

Reduction of moxifloxacin uptake by pCMBS (Fig. 10), a potent inhibitor of MCT1 but not 

MCT2 [196], states that MCT1 is involved in moxifloxacin uptake process. 

The uptake of moxifloxacin on ARPE-19 cells was found saturable (Fig. 8). The 

kinetics determination of moxifloxacin uptake on ARPE-19 cells yielded Km of 2.02 ± 0.04 

µM and Vmax of 14.51 ± 2.94 nmol/min/mg. Moreover, sulfhydryl group modifying agents 

(NEM and DTT) have demonstrated significant reduction of moxifloxacin uptake (Fig. 11) 

suggesting role of sulfhydryl groups and MCT1 in moxifloxacin translocation, which was 

consistent with the earlier report [211]. Since, presence of a protonophore (DNP) hinders 

MCT transporter activation by proton binding therefore, significantly reduced transcellular 

accumulation of moxifloxacin was observed (Fig. 11). Furthermore, translocation of 

moxifloxacin was found proton dependent (highest at pH 5.0) on ARPE-19 cells (Fig. 12).  

This result provides direct evidence of proton-coupled mediated transport of 

moxifloxacin across ARPE-19 cells, which was found consistent with the previously 

published reports [194,196]. In addition, metabolic inhibitors such as sodium azide 

(uncoupler of oxidative phosphorylation) and ouabain (Na
+
/K

+
 ATPase inhibitor) 

significantly inhibited cellular accumulation of moxifloxacin on ARPE-19 cells (Fig. 13), 
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which was found consistent with the characteristics of Na
+
/K

+ 
ATPase polarization on the 

apical membrane of ARPE-19cells [208].  

3.5 Conclusion: 

In conclusion, this is the first study attempted to demonstrate moxifloxacin interaction with 

Na
+ 

and H
+
-coupled monocarbxylate transporter, most likely MCT1. Knowledge of 

elimination pharmacokinetics from vitreous humor is vital for designing dosage regime for 

posterior segment diseases. Therefore, interaction of moxifloxacin with MCT expressed on 

retina (a major elimination route for intravitreal drugs) may offer better understanding of its 

vitreous clearance. We anticipate that lowest vitreal half-life of intravitreally injected 

moxifloxacin compared to other fluoroquinolones may be due to its interaction with MCT 

influx transporter. Since, moxifloxacin is clinically delivered intravitreally for treating 

postoperative bacterial endophthalmitis, information about such interactions will be crucial in 

clinical settings and can further be explored to improve vitreous half-life and therapeutic 

efficacy of moxifloxacin.  
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CHAPTER 4 

INTERACTION OF MOXIFLOXACIN WITH EFFLUX TRANSPORTERS 

4.1 Rationale 

Moxifloxacin is a promising fourth generation fluoroquinolone that exhibits broad 

spectrum of antimicrobial activity against both gram-positive as well as gram-negative 

microorganisms. Moxifloxacin generates bactericidal activity by binding to essential 

bacterial enzymes (topoisomerase II or DNA gyrase and topoisomerase IV) and thereby 

interferes with the bacterial DNA replication, transcription, and repair mechanism 

[202,212,213]. Fluoroquinolone moxifloxacin is approved for various respiratory tract (acute 

sinusitis, chronic bronchitis, and community-acquired pneumonia) and ocular (bacterial 

conjunctivitis) infections [213,214]. 

Mechanisms of resistance to the fluoroquinolones include: (i) mutations in DNA 

gyrase and/or topoisomerase genes, (ii) gene mutations that block drug entry, and (iii) 

presence of an efflux pump that reduces drug accumulation [175]. Since a majority of 

fluoroquinolones become ineffective due to bacterial as well as efflux pump mediated 

acquired resistance [87,215,216]. It is important to delineate the interaction of moxifloxacin 

with major efflux transporters. P-glycoprotein (MDR1) and multidrug resistance protein 2 

(MRP2) belongs to the ATP-binding cassette transporter super family and act as energy-

dependent efflux pumps. These efflux proteins hinder intracellular drug entry and reduce 

drug concentration inside the cells. This study investigates the interaction of moxifloxacin 

with major efflux transporters (MDR1 and MRP2). Model cell lines transfected with efflux 

transporters (MDCK-MDR1 and MDCK-MRP2) were used to perform uptake and bi-
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directional transport experiments to screen the interaction of moxifloxacin with efflux 

transporters. 

4.2 Material and Methods 

Materials 

Cell culture supplies, MDCK-WT (wild-type) cells and MDCK cells transfected with 

the human MDR1 (MDCK-MDR1) and MRP2 (MDCK-MRP2) genes were generously 

provided by Drs. Alfred H. Schinkel and Piet Borst (The Netherlands Cancer Institute, 

Amsterdam, Netherlands). Fetal bovine serum (FBS; heat inactivated and non-heat 

inactivated) was purchased from Atlanta Biologicals (Lawrenceville, GA, USA). Dulbecco's 

modified eagle medium (DMEM, for MDCK-WT, -MDR1 and -MRP2 cells) and non-

essential amino acids (NEAA) were obtained from Gibco (Invitrogen, Grand Island, NY, 

USA). Streptomycin, penicillin, sodium bicarbonate, HEPES and all other chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Culture flasks (75 cm
2
 growth area) 

and 12-well (3.8 cm
2
 growth area per well) culture plates were obtained from Corning Costar 

Corp (Cambridge, MA, USA). 

GF120198 was a generous gift from Glaxo SmithKline Ltd and MK571 was procured 

from Biomol International (Plymouth Meeting, PA, USA). [
14

C]-erythromycin (specific 

activity: 53.8 mCi/nmol) was procured from Perkin Elmer Life Sciences (Boston, MA, 

USA). Levofloxacin and moxifloxacin was acquired from TCI America (Sunnyvale, CA, 

USA) and China, respectively. CellTiter 96
® 

AQueousnon-radioactive cell proliferation assay 

kit was obtained from Promega Corporation (Madison, WI, USA). Bradford protein assay 

reagent was purchased from Bio-Rod Laboratories (Hercules, CA, USA). All the solvents 

were of HPLC grade and obtained from Fisher Scientific (St. Louis, MO). 
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Cell Culture 

MDCK-WT, MDCK-MDR1 and MDCK-MRP2 cells (passages 5-15) were cultured 

in DMEM supplemented with 10% FBS (heat inactivated), 1% NEAA, penicillin (100 

U/mL), streptomycin (100 µg/mL), 20 mM HEPES, 29 mM sodium bicarbonate and adjusted 

to pH 7.4. All the cell lines were grown and incubated at 37 
0
C with 5% CO2 and 90% 

relative humidity. The medium was changed every alternate day and cells were passaged 

upon reaching 80%–90% confluency. For uptake experiments, cells were seeded at a density 

of 25000 per well in 2 mL of medium in 12-well tissue culture plates. For transport 

experiments, the collagen-coated Transwell
®
 permeable inserts (Costar

®
) were plated at a 

density of 25000 cells per well in 12-well tissue culture plates. The apical (AP) and 

basolateral (BL) side of cells were treated with 0.5 mL and 1.5 mL of medium, respectively.  

Moxifloxacin Cytotoxicity 

Cytotoxicity of moxifloxacin was evaluated in MDCK-WT, MDCK-MDR1 and 

MDCK-MRP2 cells using CellTiter 96
®
 
 
AQueous nonradioactive cell proliferation assay kit 

according to the previously published protocol [92]. Briefly, a fixed number of MDCK-WT, 

MDCK–MDR1 and MDCK-MRP2 cells (10000 cells per well) were plated in 96-well plate 

for 24 h. After 24 h, culture medium was replaced with 100 µL of freshly prepared solutions 

of moxifloxacin in culture medium at different concentrations (1.0 µM-1.5 mM) and cells 

were incubated for 48 h (at 37 
0
C with 5% CO2 and 90% relative humidity). Untreated and 

treated (5% of Triton X-100) cell culture media were used as a blank and positive control, 

respectively. After 48 h, the drug solution was replaced with MTT dye (3-[4,5-di- 

methylthiazolyl-2]-2, 5-diphenyl-tetrazolium bromide) and cells were further incubated for 2-
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3 h. At the end of incubation, cell viability (n = 8) was calculated at 485 nm using 96-well 

microtiter plate reader (Spectra Fluor Plus, Tecan, Switzerland).  

Cellular Accumulation of [
14

C]-Erythromycin 

Uptake studies were performed according to the previously published protocol 

[87,92]. Briefly, MDCK-MDR1 and MDCK-MRP2 cell monolayer was washed (3 × 10 min) 

with Dulbecco's Phosphate-Buffered Saline (DPBS) pH 7.4. The uptake of [
14

C]-

erythromycin (0.25 µCi/mL) was initiated alone or in presence of moxifloxacin (500 µM), 

GF120198 (2 µM) and MK571 (50 µM) in DPBS (pH 7.4) onto the cell monolayer at 37 
0
C. 

After 30 min incubation, the donor solution was removed and cells were immediately washed 

with ice-cold stop solution (200 mM KCl and 2 mM HEPES) three times. Cells were lysed 

with 1 mL lysis solution (0.1% w/v Triton X-100 in 0.3 N sodium hydroxide) and kept 

overnight at room temperature. The next day, 500 µL of cell lysate was transferred to 

scintillation vials containing 3 mL scintillation cocktail. Finally, samples were analyzed by 

Beckman Scintillation Counter (Model LS-6500, Beckman Instruments, Inc.). Uptake was 

normalized to the protein content of each well. Protein content of cell lysate was quantified 

using Bradford reagent. Uptake experiments were performed in quadruplicate (n = 4).  

Following a similar procedure, the inhibitory potential of moxifloxacin against 

MDR1 and MRP2 mediated [
14

C]-erythromycin efflux was determined. [
14

C]-erythromycin 

(in DPBS pH 7.4, 0.25 µCi/mL) was spiked with increasing concentrations of moxifloxacin 

(0.1 µM - 1 mM) in MDCK-MDR1 and MDCK-MRP2 cells. Data was fitted to calculate the 

half maximal inhibitory concentration (IC50) from the modified log [dose]-response curve. 
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Bi-directional Transport of [
14

C]-Erythromycin 

Bi-directional transport experiments of [
14

C]-erythromycin were performed using 

Transwell
®
 diffusion chamber system according to the previously published protocol [92]. 

MDCK-WT, MDCK-MDR1 and MDCK-MRP2 cell monolayers grown on the Transwell
®
 

inserts were rinsed and incubated with DPBS (pH 7.4) at 37 
0
C  (2 × 10 min) for both AP and 

BL sides. AP to BL transport was initiated by adding 500 µL of [
14

C]-erythromycin (in 

DPBS pH 7.4, 0.5 µCi/mL) alone and in presence of moxifloxacin (500 µM in DPBS pH 

7.4), GF120918 (2.0 µM) or MK571 (50 µM) towards AP side of cells (donor chamber) 

where, receiver chamber (BL side) contains DPBS (pH 7.4). Similarly, BL to AP transport 

was initiated by adding 1500 µL of [
14

C]-erythromycin alone and in presence of 

moxifloxacin, GF120918 or MK571 toward BL side of cells (donor chamber), where AP side 

of cells was treated as the receiver chamber. Cell monolayer integrity (around 250 Ωcm
2
) 

was determined by transepithelial electrical resistance (TEER) measurement. Bi-directional 

transport was conducted for 3 h. Sampling (100 µL) from the receiver chamber was 

conducted at predetermined time intervals of 15, 30, 45, 60, 90, 120, 150, and 180 min. Fresh 

DPBS (pH 7.4) was replaced to maintain the sink conditions in the receiver chamber. 

Samples (n = 3) were analyzed by Beckman Scintillation Counter (Model LS-6500, Beckman 

Instruments, Inc.).  

LC/MS-MS Method Development for Moxifloxacin 

MDS Sciex API 3200 Triple Quadrupole linear QTrap mass spectrometry system 

(Applied Biosystems/MDS Sciex, Foster City, California) interfaced by turbo ion spray with 

positive ion source in Multiple Reaction Monitoring (MRM) mode was used for the analysis 

of moxifloxacin by LC-MS/MS. Mass-dependent parameters were tuned and optimized for 
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moxifloxacin and levofloxacin. Levofloxacin was used as an internal standard (IS) for 

analysis. Ultra high purity nitrogen was used for collisionally activated dissociation (CAD) at 

4 psi and curtain gas at 20 psi. Nebulizer and turbo gas were optimized at 40 and 50 psi, 

respectively. The TIS temperature was maintained at 350 °C with source voltage and dwell 

time optimized at 5200 V and 400 ms, respectively. Parent and daughter ions obtained by 

direct infusion mode (20 μL/min) were injected with built-in infusion syringe pump. Initially, 

full scan mass spectra were acquired in positive ion mode for both the compounds. During 

the direct infusion experiment, the mass spectra for moxifloxacin and levofloxacin peaks at 

mass to charge ratio (m/z) were found to be 402.2 and 362.2, respectively, as the protonated 

molecular ions [M + H]
+
. The most stable abundant fragment ions observed in each product 

tandem mass spectrometry (MS/MS) spectrum were at m/z of 384.2 and 344.2 for 

moxifloxacin and levofloxacin, respectively. Quantitative determination was performed in 

MRM scan positive ion mode using the mass transitions of 402.2→384.2 and 362.2→344.2 

for moxifloxacin and levofloxacin, respectively. Method was developed over the linear (r
2 

> 

0.99) concentration range 30–1000 ng/mL. Lower limit of quantification (LLOQ) was found 

to be 5.0 and 7.8 ng/mL for moxifloxacin and levofloxacin, respectively. The composition of 

mobile phase used was 0.1% trifluro acetic acid (TFA) and acetonitrile (50:50) at a flow rate 

of 0.25 mL/min. 

Sample Preparation and Extraction 

Frozen samples were thawed at room temperature and thoroughly vortexed for 1 min. 

100 µL of sample was aliquoted using calibrated pipette into 1.5 mL polypropylene 

microcentrifuge tubes. 20 µL of 10.0 µg/mL freshly prepared IS working solution 

(levofloxacin) was added to the above aliquots (except for blank sample) and the mixture was 
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vortexed for 30 s. 900 µL of cold ethyl acetate was added to the above mixture and the drug 

was extracted by vortexing (2 min). The mixture was centrifuged at 5000 rpm (5 min) and 

the supernatant was evaporated in vacuum cetrifuge (Speed Vac
®
) at 40 

0
C for 2 h and 

reconstituted in 100 µL of mobile phase. 10 µL of resulting solution was injected into LC–

MS/MS for analysis using XTerrs
®
 MS C18 column (5 µm). 

Bi-directional Transport of Moxifloxacin 

Bi-directional transport of moxifloxacin was performed as described previously. AP 

to BL transport was initiated by adding 500 µL of moxifloxacin (in DPBS pH 7.4, 500 µM) 

alone and in presence of GF120918 (2.0 µM) or MK571 (50 µM) towards AP side of cells 

(donor chamber) where, receiver chamber (BL side) contains DPBS (pH 7.4). Similarly, BL 

to AP transport was initiated by adding 1500 µL of moxifloxacin (in DPBS pH 7.4, 500 µM) 

alone and in presence of GF120918 or MK571 toward BL side of cells (donor chamber), 

where AP side of cells were treated as a receiver chamber. Samples (n = 4) were analyzed by 

LC–MS/MS after cold ethyl acetate extraction. Extracted samples were evaporated in speed 

vacuum and reconstituted in optimized mobile phase.  

Data Treatment 

For dose–response studies, the effect of moxifloxacin on [
14

C]-erythromycin efflux 

was calculated using a modified log [dose]-response curve method to fit the data in equation 

1 in order to obtain IC50 values, 

                         ………................................................................Eq. 1. 

where x denotes the log concentration of moxifloxacin, Y is the cellular accumulation of 

[
14

C]-erythromycin, IC50 represents the inhibitor concentration where the efflux of [
14

C]-

erythromycin is inhibited by 50%, and H is the Hill constant. Y starts at a minimum (min) 
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value (at low inhibitor concentration) and then plateaus at a maximum (max) value (at high 

inhibitor concentration) resulting in a sigmoidal curve.  

Cumulative amounts transported in bi-directional transport experiments across cell 

monolayers were plotted as a function of time. Linear regression of amounts transported as a 

function of time yielded the rate of transport across the cell monolayer (dM/dt). Rate divided 

by the cross-sectional area available for transport (A) generated steady state flux as shown in 

Eq. 2. 

                               ….………………………………….…………………..Eq. 2. 

Slopes were obtained from the linear portion of the curve to calculate apparent 

permeability (Papp) through normalization of the steady-state flux to the donor concentration 

(Cd) according to Eq. 3. 

                                                   ………………………..………………..……………….Eq. 3. 

When a dM/dt (mol/min) represents the rate of drug transport across the cell monolayer, A 

(cm
2
) is the cross-sectional area available for transport, and Cd (µM) is the donor 

concentration. The net efflux ratio was assessed from Papp in BL to AP and AP to BL 

directions as shown in Eq. 4. 

                                                                                                                   ……………….……………………..……..Eq. 4. 

Statistical Analysis 

All the results are expressed as mean ± standard deviation (SD). The student t test 

was applied to determine statistical significance between two groups where, p < 0.05 being 

considered statistically significant. 

 

 

dM/dt       dM/dt 

            (Cd*A*60) 
                      Papp = 

Efflux Ratio = (Papp BL→AP) / (Papp AP→BL) 
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4.3 Results 

Moxifloxacin Cytotoxicity 

Moxifloxacin (1.0 µM - 1.5 mM) cytotoxicity was evaluated on MDCK-WT, MDCK-MDR1 

and MDCK-MRP2 cells. From MTT assay result it was observed that moxifloxacin is not 

cytotoxic up to 1.5 mM concentration in all the three cell lines (Fig. 14).  

Cellular Accumulation of [
14

C]-Erythromycin 

Cellular accumulation of [
14

C]-erythromycin was significantly elevated in the 

presence of GF120918 (193%) and MK571 (273%) relative to control on MDCK-MDR1 

(Fig. 15) and MDCK-MRP2, respectively (Fig. 16). In the presence of moxifloxacin, cellular 

accumulation of [
14

C]-erythromycin was increased by 150% and 220% on MDCK-MDR1 

and MDCK-MRP2 cells, respectively (Fig. 15-16). 

Dose-dependent inhibition of [
14

C]-erythromycin efflux was observed in presence of 

increasing concentration of moxifloxacin on MDCK-MDR1 and MDCK-MRP-2 cells, 

respectively (Fig. 17-18). A modified log [dose]-response curve was applied to fit the data in 

order to obtain IC50 values. From the dose-response curve, moxifloxacin IC50 values against 

MDR1 and MRP2 mediated inhibition of [
14

C]-erythromycin efflux was 217 and 187 mM, 

respectively.  
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Figure 14. Cytotoxicity study (MTT assay) for moxifloxacin on MDCK-WT, MDCK-MDR1 

and MDCK-MRP2. Values are expressed as mean ± SD (n = 6). 
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Figure 15. Accumulation of [
14

C]-erythromycin (0.25 µCi/mL) alone and in presence of 

moxifloxacin (500 µM) and GF120198 (2 µM) across MDCK-MDR1 cells. Values are 

expressed as mean ± SD (n = 4). 
*
Data were considered statistically significant for P ≤ 0.05.  
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Figure 16. Accumulation of [
14

C]-erythromycin (0.25 µCi/mL) alone and in presence of 

moxifloxacin (500 µM) and MK571 (50 µM) across MDCK-MRP2 cells. Values are 

expressed as mean ± SD (n = 4). 
*
Data were considered statistically significant for P ≤ 0.05.  

 

 

 

 

 

 

 

 

 

 

 



74 
 

 

Figure 17. Moxifloxacin mediated inhibition of [
14

C]-erythromycin (0.25 µCi/mL) efflux 

across MDCK-MDR1 cells. Values are expressed as mean ± SD (n = 4).  
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Figure 18. Moxifloxacin mediated inhibition of [
14

C]-erythromycin (0.25 µCi/mL) efflux 

across MDCK-MRP2 cells. Values are expressed as mean ± SD (n = 4).  
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Bi-directional Transport of [
14

C]-Erythromycin 

The apparent permeability of [
14

C]-erythromycin across MDCK cells overexpressing 

MDR1 and MRP2 proteins was significantly higher in the BL-AP direction relative to the 

AP-BL direction (Table 6) due to the expression of these transporters on the apical side of the 

cells. For MDCK-MDR1 cells, the BL-AP and AP-BL permeabilities of [
14

C]-erythromycin 

were 18.83 ± 1.05 × 10
-6

 and 5.44 ± 0.52 × 10
−6

cm/s, respectively, leading to an efflux ratio 

of 3.46. Similarly, BL-AP and AP-BL permeabilities of [
14

C]-erythromycin across MDCK-

MRP2 cells were 2.70 ± 0.18 × 10
−6 

and 0.62 ± 0.13 × 10
−6 

cm/s, respectively, leading to an 

efflux ratio of 4.35. However, in the presence of moxifloxacin a significant reduction in the 

efflux ratio of [
14

C]-erythromycin was observed across MDCK-MDR1 (1.71) and MDCK-

MRP2 (1.92) cells due to the elevation of AP-BL permeabilities (9.50 ± 1.55 × 10
-6 

and 1.34 

± 0.17 × 10
-6

) across both the cell lines, respectively (Table 6). Moreover, similar efflux ratio 

reduction (1.14 and 1.36) of [
14

C]-erythromycin was also observed in the presence of known 

MDR1 (GF120918) and MRP2 (MK571) inhibitors across MDCK-MDR1 and MDCK-

MRP2 cells, respectively (Table 6). 

Bi-directional Transport of Moxifloxacin 

Similar to [
14

C]-erythromycin, the apparent permeability of moxifloxacin across 

MDCK-MDR1 and MDCK-MRP2 cells was significantly elevated in BL-AP direction 

relative to AP-BL direction (Table 7) suggesting moxifloxacin is a substrate for MDR1 and 

MRP2 efflux transporters. For MDCK-MDR1 cells, the BL-AP and AP-BL permeabilities of 

moxifloxacin were 20.46 ± 2.26 × 10
−6

 and 5.81 ± 0.44 × 10
-6 

cm/s, respectively, leading to 

an efflux ratio of 3.52. Similarly, BL-AP and AP-BL permeabilities of moxifloxacin across 

MDCK-MRP2 cells were 1.97 ± 0.41 × 10
−6 

and 0.78 ± 0.13 × 10
−6 

cm/s, respectively, 
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leading to an efflux ratio of 2.53. Moreover, reduction of moxifloxacin efflux ratio was 

observed in the presence of known MDR1 (1.25) and MRP2 (1.20) inhibitors across MDCK-

MDR1 and MDCK-MRP2 cells, respectively (Table 7). 
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Table 6. Bi-directional transport of [
14

C]-erythromycin (0.5 µCi/mL) alone and in presence 

of moxifloxacin (500 µM), GF120198 (2 µM) and MK571 (50 µM) across MDCK-MDR1, 

MDCK-MRP2 and MDCK-WT cells. Values are expressed as mean ± SD (n = 3). 

 

Cell Line Drug Permeability (×10
-6

) cm/s Efflux 

Ratio 
AP-BL BL-AP 

MDCK-MDR1  Erythromycin 5.44 ± 0.52 18.83 ± 1.05 3.46 

Erythromycin + Moxifloxacin 9.50 ± 1.55 16.23 ± 1.43 1.71 

Erythromycin + GF120918  14.13 ± 0.48 16.08 ± 3.24 1.14 

MDCK-MRP2  Erythromycin 0.62 ± 0.13 2.70 ± 0.18 4.35 

Erythromycin + Moxifloxacin 1.34 ± 0.17 2.58 ± 0.34 1.92 

Erythromycin + MK571  1.98 ± 0.21 2.46 ± 0.28 1.36 

MDCK-WT  Erythromycin 4.20 ± 0.76 8.05 ± 2.53 1.91 

Erythromycin + Moxifloxacin 5.68 ± 0.49 7.94 ± 1.69 1.40 

Erythromycin + GF120918  5.02 ± 1.19 7.63 ± 2.04 1.51 

 

 

 

 

 

 

 

 



79 
 

Table 7. Bi-directional transport of moxifloxacin (500 µM) alone and in presence of 

GF120198 (2 µM) and MK571 (50 µM) across MDCK-MDR1, MDCK-MRP2 and MDCK-

WT cells. Values are expressed as mean ± SD (n = 4). 

 

Cell Line Drug Permeability (×10
-6

) cm/s Efflux 

Ratio 
AP-BL  BL-AP  

MDCK-MDR1  Moxifloxacin 5.81 ± 0.44  20.46 ± 2.26  3.52 

Moxifloxacin + GF120918 16.29 ± 0.94  20.36 ± 1.81  1.25 

MDCK-MRP2  Moxifloxacin 0.78 ± 0.13  1.97 ± 0.41  2.53 

Moxifloxacin + MK571  1.64 ± 0.17  1.86 ± 0.24  1.20 

MDCK-WT  Moxifloxacin 5.70 ± 0.04 7.40 ± 0.14  1.29 

Moxifloxacin + GF120918 6.62 ± 0.09 7.82 ± 0.07  1.18 
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4.4 Discussion: 

Moxifloxacin is a potent fluoroquinolone antibiotic used in the clinical settings for the 

treatment of respiratory and ocular infections [213,214]. It exhibits broad spectrum of 

activity against gram positive and gram negative pathogens by inhibiting bacterial DNA 

gyrase and topoisomerase IV enzymes. Besides bacterial drug resistance, MDR represents a 

major barrier to clinically successful fluoroquinolone therapy. Majority of fluoroquinolones 

are reported to be substrates of MDR efflux proteins which significantly reduces its 

intracellular accumulation and bioavailability [87]. Therefore, primary objective of this 

report was to evaluate interaction of moxifloxacin with major efflux transporters (MDR1 and 

MRP2) to delineate effect of MDR proteins on intracellular translocation of moxifloxacin.  

Previous report indicates that erythromycin can be selected as a model substrate to 

study MDR1 and MRP2 mediated efflux [217]. Therefore, a preliminary interaction 

experiment was carried out by studying cellular accumulation of erythromycin in the 

presence of moxifloxacin in MDCK-MDR1 and MDCK-MRP2 cells. Cellular accumulation 

of [
14

C]-erythromycin appears to be significantly higher in presence of GF120918 (known 

MDR1 inhibitor) and MK571 (known MRP2 inhibitor) relative to control in MDCK-MDR1 

and MDCK-MRP2 cells, respectively (Fig. 15-16) confirming an excellent MDR1 and MRP2 

substrate specificity of [
14

C]-erythromycin [217]. Significantly higher cellular accumulation 

of [
14

C]-erythromycin in presence of moxifloxacin across both the cell lines indicates 

moxifloxacin interacts with MDR1 and MRP2, suggesting moxifloxacin substrate specificity 

for both efflux transporters.  

Furthermore, dose-dependent inhibitions of [
14

C]-erythromycin efflux suggest high 

affinity of moxifloxacin towards MDR1 and MRP2 efflux transporters (Fig. 17-18). IC50 
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values indicates higher affinity of moxifloxacin towards MRP2 (187 μM) relative to MDR1 

(217 μM) efflux transporter. This observation suggests that inhibitory potential of 

moxifloxacin for MDR1 and MRP2 mediated [
14

C]-erythromycin efflux was competitive in 

nature. 

Apical localization of MDR1 and MRP2 efflux transporters on the MDCK-MDR1 

and MDCK-MRP2 cells exhibited much higher [
14

C]-erythromycin transport in BL-AP 

direction relative to AP-BL direction (Table 6). A significant elevation of AP-BL transport of 

[
14

C]-erythromycin to 1.75 fold (MDCK-MDR1) and 2.16 fold (MDCK-MRP2) in presence 

of moxifloxacin confirms the substrate specificity of moxifloxacin towards MDR1 and 

MRP2. Similarly, AP-BL transport elevation of [
14

C]-erythromycin was also observed in 

presence of GF120918 (2.59 fold) and MK571 (3.19 fold) across MDCK-MDR1 and 

MDCK-MRP2 cells, respectively.  

Since, reduction of efflux ratio value to 1.0 leads to equivalent transport in both the 

direction. Significant reduction of [
14

C]-erythromycin efflux ratio from 3.46 to 1.71 (MDCK-

MDR1) and from 4.35 to 1.92 (MDCK-MRP2) was evident in presence of moxifloxacin 

confirming competitive inhibition of MDR1 and MRP2 functional activities.  

Furthermore, AP-BL permeability of moxifloxacin increased by 2.80 and 2.10 times in 

presence of GF120918 and MK571, respectively (Table 7). This permeability escalation has 

led to moxifloxacin efflux ratio reduction from 3.52 to 1.25 and 2.53 to 1.20 in MDCK-

MDR1 and MDCK-MRP2 cells, respectively. This observation further confirms the substrate 

specificity of moxifloxacin towards MDR1 and MRP2 efflux transporters.  
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4.5 Conclusion: 

In summary, above results provides direct evidence that moxifloxacin is a substrate of 

MDR1 and MRP2 efflux transporters. This overlapping substrate specificity of moxifloxacin 

for MDR1 and MRP2 may endure a synergistic efflux action and may develop resistance by 

lowering intracellular concentration and permeability of moxifloxacin. Therefore, it is 

suggested that attention must be given to the eventual consequences of moxifloxacin 

interaction with efflux transporters and strategies should be developed to circumvent MDR1 

and MRP2 mediated moxifloxacin resistance. Furthermore, co-administration of 

moxifloxacin with therapeutic substrate of these efflux transporters such as erythromycin 

may inhibit efflux of later due to competitive inhibition of MDR1 and MRP2. This may 

ultimately improve the intracellular permeability of MDR1 and MRP2 substrates and may 

also lower the incidence of drug resistance. Therefore, the co-administration hypothesis must 

be further tested with moxifloxacin to explore its potential to overcome efflux-based drug 

resistance of other therapeutic substrates.  
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CHAPTER 5 

INTERACTION OF MOXIFLOXACIN WITH ANTICANCER AGENTS FOR 

RETINOBLASTOMA MANAGMENT   

5.1 Rationale 

Retinoblastoma is a major vision threatening intraocular malignancy affecting 300 

children per year in the USA [173]. About 80% of the children are diagnosed with 

retinoblastoma at less than 5 year of age. Overall, retinoblastoma makes 3% of all childhood 

cancers diagnosed within 15 years of age [218]. The histological event includes development 

of retinoblastoma from immature retinal cells followed by replacement of healthy retinal 

tissues. Retinoblastoma displays elevated rate of apoptotic and tumor turnover events which 

leads to ocular necrosis and dystrophic calcification [218]. The most common symptoms of 

retinoblastoma include leukocoria (white discoloration in pupil) and strabismus (ocular 

misalignment) [219,220]. 

Chemotherapy is the key retinoblastoma treatment to reduce tumor size and to 

facilitate local therapies (cryotherapy, laser photocoagulation or thermotherapy) for 

eradication of the remaining disease [218]. The commonly used chemotherapeutic agents 

include carboplatin, topotecan, etoposide, and vinblastine. These agents suffer from poor cell 

permeability and chemo-resistance due to major interaction with multidrug resistant (MDR) 

efflux proteins. Innate expression of several efflux proteins such as P-glycoprotein (P-

gp/MDR1), multidrug resistant proteins (MRPs), and lung resistance protein are reported on 

the retinoblastoma tumor [97-99,221]. Over-expression of cell membrane-based efflux 

transporters play an important role in drug resistance by restricting intracellular entry of 

therapeutic drugs used in a clinical setting. Many scientists have utilized different efflux 

pump evasion strategies to overcome drug resistance for improving drug intracellular 
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permeability [92,222]. One of such strategies involves co-administration of MDR1/MRP 

inhibitors to increase intracellular accumulation of therapeutic substrates [223-225]. 

However, utilization of efflux pump inhibitors has its own limitations as (i) it is not clinically 

approved, (ii) causes undesirable clinical pharmacokinetic interactions including interaction 

with major drug metabolizing enzymes [226,227], and (iii) little or no additional 

improvement in the therapeutic activity of drug. In the present report, we intend to study drug 

interaction strategy to simultaneously overcome chemo-resistance and to improve anticancer 

activity for retinoblastoma tumor. 

Moxifloxacin is a promising fourth generation fluoroquinolone that exhibits broad 

spectrum of antimicrobial activity against both gram-positive as well as gram-negative 

microorganisms. Ocular cells (corneal endothelial cells, primary human trabecular meshwork 

and retinal pigment epithelial cells) have shown good tolerability against clinically accepted 

moxifloxacin even at higher dose levels (concentration up to 500 µg/mL for 30 days) 

[174,228]. Besides bactericidal activity, moxifloxacin mediated anti-topoisomerase II activity 

in eukaryotic and tumor cells have been reported [179]. Moreover, moxifloxacin mediated 

enhanced anti-topoisomerase I and cytotoxic activity of chemotherapeutic agents in tumor 

derived cell lines have been observed [177,178]. Moxifloxacin has further shown inhibition 

of anticancer mediated release of pro-inflammatory mediators (IL-8, IL-1b and TNF-a) in 

THP-1 and Jurkat cells [178,181]. Immunomodulatory and protective effects of moxifloxacin 

against bacterial strains have proposed its potential for treating patients undergoing 

chemotherapy and immune suppression [182-184]. Anti-angiogenic effects of moxifloxacin 

in combination with anticancer agent following spontaneous or drug induced release of pro-

angiogenic cytokines have further suggested it potential for treating cancerous diseases [180]. 
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Based on the above literature findings which suggest a potential role of moxifloxacin 

in modulating activity of cytotoxic agents, it would be interesting to study its interaction with 

anticancer agents for the management of retinoblastoma. In this report, we present the 

interaction of moxifloxacin with anticancer agents (topotecan, etoposide, vinblastine) 

currently used for the treatment of retinoblastoma. Anticancer topotecan, etoposide and 

vinblastine are known substrate of MDR1 and MRP2 efflux transporters (Fig. 19). We 

hypothesized that in such interactions, moxifloxacin will not only modulate the permeability 

of anticancer agent across retinoblastoma cells expressing efflux proteins (due to competitive 

inhibition at efflux sites) but it will also enhance the cytotoxic activity of chemotherapeutics.  

Series of experiments have been performed to investigate above hypothesis. Model 

cell lines transfected with efflux transporters (MDCK-MDR1 and MDCK-MRP2) were used 

to perform in vitro uptake and bi-directional transport experiments to screen the interaction 

of moxifloxacin with anticancer agents. Time dependent in vitro uptake and bi-directional 

transport of anticancer agents in presence of moxifloxacin were performed to evaluate 

modulation of anticancer permeability across model cell lines. Anticancer agent mediated 

retinoblastoma (Y-79) cell cytotoxicity (MTT assay), apoptosis (caspase-3 and annexin V 

apoptosis assay), and release of pro-inflammatory mediators (ELISA assay) were evaluated 

in the presence of moxifloxacin. 
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Figure 19. Anticancer substrates of MDR1 and MRP2 efflux transporters. 

 

 

 

 

 

 



87 
 

5.2 Materials and Methods 

Materials 

Cell culture supplies, MDCK-WT (wild-type) cells and MDCK cells transfected with 

the human MDR1 (MDCK-MDR1) and MRP2 (MDCK-MRP2) genes were generously 

provided by Drs. Alfred H. Schinkel and Piet Borst (The Netherlands Cancer Institute, 

Amsterdam, Netherlands) and human retinoblastoma (Y-79) and retinal pigment epithelial 

(ARPE-19) cells were obtained from American Type Culture Collections (ATCC; Manassas, 

VA, USA). Fetal bovine serum (FBS; heat inactivated and non-heat inactivated) was 

purchased from Atlanta Biologicals (Lawrenceville, GA, USA). Dulbecco's modified eagle 

medium (DMEM, for MDCK-WT, -MDR1 and -MRP2 cells), D-MEM/F-12 (for ARPE-19 

cells), RPMI 1640 (for Y-79 cells) and non-essential amino acids (NEAA) were obtained 

from Gibco (Invitrogen, Grand Island, NY, USA). Streptomycin, penicillin, sodium 

bicarbonate, HEPES, etoposide, vinblastine sulfate, topotecan hydrochloride, 

lipopolysaccharide (LPS) and dithiothreitol (DTT) and all other chemicals were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Culture flasks (75 cm
2
 growth area), 12-well (3.8 

cm
2
 growth area per well) and 96-well (0.32 cm

2
 growth area per well) culture plates were 

obtained from Corning Costar Corp (Cambridge, MA, USA). 

GF120198 was a generous gift from Glaxo SmithKline Ltd and MK571 was procured 

from Biomol International (Plymouth Meeting, PA, USA). [
3
H]-etoposide (specific activity: 

480 mCi/mmol), [
3
H]-topotecan (specific activity: 1.9 Ci/mmol) and [

3
H]-vinblastine 

(specific activity: 1 Ci/mmol) were purchased from Moravek Biochemicals, Inc. (Brea, CA, 

USA). Moxifloxacin was acquired from China. CellTiter 96
®
Aqueous non-radioactive cell 

proliferation assay kit was obtained from Promega Corporation (Madison, WI, USA). 
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Bradford protein assay reagent and Annexin V/propidium iodide (PI) apoptosis detection kit 

was purchased from Bio-Rod Laboratories (Hercules, CA, USA) and BD Pharmingen (San 

Diego, CA, USA), respectively.  

Cell Culture 

MDCK-WT, MDCK-MDR1 and MDCK-MRP2 cells (passages 5-15) were cultured 

in DMEM supplemented with 10% FBS (heat inactivated), 1% NEAA, penicillin (100 

U/mL), streptomycin (100 µg/mL), 20 mM HEPES, 29 mM sodium bicarbonate and adjusted 

to pH 7.4. Human retinoblastoma cells (Y-79) were incubated in 75 cm
2
 tissue culture flasks 

as a suspension in RPMI 1640  medium supplemented with 15% non-heat inactivated FBS, 1 

mM glutamine, penicillin (100 units/mL) and streptomycin (100 µg/mL). Human retinal 

pigment epithelium (ARPE-19) cells (passages 20-30) were cultured in D-MEM/F-12 

supplemented with 10% heat-inactivated FBS, 15 mM HEPES, 29 mM sodium biocarbonate, 

penicillin (100 units/mL), and streptomycin (100 μg/mL).  

All cell lines were grown and incubated at 37 
0
C with 5% CO2 and 90% relative 

humidity. The medium was changed every alternate day and cells were passaged upon 

reaching 80%-90% confluency. For uptake experiments, cells were seeded at a density of 

25000 per well in 2 mL of medium in 12-well tissue culture plates. For transport 

experiments, the collagen-coated Transwell
®
 permeable inserts (Costar

®
) were plated at a 

density of 25000 cells per well in 12-well tissue culture plates. The apical (AP) and 

basolateral (BL) side of cells were treated with 0.5 mL and 1.5 mL of medium, respectively. 

Cellular Accumulation of Anticancer Agents 

Uptake studies were performed according to the previously published protocol 

[87,92]. Briefly, MDCK-MDR1 and MDCK-MRP2 cell monolayer was washed (3 × 10 min) 



89 
 

with DPBS (pH 7.4). The uptake of [
3
H]-etoposide, [

3
H]-topotecan and [

3
H]-vinblastine 

(each 0.25 µCi/mL) was initiated alone or in presence of moxifloxacin (500 µM) in DPBS 

pH 7.4 (for etoposide and vinblastine) or pH 5.5 (for topotecan) onto the cell monolayer. The 

uptake was performed at different time point (15, 30 and 60 min) at 37 
0
C. Following 

incubation, the donor solution was removed and cells were immediately washed with ice-

cold stop solution for 3 times. Cells were lysed with 1 mL lysis solution and kept overnight at 

room temperature. The next day, 500 µL of cell lysate was transferred in to scintillation vials 

containing 3 mL scintillation cocktail. Finally, samples were analyzed by Beckman 

Scintillation Counter (Model LS-6500, Beckman Instruments, Inc.). Uptake was normalized 

to the protein content of each well. Protein content of cell lysate was quantified using 

Bradford reagent. Uptake experiment was performed in quadruplicate (n = 4).  

Bidirectional Transport of Anticancer Agents 

Bi-directional transport of [
3
H]-etoposide, [

3
H]-topotecan and [

3
H]-vinblastine was 

performed using Transwell
®
 diffusion chamber system according to the previously published 

protocol [92]. MDCK-MDR1 and MDCK-MRP2 cell monolayers grown on the 

Transwell
®
 inserts were rinsed and incubated with DPBS (pH 7.4) at 37 

0
C  (2 × 10 min) for 

both AP and BL sides. 

AP to BL transport was initiated by adding 500 µL (0.5 µCi/mL) of [
3
H]-etoposide 

(in DPBS pH 7.4), [
3
H]-vinblastin (in DPBS pH 7.4) and [

3
H]-topotecan (in DPBS pH 5.5) 

alone and in presence of moxifloxacin (500 µM), GF120918 (2.0 µM) or MK571 (50 µM) 

towards AP side of cells (donor chamber) where, receiver chamber (BL side) contains DPBS 

(pH 7.4). Similarly, BL to AP transport was initiated by adding 1500 µL (0.5 µCi/mL) of 

[
3
H]-etoposide, [

3
H]-vinblastin and [

3
H]-topotecan alone and in presence of moxifloxacin, 
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GF120918 or MK571 toward BL side of cells (donor chamber), where AP side of cells were 

treated as a receiver chamber. Cell monolayer integrity (around 250 Ωcm
2
) was determined 

by TEER measurement. Bi-directional transport was conducted for 3 h. Sampling (100 µL) 

from the receiver chamber was carried out at predetermined time intervals of 15, 30, 45, 60, 

90, 120, 150, and 180 min. Fresh DPBS (pH 7.4) was replaced to maintain the sink 

conditions in the receiver chamber. Samples (n = 3) were analyzed by Beckman Scintillation 

Counter (Model LS-6500, Beckman Instruments, Inc.). 

Anti-proliferative Activity 

Previously published protocol was followed with modification [229]. Y-79 cells (5 × 

10
5
) were seeded in 1 mL of culture medium/well in a 24-well plate. Y-79 cells were treated 

with various concentrations of etoposide (1-40 µM), vinblastine (1-40 nm) and topotecan (1-

40 µM) alone and in presence of moxifloxacin (500 µM) for different time points (48 and 72 

h at 37 
0
C with 5% CO2 and 90% relative humidity). Following incubation, 100 μL MTT (5 

mg/mL in PBS) per 1 mL medium was added to the cells and further incubated for 2-3 h.  

Cells were centrifuged at 5000 rpm and cell pellets were dissolved in 100 µL of DMSO. The 

optical density of cell suspension (n = 6) was measured at 485 nm using 96-well microtiter 

plate reader (SpectraFluor Plus, Tecan, Switzerland). Cells suspended in culture medium 

were treated as a control. IC50 values of anticancer agents were calculated from nonlinear 

regression analysis using GraphPad Prism Software version 5.0 (GraphPad Software Inc., 

San Diego, CA). Data were plotted as percentage viable cells against anticancer drug 

concentrations. 
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Caspase-3 Assay 

Caspase-3 release was measured according to the previously published protocol with 

modification [178]. Briefly, Y-79 cells were incubated (24 h) with different concentrations 

(1, 5 and 10 µM) of anticancer agent (etoposide, topotecan and vinblastine) alone and in 

presence of moxifloxacin (500 µM). Following incubation, cells were washed and re-

suspended in 50 mM HEPES (pH 7.4), 0.1% Triton X-100, DTT (5 mM), EDTA (0.1 mM) 

and incubated on ice for 15 min. Cells were lysed by three successive freeze–thaw cycles 

(dry ice/37 
0
C). The cell lysates were centrifuged at 12000 rpm (15 min, 4 

0
C) and the 

supernatants were stored at -80 
0
C until further analysis. The protein concentration of each 

sample was estimated using Bradford Bio-Rad protein assay. To determine caspase-3 

activity, 25 mg protein was incubated in dark (37
0
C, 60 min) with 30 mM Ac-DEVD-AMC 

(caspase-3 substrate with Km = 9.7 µM; Anaspec, San Jose, CA). Ac-DEVD is a caspase-

specific peptide that is conjugated to the fluorescent reporter molecule 7-amino-4-methyl 

coumarin (AMC). Caspase mediated cleavage of peptide releases fluorochrome (AMC) 

which was measured at 360 nm (excitation) and 460 nm (emission) wavelengths. 

Apoptosis Assay 

Y-79 cell apoptosis was measured by flow cytometry after concurrent staining with 

annexin-V FITC and propidium iodide (PI) [178,230]. Briefly, Y-79 cells were incubated 

with anticancer agent alone or in presence of moxifloxacin for 24 h. Following incubation, 

cells were washed with cold PBS and resuspended in annexin V-PI binding buffer (10 mM 

HEPES pH 7.4, 140 mM NaCl, 2.5 mM CaCl2). An aliquot of 100 µL was mixed with 4 mL 

of annexin-V FITC and PI. The mixture was incubated for 15 min at room temperature in the 
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dark. Finally, cells were washed and resuspended in binding buffer and subjected to flow 

cytometric analysis on FACScan (Becton Dickinson, Franklin Lakes, NJ, USA). 

Pro-inflammatory Cytokines Assay 

Anticancer mediated release of IL-6 and IL-8 from ARPE-19 cells were quantified 

according to the previously published protocol with modification [231]. Briefly, ARPE-19 

cells suspended in DMEM/F12 medium were placed in 24-well culture plates at a 

concentration of 1 × 10
6
 cells per mL. Cells were incubated (48 h) with two different 

concentrations (0.5 and 1.0 µg/mL) of anticancer agent (etoposide, topotecan and 

vinblastine) alone and in presence of moxifloxacin (500 µM). Following drug exposure, cell-

free supernatants were recovered and cytokines concentrations were determined using 

Legend Max
®
 human IL-6 and IL-8 sandwich ELISA kit (BioLegend

®
, San Diego, CA) 

according to the manufacturer protocol.  IL-6 and 8 standard controls (100 pg/mL - 3.125 

pg/mL), negative control (cell culture medium), positive control (lipopolysaccharide (LPS) 

and phorbol myristate acetate (PMA)) were also quantified simultaneously. Absorbance was 

measured at 450 nm (excitation) and 570 nm (emission) wavelengths. 

Data Treatment 

For dose–response studies, the effect of moxifloxacin on [
14

C]-erythromycin efflux 

was calculated using a modified log [dose]-response curve method to fit the data in equation 

1 in order to obtain IC50 values. 

                        ………........................Eq. 1. 

Where, x denotes the log concentration of moxifloxacin, Y is the cellular accumulation of 

[
14

C] erythromycin, IC50 represents the inhibitor concentration where the efflux of [
14

C]-

erythromycin is inhibited by 50%, and H is the Hill constant. Y starts at a minimum (min) 
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value (at low inhibitor concentration) and then plateaus at a maximum (max) value (at high 

inhibitor concentration) resulting in a sigmoidal curve.  

The IC50 the anticancer agents was determined by plotting a graph of log 

(concentration of anticancer agent) vs % cell viability. Data were plotted using equation 1 in 

order to obtain the IC50 values. Where, x denotes the log concentration of anticancer 

agents, Y is the % cell viability and H is the Hill constant. Y starts at a maximum (max) % 

cell viability value (at low anticancer concentration) and then plateaus at a minimum (min) % 

cell viability value (at high anticancer concentration) resulting in a sigmoidal curve. 

Cumulative amounts transported in bi-directional transport experiments across cell 

monolayers were plotted as a function of time. Linear regression of amounts transported as a 

function of time yielded the rate of transport across the cell monolayer (dM/dt). The rate 

divided by the cross-sectional area available for transport (A) generated steady state flux as 

shown in Eq. 2. 

                               ………..………..Eq. 2. 

Slopes were obtained from the linear portion of the curve to calculate apparent 

permeability (Papp) through normalization of the steady-state flux to the donor concentration 

(Cd) according to Eq. 3. 

                                       …………………      ………………Eq. 3. 

Where dM/dt (mol/min) represents the rate of drug transport across the cell monolayer, A 

(cm
2
) is the cross-sectional area available for transport, and Cd (µM) is the donor 

concentration. The net efflux ratio was assessed from Papp in BL to AP and AP to BL 

directions as shown in Eq. 4. 

                                                                                                                                 ………………………..……..Eq. 4. 

dM/dt      dM/dt 

            (Cd*A*60) 
                      Papp = 

Efflux Ratio = (Papp BL→AP) / (Papp AP→BL) 
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Statistical Analysis 

All the results are expressed as mean ± standard deviation (SD). The student t test 

was applied to determine statistical significance between two groups where, p < 0.05 being 

considered to be statistically significant. 

5.3 Results 

Cellular Accumulation of Anticancer Agents 

Time and concentration dependent increased cellular accumulation of anticancer 

agents were observed in presence of moxifloxacin. Highest cellular accumulation of [
3
H]-

etoposide, [
3
H]-vinblastine and [

3
H]-topotecan was observed at 60 min in presence of 

moxifloxacin (500 µM) across MDCK-MDR1 (189%, 210% and 199%) and MDCK-MRP2 

(264%, 190% and 212%) cells, respectively (Fig. 20,21,22). 

Bidirectional Transport of Anticancer Agents 

Apparent permeabilities of all three anticancer agents were significantly higher in 

BL-AP direction in presence of moxifloxacin across MDCK-MDR1 and MDCK-MRP2 cells 

(Table 8-9). The efflux ratio of [
3
H]-etoposide was 3.25 (Papp AP→BL = 3.57 (± 0.65) × 10

-

6
 cm/s) and 5.46 (Papp AP→BL = 37.82 (± 2.70) × 10

-6
 cm/s) across MDCK-MDR1 and 

MDCK-MRP2 cells, respectively. Significant reduction of [
3
H]-etoposide efflux ratio was 

observed due to the elevation of AP-BL permeability in presence of moxifloxacin across 

MDCK-MDR1 (1.62, Papp AP→BL = 7.92 (± 1.78) × 10
-6

 cm/s) and MDCK-MRP2 (2.17, 

AP→BL = 89.34 (± 1.75) × 10
-6

 cm/s) cells. Moreover, [
3
H]-etoposide efflux ratio reduction 

(1.03 and 1.08) was also observed in presence of known MDR1 (GF120918) and MRP2 

(MK571) inhibitors across MDCK-MDR1 and MDCK-MRP2 cells, respectively (Tables 8-

9). 
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Similarly, efflux ratio of [
3
H]-vinblastine was 6.59 (Papp AP→BL = 1.55 (± 0.03) × 10

-6
 

cm/s) and 5.46 (Papp AP→BL = 13.50 (± 3.24) × 10
-6

 cm/s) across MDCK-MDR1 and 

MDCK-MRP2 cells, respectively. Significant reduction of [
3
H]-vinblastine efflux ratio was 

observed due to the elevation of AP-BL permeability in presence of moxifloxacin across 

MDCK-MDR1 (2.26, AP→BL = 3.95 (± 0.46) × 10
-6

 cm/s) and MDCK-MRP2 (2.48, 

AP→BL = 19.72 (± 2.56) × 10
-6

 cm/s) cells. Furthermore, [
3
H]-vinblastine efflux ratio 

reduction was also observed in presence of GF120198 (1.33) and MK571 (1.39) across 

MDCK-MDR1 and MDCK-MRP2 cells, respectively (Tables 8-9).  

The efflux ratio of [
3
H]-topotecan was 4.63 (Papp AP→BL = 0.75 ± 0.03 × 10

-6
 cm/s) 

and 3.07 (Papp AP→BL = 8.06 ± 0.66 × 10
-6

 cm/s) across MDCK-MDR1 and MDCK-

MRP2 cells, respectively. Significant reduction of [
3
H]-topotecan efflux ratio was observed 

in presence of moxifloxacin across MDCK-MDR1 (2.16, Papp AP→BL = 1.56 ± 0.03 × 10
-6

 

cm/s) and MDCK-MRP2 (1.80, Papp AP→BL = 12.67 ± 2.67 × 10
-6

 cm/s) cells. Likewise, 

[
3
H]-topotecan efflux ratio reduction was also observed in presence of GF120198 (1.38) and 

MK571 (1.13) across MDCK-MDR1 and MDCK-MRP2 cells, respectively (Tables 8-9). 

Anti-proliferative Activity 

Cytotoxicity of anticancer agents against retinoblastoma cells (Y-79) was measured 

alone and in presence of moxifloxacin for different time points using the MTT assay. 

Significant reduction in % cell viability was observed upon co-exposure of anticancer drug 

and moxifloxacin relative to treatment of anticancer drug alone (Fig. 23). Based on 

cytotoxicity results, IC50 value of anticancer agents were calculated alone and in presence of 

moxifloxacin. The IC50 value of etoposide (27.07 µM), topotecan (27.89 µM) and vinblastine 
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(51.90 nm) against retinoblastoma cells were significantly reduced to 2.11 µM, 2.89 µM and 

22.92 nm, respectively in presence of moxifloxacin (Table 10). 

Caspase-3 Assay 

Concentration dependant caspase-3 release was observed in response to anticancer 

drug treatment which was further increased up to 1.6 (etoposide), 2.9 (topotecan) and 6.6 

(vinblastine) fold in presence of moxifloxacin (Fig. 24, 25, 26). 

Apoptosis Assay 

Anticancer concentrations equivalent to IC50 values (calculated from cytotoxicity 

studies) in presence or absence of moxifloxacin were exposed to Y-79 cells for 24 h. Live 

and dead cell discrimination was measure by flow cytometry analysis using Annexin-V 

FITC-PI dual staining.    

The % cell population in early apoptotic (Annexin-V positive and PI negative) and 

necrosis/late apoptotic (Annexin-V positive and PI positive) stages were nearly similar when 

Y-79 cells were treated with equivalent concentration of etoposide (27 or 2.1 µM) (Fig. 27), 

topotecan (28 or 2.8 µM) (Fig. 28) and vinblastine (50 or 23 nm) (Fig. 29) alone or in 

combination with moxifloxacin, respectively.  

Pro-inflammatory Cytokine Assay 

Dose-dependent anticancer mediated cytokine release (IL-6 and IL-8) was observed 

in retinal cells (ARPE 19). After 48 h exposure of etoposide (0.5 and 1.0 µg) on Y-79 cells, 

release of IL-6 (105.2 ± 3.9, 151.4 ± 10.0 pg mL
-1

) and IL-8 (191.9 ± 9.1, 286.6 ± 16.6 pg 

mL
-1

) was reduced by 1.3, 1.4 (for IL-6) and 1.60, 1.28 (for IL-8) fold in presence of 

moxifloxacin, respectively (Figs. 30-31). Similarly, vinblastine (0.5 and 1.0 µg) mediated 

release of IL-6 (52.9 ± 4.3, 73.6 ± 2.3 pg mL
-1

) and IL-8 (140.2 ± 14.4, 284.9 ± 18.0 pg mL
-
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1
) was reduced by 1.11, 1.42 (for IL-6) and 1.40, 1.08 (for IL-8) fold in presence of 

moxifloxacin, respectively (Figs. 30-31). In case of topotecan (0.5 and 1.0 µg), release of IL-

6 (156.9 ± 2.7, 157.5 ± 8.8 pg mL
-1

) and IL-8 (157.7 ± 12.6, 239.2 ± 13.9 pg mL
-1

) was 

reduced by 1.3 and 1.2 (for IL-6) and 1.48, 1.30 (for IL-8) fold in presence of moxifloxacin, 

respectively (Figs. 30-31). 
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Figure 20. Cellular accumulation of [
3
H]-etoposide (ETP) alone and in presence of 

moxifloxacin (MFX) across MDCK-MDR1 and MDCK-MRP2 cells. Values are expressed 

as mean ± SD (n = 4). 
*
Data were considered statistically significant for P ≤ 0.05. 
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Figure 21. Cellular accumulation of [
3
H]-vinblastine (VB) alone and in presence of 

moxifloxacin (MFX) across MDCK-MDR1 and MDCK-MRP2 cells. Values are expressed 

as mean ± SD (n = 4). 
*
Data were considered statistically significant for P ≤ 0.05. 

 



100 
 

 

 

Figure 22. Cellular accumulation of [
3
H]-topotecan (TP) alone and in presence of 

moxifloxacin (MFX) across MDCK-MDR1 and MDCK-MRP2 cells. Values are expressed 

as mean ± SD (n = 4). 
*
Data were considered statistically significant for P ≤ 0.05. 
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Table 8. Bi-directional transport of [
3
H]-etoposide, [

3
H]-topotecan and [

3
H]-vinblastine alone 

and in presence of moxifloxacin (500 µM) and GF120198 (2 µM) across MDCK-MDR1. 

Values are expressed as mean ± SD (n = 3). 

 

Cell Line Drug Permeability (×10
-6

) cm/s Efflux 

Ratio 
AP-BL BL-AP 

 

 

 

 

 

MDCK-MDR1  

Etoposide 3.57 ± 0.65 11.60 ± 1.78 3.25 

Etoposide + Moxifloxacin 7.92 ± 1.78 12.84 ± 2.08 1.62 

Etoposide + GF120918  10.71 ± 0.52 11.02 ± 1.45 1.03 

Vinblastine 1.55 ± 0.03 10.22 ± 0.47 6.59 

Vinblastine + Moxifloxacin  3.95 ± 0.46 8.92 ± 1.91 2.26 

Vinblastine + GF120918  5.35 ± 0.40 7.14 ± 1.47 1.33 

Topotecan 0.75 ± 0.03 3.50 ± 0.28 4.63 

Topotecan + Moxifloxacin  1.56 ± 0.03 3.38 ± 0.16 2.16 

Topotecan + GF120918   2.27 ± 0.18 3.14 ± 0.20 1.38 
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Table 9. Bi-directional transport of [
3
H]-etoposide, [

3
H]-topotecan and [

3
H]-vinblastine alone 

and in presence of moxifloxacin (500 µM) and MK571 (50 µM) across MDCK-MRP2. 

Values are expressed as mean ± SD (n = 3). 

 

Cell Line Drug Permeability (×10
-6

) cm/s Efflux 

Ratio 
AP-BL BL-AP 

 

 

 

 

 

MDCK-MRP2 

Etoposide 37.82 ± 2.70  206.76 ± 17.45  5.46  

Etoposide + Moxifloxacin 89.34 ± 1.75  194.29 ± 12.58  2.17  

Etoposide + MK571  175.62 ± 7.47  189.47 ± 20.42  1.08  

Vinblastine 13.50 ± 3.24  73.75 ± 8.16  5.46  

Vinblastine + Moxifloxacin  19.72 ± 2.56  48.90 ± 6.70  2.48  

Vinblastine + MK571  25.60 ± 4.42  35.58 ± 9.72  1.39  

Topotecan 8.06 ± 0.66  24.78 ± 2.44  3.07  

Topotecan + Moxifloxacin  12.67 ± 2.67  22.89 ± 3.54  1.80  

Topotecan + MK571   19.51 ± 1.31  22.08 ± 2.79  1.13  

 

 

 

 



103 
 

 

 

 
 

Figure 23. Modulation of anticancer cytotoxicity on Y-79 cells by moxifloxacin (MFX). 

Values are expressed as mean ± SD (n = 6). Etoposide (ETP); Topotecan (TP); Vinblastine 

(VB). 
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Table 10. IC50 values of anticancer agents alone and in presence of moxifloxacin. 

Drug IC50 

Etoposide 27.07 µM 

Etoposide + Moxifloxacin   2.11 µM  

Topotecan 27.89 µM 

Topotecan + Moxifloxacin   2.89 µM  

Vinblastine  51.90 nm  

Vinblastine + Moxifloxacin 22.92 nm  
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Figure 24. Modulation of etoposide (ETP) mediated caspase-3 activity on Y-79 cells by 

moxifloxacin (MFX). Values are expressed as mean ± SD (n = 3). 
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Figure 25. Modulation of topotecan (TP) mediated caspase-3 activity on Y-79 cells by 

moxifloxacin (MFX). Values are expressed as mean ± SD (n = 3).  
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Figure 26. Modulation of vinblastine (VB) mediated caspase-3 activity on Y-79 cells by 

moxifloxacin (MFX). Values are expressed as mean ± SD (n = 3).  
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Figure 27. Flow cytometry analysis using Annexin V (AV) and propidium iodide (PI) 

staining illustrating modulation of etoposide (ETP) mediated Y-79 cell apoptosis by 

moxifloxacin (MFX). Q1= PI positive cells (AV
-
PI

+
); Q2 = Late apoptotic (dead) cells 

(AV
+
PI

+
); Q3 = Un-stained (non-apoptotic healthy) cells (AV

-
PI

-
); Q4 = Early apoptotic (but 

viable) cells (AV
+
 PI

-
). 
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Figure 28. Flow cytometry analysis using Annexin V (AV) and propidium iodide (PI) 

staining illustrating modulation of topotecan (TP) mediated Y-79 cell apoptosis by 

moxifloxacin (MFX). Q1= PI positive cells (AV
-
PI

+
); Q2 = Late apoptotic (dead) cells 

(AV
+
PI

+
); Q3 = Un-stained (non-apoptotic healthy) cells (AV

-
PI

-
); Q4 = Early apoptotic (but 

viable) cells (AV
+
 PI

-
). 
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Figure 29. Flow cytometry analysis using Annexin V (AV) and propidium iodide (PI) 

staining illustrating modulation of vinblastine (VB) mediated Y-79 cell apoptosis by 

moxifloxacin (MFX). Q1= PI positive cells (AV
-
PI

+
); Q2 = Late apoptotic (dead) cells 

(AV
+
PI

+
); Q3 = Un-stained (non-apoptotic healthy) cells (AV

-
PI

-
); Q4 = Early apoptotic (but 

viable) cells (AV
+
 PI

-
). 
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Figure 30. Modulation of anticancer induced IL-6 release by moxifloxacin (MFX) across 

ARPE19 cells. Values are expressed as mean ± SD (n = 4). Etoposide (ETP); Topotecan (TP); 

Vinblastine (VB). 
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Figure 31. Modulation of anticancer induced IL-8 release by moxifloxacin (MFX) across 

ARPE19 cells. Values are expressed as mean ± SD (n = 4). Etoposide (ETP); Topotecan (TP); 

Vinblastine (VB). 
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5.4 Discussion: 

It is evident that co-administration of drugs is a viable strategy to overcome MDR 

[217]. Therefore, we have tested moxifloxacin potential to overcome efflux based drug 

resistance to anticancer agents (etoposide, topotecan and vinblastine) that are also substrates 

of MDR1 and MRP2 and currently used for retinoblastoma therapy. Retinoblastoma is the 

malignant tumors in the retinal cell layer of the eye. MDR mediated chemo-resistance due to 

interaction of anticancer agents with efflux proteins (MDR1 and MRP2) over-expressed on 

retinoblastoma tumors is the major cause of treatment failure [97,98,221]. We hypothesized 

that moxifloxacin being dual substrate of MDR1 and MRP2 efflux transporters may 

modulate the intracellular accumulation and permeability of anticancer agents due to 

competitive inhibition at efflux sites. This strategy might not only result in anticancer efflux 

modulation or inhibition, but might also result in a synergistic pharmacological effect 

because antimicrobial moxifloxacin has also displayed anticancer activity in eukaryotic and 

tumor cells [177-180]. Hence, in vitro experiments were carried out to test this strategy by 

studying cellular accumulation and bi-directional transport of anticancer agents in 

combination with moxifloxacin. Since, moxifloxacin and anticancer agents are overlapping 

substrate of MDR1 and MRP2 therefore in vitro uptake and transport experiments were 

simultaneously studied on both MDCK-MDR1 and MDCK-MRP2 cells.  

Increased cellular accumulation of etoposide, topotecan and vinblastine in presence of 

moxifloxacin suggest competitive inhibition of MDR1 and MRP2 mediated anticancer efflux 

(Fig. 20, 21, 22). Furthermore, moxifloxacin inhibited the anticancer efflux in a dose-

dependent and time-dependent manner. Since, the maximum anticancer efflux inhibition was 

observed at a 500 μM concentration of moxifloxacin (a non-toxic and tolerable dose), 
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remaining studies were performed using this concentration. Elevation of AP-BL permeability 

of [
3
H]-etoposide (2.22 and 2.36 fold), [

3
H]-topotecan (2.08 and 1.57 fold) and [

3
H]-

vinblastine (2.55 and 1.46 fold) across MDCK-MDR1 (Table 8) and MDCK-MRP2 (Table 9) 

cells further confirms moxifloxacin mediated inhibition of anticancer efflux. Significant 

reduction of anticancer efflux ratio by moxifloxacin strongly supports co-administration of 

overlapping substrates as a viable strategy to overcome MDR. Overall, in vitro uptake and bi-

directional transport studies suggest that moxifloxacin modulates the intracellular 

accumulation and permeability of anticancer agents.  

Since, moxifloxacin mediated anti-tumor activity was reported in several tumor cells, 

the cytotoxicity of anticancer agents against retinoblastoma cells (Y-79) was measured alone 

and in presence of moxifloxacin using the MTT assay. Cytotoxicity was conducted with 

increasing concentration of anticancer agent (1-40 μM) at two different time points. A 

significant reduction of % cell viability was observed when anticancer agents and 

moxifloxacin were used in combination (Fig. 23). This result may be associated with the 

reported anti-proliferative activity of moxifloxacin [177]. Another possible explanation for 

moxifloxacin mediated modulation of anticancer cytotoxicity may be due to improved 

intracellular accumulation and permeability of anticancer agents (as demonstrated in in vitro 

anticancer uptake and transport studies). However, the significant reduction of etoposide (13 

fold), topotecan (10 fold) and vinblastine (2 fold) IC50 values in the presence of moxifloxacin 

suggest that moxifloxacin is not only modulating the intracellular anticancer accumulation 

but is also elevating the cytotoxicity of the chemotherapeutic agents (Table 10). Furthermore, 

a larger reduction in IC50 values for etoposide and topotecan in combination with 

moxifloxacin support the previous observation that moxifloxacin alone slightly inhibits 
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human topoisomerase II activity. In contrast, a combination of moxifloxacin with a 

topoisomerase II inhibitor (etoposide) exhibited significantly high inhibitory effect on 

topoisomerase II activity [178].    

Using flow cytometric analysis, the potency of calculated IC50 values of anticancer 

agents (with or without moxifloxacin) were validated. We observed a similar pattern of 

apoptotic events at reduced IC50 values of anticancer drug in presence of moxifloxacin (Figs. 

27, 28, 29). These results showed that moxifloxacin potentiated the apoptotic effect of the 

anticancer agents and a similar effect can be achieved at reduced anticancer dose. This 

finding was further supported by measuring caspase-3 levels in Y-79 cells. Caspase-3 is the 

key enzyme activated during the apoptosis process and is also required for the execution of 

apoptotic events. The results showed that moxifloxacin alone slightly elevated caspase-3 

activity, however it led to significantly high anticancer induced caspase-3 activation in dose-

dependent manner (Figs. 24, 25, 26).  

We show in the present study that treatment of ARPE-19 cells with anticancer agents 

induced the release of the proinflammatory cytokines IL-6 (Fig. 30) and IL-8 (Fig. 31). 

Recent studies have shown that IL-8 is a proangiogenic cytokine regulating tumorigenesis in 

DLD-1 colon cancer cells [232], and also serves in vitro as an autocrine growth factor in 

human colon carcinoma cells [233]. These effects should be looked at as undesired side 

effects of the drug. Our results showed that moxifloxacin significantly inhibited the drug 

induced IL-8 and IL-6 release in ARPE-19 cells. This may suggest that moxifloxacin may 

also modulate the anticancer mediated release of proinflammatory cytokines.  

Overall, the drug interactions study for the treatment of retinoblastoma shows triple 

benefit in terms of overcoming chemoresistance, enhancing cytotoxic activity and inhibiting 
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proinflammatory cytokines release. Knowing that moxifloxacin is a clinically approved drug 

and exhibits tolerability in ocular cells at higher dose levels and cytochrome P450 

metabolizing enzyme system is not involved in its metabolism, future implications of above 

research findings are very promising. There is a need to further explore this finding to 

confirm its clinical feasibility; if proven, these results will aid in the reduction of 

chemotherapeutic doses and associated dose-limiting toxicities. 

5.5 Conclusion 

The strategy of utilizing efflux pump inhibitors (yet not clinically approved) has its 

limitations, however, ocular cells have shown good tolerability against moxifloxacin, a 

clinically accepted drug even at higher dose level. Our findings suggest that moxifloxacin 

may be a valuable new addition to chemotherapeutic strategies, concurrently improving 

cytotoxic activity while evading MDR mediated chemoresistance of various anticancer 

agents currently used for retinoblastoma management. These novel drug interactions may 

ultimately help reduce chemotherapeutic dosing which eventually reduces the probability of 

dose-limiting toxicity. 
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CHAPTER 6 

MITOCHONDRIAL LOCALIZATION OF TRANSPORTERS 

6.1 Overview 

Mitochondria are an attractive target for drug-delivery because of their role in cellular 

energy metabolism, programmed (apoptotic) cell death, and cell signaling. Moreover, 

mitochondria are a vital intracellular organelle in ocular cell function and survival. This 

organelle is an attractive target for drug-delivery because of the association between 

mitochondrial dysfunction and a number of ocular diseases such as age-related macular 

degeneration, diabetic retinopathy, and glaucoma [234]. Investigations have unveiled 

mitochondrial genomic instability as one of the contributing factors for age-related ocular 

pathophysiology. The susceptibility of neural retina and retinal pigment epithelium (RPE) 

mitochondria to oxidative damage with age appears to be a major factor in retinal 

degeneration. It thus appears that the mitochondrion is a weak link in the antioxidant 

defenses of retinal cells. In addition, failure of mtDNA repair pathways can also specifically 

contribute to the pathogenesis of AMD. Mitochondrial based drug targeting to diminish 

oxidative stress or promote repair of mtDNA damage may offer potential alternatives for the 

treatment of various retinal degenerative diseases. 

Several reports have indicated localization and the activity of MDR1 efflux protein 

within the mitochondria. Reports have suggested that an inward onrientation of 

mitochondrial MDR1 can offer higher drug accumulation inside the organelle and can protect 

the nucleus by preventing therapeutic drug entry into nuclear targets [235]. However, an 

outward orientation of mitochondrial MDR1 facilitates therapeutic drug efflux from the 

organelle and is likely to protect mitochondrial DNA from cytotoxic damage [236]. 
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MDR associated transporter proteins such as P-glycoprotein (MDR1), breast cancer 

resistance protein (BCRP) and multidrug resistance protein 1 (MRP1) are expressed on the 

corneal cell membrane to prevent intracellular accumulation of toxins and drugs [237,238]. 

Nevertheless these proteins could be expressed in subcellular compartments and may actively 

sequester drugs and traffic them away from their cellular targets. 

This part of dissertation deals with functional localization of efflux (MDR1) and 

influx (PepT-1) transporters on the mitochondria of cultured rabbit primary corneal epithelial 

cells (rPCECs).  

6.2 Statement of the Problem 

Since most drug targets are contained within specific intracellular compartments the 

mitochonrion or the nucleus, the ability of a drug to accumulate these sites is a critical 

determinant in the observed drug response. The mitochondrion is an attractive target for 

drug-delivery because of growing support of the association between mitochondrial 

dysfunction and a number of ocular diseases (glaucoma, diabetic retinopathy, retinoblastoma, 

and age-related macular degeneration). Thus, substantial effort should be devoted to 

developing strategies for the targeting of therapeutic molecules to the mitochondria. A range 

of possibilities exist for the selective drug delivery to the mitochondria including a 

transporter targeted strategy. Localization of various influx and efflux transporters is 

generally considered to be restricted to the cell surface level. However, several cellular 

compartments (mitochondria or nucleus) may also be potential sites for these transporters. 

Based on the potential role of mitochondrial dysfunction in pathogenesis of various ocular 

diseases, we hypothesized that various influx and efflux transporters useful in drug targeting 

may also localize on the surface of mitochondria and can be utilized for the intracellular 
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delivery of therapeutic molecules across the cornea to enhance drug absorption at subcellular 

target sites.  

6.3 Objectives 

 

The objectives of this project are:  

a) to isolate and purify mitochondria from cultured rabbit primary corneal epithelial 

cells (rPCECs) using cell fractionation and differential centrifugation. 

b) to evaluate and confirm the integrity and purity of isolated mitochondria.   

c) to study efflux activity of MDR1 by performing in vitro uptake of Rhodamine (Rho) 

123 on isolated mitochondria in the presence or absence of MDR1 inhibitors 

(quinidine and cyclosporine A) using fluorimetry and flow cytometry analysis. 

d) to study functional activity of peptide transporter by performing in vitro uptake of 

[
3
H]-Gly-Sar on isolated mitochondria in the presence or absence of a peptide 

transporter substrate (Val-Val).  

e) to confirm MDR1 and peptide transporter localization on mitochondria of rPCECs 

using western blot and confocal analysis. 
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CHAPTER 7 

MITOCHONDRIAL LOCALIZATION OF P-GLYCOPROTEIN AND PEPTIDE 

TRANSPORTERS IN CORNEAL EPITHELIAL CELLS – NOVEL STRATEGIES FOR 

INTRACELLULAR DRUG TARGETING 

7.1 Rationale 

Multidrug resistance (MDR) is the major complication of cancer chemotherapy. It is a 

situation in which cancer cells become simultaneously resistant to structurally unrelated 

drugs with different mechanisms of action [239]. Alterations in common drug targets, 

increased drug detoxification, drug efflux, DNA repair, and apoptosis defects have all been 

implicated as MDR mechanisms [239-245]. Besides cancer chemotherapy, MDR also 

represents a major barrier to the success of ocular drug delivery. Since most drug targets are 

located within specific intracellular compartments, drug accumulation into these sites is a 

critical determinant of therapeutic response [246]. Drug resistance phenotypes showing 

altered intracellular distribution of drugs have been observed in MDR cancer cell lines 

relative to drug sensitive lines [247,248]. Such intracellular redistribution proceedings may 

decrease the opportunity for a drug molecule to invade a drug targeting compartment and 

thus limit its therapeutic effectiveness [246].
 

MDR associated transporter proteins such as P-glycoprotein (P-gp/MDR1), breast 

cancer resistance protein (BCRP) and multidrug resistance protein 1 (MRP1) are also 

expressed at the corneal cell membrane level for reducing intracellular accumulation of 

toxins and drugs [87,237,238]. Nevertheless these proteins could be expressed in subcellular 

compartments and may actively sequester drugs and traffic away from their sub-cellular 

targets [235,246,249-252].  
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Mitochondria represent a vital intracellular organelle for ocular cell function and 

survival. It is an attractive target for drug-delivery because there is growing confirmation to 

support an association between mitochondrial dysfunction and a number of ocular diseases 

(such as age-related macular degeneration, diabetic retinopathy and glaucoma) [234]. Several 

reports have indicated the mitochondrial localization and activity of MDR1 efflux protein. 

Munteanu et al. have shown presence and functional activity of mitochondrial MDR1 in 

MDR resistant human myeloid leukemia cells (K562). These authors have observed a 

reversed orientation of mitochondrial MDR1 relative to its outward localization on cell 

surface. This finding suggested that inwardly oriented mitochondrial MDR1 could offer 

higher drug accumulation inside the organelle and extracellular antibodies cannot affect such 

accumulations since they cannot reach the mitochondrial binding site. However, a 

mitochondrial membrane permeable to small molecule inhibitors could reduce intra-organelle 

drug concentrations. Therefore, inward orientation of mitochondrial MDR1 in MDR cells 

could protect the nucleus and prevent the therapeutic drug entry in its nuclear targets [235]. 

Another study reported the functional localization of MDR1 in the mitochondrial membrane 

of MDR resistant hepatocellular carcinoma (HCC) cells. This finding suggested that 

mitochondrial membrane localized MDR1 can work like a pump to efflux cytotoxic agents 

from mitochondria into the cytosol. Therefore, the outward orientation of mitochondrial 

MDR1 is likely to protect mitochondrial DNA from cytotoxic damage [236]. Furthermore, 

Ling et al. have shown that overexpression and localization of MDR1 on mitochondrial 

membrane of mitochondrial DNA depleted human hepatoma cells (SK-Hep1) confers 

resistance to chemotoxic drug-induced apoptosis [253]. Recently, another study has reported 

mitochondrial localization of MDR1 only on doxorubicin-resistant human breast cancer cells 
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(MCF-7) but not in the parent cell line [254]. Overall, the above two findings further support 

the hypothesis that mitochondrial membrane localized MDR1 possess an efflux function and 

facilitate MDR at the intracellular site by pumping chemotoxic drugs from mitochondria to 

protect mitochondrial functioning. 

Expression of MDR1 efflux and peptide influx transporters have been previously 

identified by our laboratory on the corneal epithelial cell surface [255,256]. Therefore, the 

aim of this study was to elucidate the expression, localization, and functional activity of 

MDR1 efflux and peptide (PepT-1) influx transporters in the mitochondria of cultured rabbit 

primary corneal epithelial cells (rPCECs). In this study, in vitro efflux activity of MDR1 was 

measured by a model fluorescent MDR1 substrate Rho-123 and two specific inhibitors of 

MDR1 (quinidine and cyclosporine A, CsA). In addition, two peptide transporter substrates 

[
3
H] Glycylsarcosine (Gly-Sar) and Val-Val were selected to examine the in vitro function of 

the PepT-1 transporter. All in vitro uptake experiments were performed in isolated 

mitochondria from rPCECs. Furthermore, localization and protein expression of both the 

transporters were confirmed by confocal microscopy and western blot analysis. 

7.2 Material and Methods 

Materials 

 

Cell culture materials including minimum essential medium (MEM), TripLE 

Express
®
 solution and non-essential amino acids were obtained from Invitrogen (Carlsbad, 

CA). Fetal bovine serum (FBS) was procured from Atlanta Biological (Lawrenceville, GA). 

Cell culture flasks (150 cm
2
 area) were purchased from Fisher Scientific (Houston, TX). 

Rho-123, CsA and quinidine were procured from Sigma-Aldrich (St. Louis, MO). [
3
H]-Gly-

Sar (specific radioactivity, 4 Ci/mmol) was obtained from Moravek Biochemicals (Brea, CA, 

USA). 
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Cell Culture 

rPCECs were cultured according to our published procedure [256]. Briefly, cells were 

grown with culture medium containing MEM, 10% FBS, HEPES, sodium bicarbonate, 

penicillin, streptomycin sulphate and 1% (v/v) non-essential amino acids, adjusted to pH 7.4. 

Cells were grown in 150 cm
2
 culture flasks and maintained at 37 °C, in a humidified 

atmosphere of 5% CO2 and 90% relative humidity. The culture medium was replaced every 

other day. 

Mitochondria Isolation 

The isolation of mitochondria from the corneal cells was performed based on the 

principle of cell fractionation and differential centrifugation [235,257,258]. Briefly, confluent 

rPCECs grown in 150 cm
2 

flask were harvested by trypsinization, washed twice with ice-cold 

phosphate buffered saline (PBS) and pelletized at 4
0
C (1000 × g) for 10 min. The resulting 

pellet was re-suspended in 500 µL of ice-cold homogenization buffer (0.25 M sucrose, 1 mM 

EDTA, 10 mM HEPES; pH 7.4) and incubated on ice for 10 min. Following incubation, cells 

were homogenized with a pre-chilled Dounce homogenizer (40-50 strokes) and cell lysis was 

ensured using the LDH assay. The resulting homogenate was transferred into 10 mL 

centrifuge tube and made up to 5 mL volume with homogenization buffer and centrifuged at 

low speed (1000 × g, 10 min, 4 
0
C) to remove nuclei and unlysed cells. The resulting 

supernatant was again centrifuged at high speed (16,000 × g, 40 min, 4 
0
C) in order to 

remove lysosomal or peroxisomal contamination. The formed pellet (‘‘crude mitochondria’’) 

was resuspended in homogenization buffer containing 0.25 M sucrose and centrifuged at 

16,000 × g for 30 min at 4 
0
C. The resulting mitochondrial pellet was re-suspended in 
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mitochondrial suspension buffer (pH 7.0) containing sucrose (250 mmol/L), tris (10 mmol/L) 

and protease inhibitors for further studies.  

Mitochondrial Membrane Integrity Evaluation by JC-1 Uptake 

Mitochondrial membrane integrity was assessed by measuring the potential gradient 

(Δψ) across the membrane using the lipophilic, cationic JC-1 fluorescent dye as per the 

manufacturer’s instructions (Sigma). Generally in healthy cells with high mitochondrial Δψ, 

JC-1 concentrates in the mitochondrial matrix and forms red fluorescent aggregates (J-

aggregates). Any incident that disperses the mitochondrial membrane potential also averts 

accumulation of the JC-1 dye in the mitochondria. As an outcome the dye is dispersed all 

over the cytoplasm leading to a shift from red (J-aggregates) to green fluorescence (JC-1 

monomers) [259]. Valinomycin is an antibiotic agent that permeabilizes the mitochondrial 

membrane and therefore dissipates the mitochondrial potential gradient. In this experiment, 

valinomycin (1 µL) was used as a control that prevents JC-1 aggregation. Fluorescence of 

JC-1 stained mitochondrial aggregates was measured by fluorimeter at 490 nm (excitation) 

and 590 nm (emission) wavelengths, respectively. 

Mitochondrial Preparation for Transmission Electron Microscopy (TEM) 

For morphological characterization, 100 μL of mitochondrial suspension was 

centrifuged at 7000 × g for 10 min. The resulting pellet was fixed with glutaraldehyde (2.5%) 

in cacodylate buffer, post fixed with osmium tetroxide (2%) and dehydrated in ethanol. The 

fixed pellet was processed for thin sectioning using routine procedure. Ultrathin sections (0.2 

µM) were examined by TEM. 
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Uptake Experiments on Isolated Mitochondria 

In vitro efflux activity of MDR1 was measured on isolated mitochondria with 

modifications. Briefly, isolated rPCECs mitochondria were washed with Dulbecco’s 

modified phosphate-buffered saline (DPBS) at 37 °C. Rho 123 solution was prepared at a 

concentration of 5 µM in DPBS and was added to isolated mitochondria (0.5 mg/mL) for 

incubation in microfuge tube containing 1 mL of DPBS for 30 min at 37 °C for control 

experiments or with 1 mL solution of appropriate MDR1 inhibitor (quinidine, 75 µM and 100 

µM) in DPBS. During incubation period tubes were rotated constantly. At the end of an 

experiment, samples were centrifuged at 2000 × g for 5 min at 4 
o
C. The resulting 

mitochondrial pellets were washed three times with ice cold stop solution (210 mM KCl, 2 

mM HEPES) to arrest mitochondrial uptake. Mitochondria were then solubilized in 1 mL of 

lysis solution (0.3 M NaOH, 0.1% Triton X-100). The lysates were transferred to a 96-well 

plate and were assayed using a 96-well fluorescent microplate reader. Rho 123 fluorescence 

was measured at 485 nm (excitation) and 535 nm (emission) wavelengths, and quantified 

against a standard curve of Rho-123. The fluorescence of the mitochondrial lysates was 

corrected for auto-fluorescence of untreated mitochondria. The uptake was normalized to the 

protein content of mitochondria. Protein content of the mitochondrial samples was measured 

using BioRad protein estimation kit (BioRad, Hercules, CA). The results were calculated as 

the total Rho 123 uptake/milligram of protein. Nonspecific binding was deducted from the 

total uptake values obtained. 

For identification of peptide transporter, uptake was initiated by adding 1 mL of 

solution containing 0.5 μCi/mL [
3
H]-Gly-Sar in DPBS to isolated mitochondria (0.5 mg/mL) 

in the presence or absence of competing substrate (Val-Val, 2.5 mM and 5.0 mM). Uptake 
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was then performed as described previously for Rho-123. For analysis, aliquots of 500 μL 

was withdrawn from each sample containing lysed mitochondria and transferred to 

scintillation vials containing 3 mL scintillation cocktail. Samples were then analyzed using 

Beckman Scintillation Counter (Model LS-6500, Beckman Instruments, Inc.). Uptake was 

normalized to the protein content of each sample and the amount of protein in the 

mitochondrial lysate was quantified as described previously. 

Efflux Assays for Mitochondrial MDR1 by Flow Cytometry 

Mitochondrial fractions, prepared as previously described, were suspended in PBS 

and kept on ice. A direct functional assay for the MDR1 efflux pump on mitochondrial 

suspension in PBS was performed using flow cytometry analysis. Whole isolated 

mitochondria from rPCECs were divided in test tubes to evaluate mitochondrial auto-

fluorescence as well as the accumulation of Rho 123 (500 nm) in the presence or absence of 

CsA (10 µM) after 30 min. Fluorescence measurements of individual samples were 

performed using flowcytometer (Becton-Dickinson FACScanto II) equipped with an 

ultraviolet argon laser (excitation at 488 nm, emission at 530/30 band-pass filters). Analysis 

was gated to include single mitochondria on the basis of forward and side light-scattering and 

was based on an acquisition of data from total events. Log fluorescence was collected and 

displayed as a single parameter histograms.   

 Further, isolated samples of mitochondria were equally divided into test tubes to 

conduct the uptake of Rho 123 (500 nm) at 37 
0
C for 60 min. Following mitochondrial 

accumulation of Rho 123, samples were centrifuged at 200 × g for 5 min. The mitochondrial 

pellets were re-suspended in PBS (pH 7.4) for 30 min in the presence or absence of CsA (10 

µM). Subsequently, the mitochondrial suspensions were centrifuged at 5000 rpm for 5 min 
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and washed with PBS (pH 7.4). The mitochondrial accumulation of Rho 123 was determined 

using flow cytometry analysis as described previously.  

Western Blot Analysis 

Detection and analysis of MDR1 and PepT-1 protein expressions from mitochondrial 

fractions of rPCECs were performed by immunoblotting. Preparation of mitochondrial 

protein lysate was performed similar to previously published protocol for whole cell protein 

lysate [256]. Two concentrations (75 and 100 μg/μL) of mitochondrial protein were 

suspended in a denaturing buffer (Tris–HCl 10 mM, pH 8 containing 5% glycerol, 2.5% 

SDS, 5% β-mercaptoethanol and 0.005% bromophenol blue). Proteins from mitochondria 

were resolved by SDS-PAGE gel electrophoresis at 120 V and electroblotted at 15 V for 

90 min onto polyvinylidene fluoride (PVDF) membrane (Immobilon-P, Millipore, 

IPVH00010). The blot was blocked for 2 h with constant shaking in 2.5 % non-fat dry milk 

and 0.25 % BSA prepared in TBST (Tris-buffered saline + 0.1% Tween 20, pH 7.4). The 

resulting membrane was incubated with Mdr-1 goat polyclonal primary antibody (1:300 

dilution, Santacruz Biotechnology, Catalog no. SC-1517) overnight at 4 
0
C. After five 

washes (4 min each) in TBST, the membranes were probed with secondary antibody in 

TBST (1:3000 HRP-conjugated goat anti-rabbit IgG antibody, Santacruz Biotechnology, 

Catalog No. SC-2030) for 2 h. The blots were finally washed three times (15 min each) with 

TBST. SuperSignal West Pico Chemiluminescence Substrate (Thermo Scientific, Catalog 

No. 34077) was used to develop the blot, according to the manufacturer’s protocol.  

Peptide transporter expression was measured by similar method using PepT-1 rabbit 

polyclonal primary antibody (1:3000 dilution, Santacruz Biotechnology, Catalog no. SC 
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20653) and HRP-conjugated goat anti-rabbit IgG secondary antibody (1:3000 dilution, 

Santacruz Biotechnology, Catalog No. SC-2030), respectively. 

Confocal Immunofluorescence and Correlation Analysis 

rPCECs grown on glass coverslips were incubated for 30 min at 37 
0
C with 5 nm of 

MitoTracker® Red (molecular probe, Invitrogen), a cell-permeable mitochondria-selective 

dye. The cells were then rinsed with PBS three times and fixed in freshly prepared cold 4% 

paraformaldehyde in PBS for 30 min at 4 °C. Cells were rinsed with cold PBS four times and 

incubated with a solution of 1% BSA and 4% non-fat dry milk in PBS for non-specific 

binding for 2 h at room temperature (RT). Cells were rinsed with PBS again, and incubated 

with mdr-1 mouse monoclonal and PepT-1 rabbit polyclonal antibodies (Santa Cruz) for 

MDR1 and PepT-1 (diluted 1:500 as per manufacture’s instruction) separately for 2 h at 37 

°C. The cells were washed with PBST three times (15 min each) at RT and exposed to Alexa 

Fluor
®
 488 goat anti-mouse (for MDR1, 1:50 as per Invitrogen’s instruction) and FITC 

labeled goat anti-rabbit monoclonal IgG (for PepT-1, 1:10,000 as per Sigma’s instruction) 

separately for 1 hour at 37 °C. The cells were washed with PBST four times (15 min each) at 

RT. Glass coverslips were then placed on the glass slides, and covered with mounting 

medium. Slides were observed under a confocal laser fluorescence microscope. A sequence 

of images was acquired in the z-series (0.2 µM) with Olympus FV300 confocal laser 

scanning unit coupled to an Olympus BX61 upright microscope. Finally, images were 

processed using ImageJ colocalization Plugin Software (NIH) to determine the Pearson’s 

correlation coefficient (Rr) and overlap coefficient (R). 
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7.3 Result  

Integrity of the Isolated Mitochondria 

To confirm the integrity of the isolated mitochondria, we measured the mitochondrial 

membrane potential with JC-1 dye that can selectively enter into the mitochondria. Relative 

fluorescence intensity of JC-1 staining in the mitochondrial fractions was assessed by a 

fluorescence microplate assay. A 30-fold higher accumulation of JC-1 (fluorescent units) into 

the isolated mitochondria fraction over that obtained with the valinomycin treated control 

mitochondria has confirmed the presence of mitochondria-enriched fractions (Fig. 32). 

TEM Analysis of Isolated Mitochondria 

TEM analysis of an isolated mitochondrion from the prepared pellet (Fig. 33) has 

displayed a pure fraction of the mitochondria. These images have further confirmed the 

condensed conformation of the isolated mitochondria showing easily visible cristae of the 

inner membrane along with the preserved outer mitochondrial membrane.  

Uptake Experiments 

Accumulation of Rho 123 and [
3
H]-Gly-Sar was individually investigated to explore 

the possibility of MDR1 efflux pump and PepT-1 influx transporter on the mitochondrial 

fractions of rPCECs. Rho 123 (5 µM) uptake across isolated mitochondrial fraction of 

rPCECs was investigated at 30 min in the presence of 75 and 100 µM quinidine (Fig. 34). An 

increase in Rho 123 uptake was observed after 30 min in the presence of quinidine. Control 

uptake of Rho 123 in mitochondrial fraction of rPCEC was found to be 72.4 ± 8.4 pmole/mg 

protein in 30 min. However, uptake was significantly higher (1.4 and 2.1 times, p < 0.05) in 

the presence of 75 and 100 µM quinidine, respectively, thereby suggesting that MDR1 is 

significantly inhibited by 100 µM quinidine (Fig. 34).  
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Uptake of [
3
H]-Gly-Sar in the presence of 2.5 and 5.0 mM Val-Val was also 

investigated at 30 min across isolated mitochondrial fraction of rPCECs. The dipeptide Val-

Val significantly inhibited (p < 0.05) the uptake of [
3
H]-Gly-Sar in a competitive manner 

(Fig. 35). 
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Figure 32. Mitochondria staining using JC-1 stain in a multiwell plate format. Mitochondria 

were isolated from rPCECs using the cell fractionation method and stained in a multiwell 

plate using the Isolated Mitochondria Staining Kit
®
 (Sigma). The upper line represents the 

JC-1 dye uptake of an intact mitochondrial sample. The lower line represents the dye uptake 

of the valinomycin treated mitochondrial control sample. RFU – Relative Fluorescence units. 
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Figure 33. Transmission electron micrograph of a mitochondrion isolated from rPCECs 

showing visible cristae of the inner membrane along with the preserved outer mitochondrial 

membrane.  
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Figure 34. Accumulation of Rho 123 (5 µM) alone and in the presence of quinidine (75 and 

100 μM) in the isolated mitochondria fraction from rPCECs. Values are expressed as mean ± 

SD (n = 3). 
*
Data were considered statistically significant for P ≤ 0.05.  
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Figure 35. Accumulation of [
3
H]-Gly-Sar alone and in the presence of Val-Val (2.5 and 5.0 

mM) in the isolated mitochondria fraction from rPCECs. Values are expressed as mean ± SD 

(n = 3). 
*
Data were considered statistically significant for P ≤ 0.05.  
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Efflux Assays for Mitochondrial MDR1 by Flow Cytometry 

 An accumulation and efflux of Rho 123 was evaluated in isolated mitochondria of 

rPCECs. Flow cytometry observations suggested that Rho 123 accumulation in the isolated 

mitochondria was higher in the presence of CsA (Fig. 36B) but not in the absence of CsA 

(Fig. 36C). Figure 36A shows auto-fluorescence of untreated mitochondria. Reduction of 

Rho 123 fluorescence in CsA untreated mitochondria sample after 30 min (Fig. 36C) was 

probably due to MDR1 mediated efflux of Rho 123. Above observation has been further 

confirmed by determining efflux of accumulated Rho 123 upon subsequent treatment with or 

without CsA (10 µM). The efflux of Rho 123 was significantly reduced (p ≤ 0.05) only upon 

subsequent treatment with CsA (Fig. 36E) whereas higher Rho 123 efflux has been observed 

in the absence of CsA treatment (Fig. 36F). These results strongly suggested the presence of 

MDR1 on the mitochondrial membrane of rPCECs. Quantitative accumulation of Rho 123 

following above experiments has been listed in Table 11 and 12, respectively. Table 11 

displays higher accumulation of Rho 123 in the mitochondria of rPCECs in the presence of 

CsA relative to untreated control samples whereas, Table 12 shows lesser efflux of Rho 123 

in the mitochondria subsequently treated with CsA compared to CsA untreated mitochondria. 

7.3.5 Western Blot Analysis 

To confirm the localization of MDR1 and PepT-1 transporters, fractions of 

mitochondria isolated from rPCECs were studied to determine MDR1 and PepT-1 protein 

expression of respective transporters by Western blot analysis (Fig. 37). Results clearly show 

the expression of MDR1 and PepT-1 transporters on the mitochondrial fraction of rPCECs, 

as identified by a dark band at 170 kDa (Fig. 37A) and 85 kDa (Fig. 37B), respectively. 
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                                       (A)                                                                   (B) 

 
                                      (C)                                                                     (D)   

 
                                    (E)                                                                     (F) 

 

Figure 36. Functional assay for the MDR1 efflux pump on mitochondria by flow cytometry 

analysis. Untreated control mitochondria (A,D) Rho 123 accumulation in the isolated 

mitochondria of rPCECs with (B) and without (C) CsA treatment. The remaining amount of 

Rho 123 following subsequent treatment with (E) or without CsA (F). 
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Table 11. Functional analysis of MDR1 in mitochondria isolated from rPCECs by flow 

cytometry. The analyses were performed with isolated mitochondria to evaluate the 

accumulation of Rho 123 alone and in presence of CsA. Mean fluorescence of Rho 123 

(accumulation) was determined by flow cytometry after 30 min and was expressed as 

percentages of the mean fluorescence of the control mitochondria. The results are reported as 

a mean ± SD of three independent analyses.  

 

Sample Rho 123 accumulation 

(mean fluorescence in percent of control) 

(A) Untreated mitochondria  - 

(B) Rho 123 alone (control) 100 

(C) Rho 123 + CsA (10 µM) 146.9 ± 3.5
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Table 12. Functional analysis of MDR1 in mitochondria isolated from rPCECs by flow 

cytometry. The analyses were performed with isolated mitochondria to evaluate the 

remaining amount of Rho 123 after subsequent treatment with or without CsA.  

 

Sample 

% of Rho 123 remaining 

(A) Untreated mitochondrial   0.0 

(B) Rho 123 without CsA treatment   2.6 

(C) Rho 123 after CsA treatment (10 µM) 14.6
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Figure 37. Western blot analysis of MDR1 (A) and PepT-1 (B) expression in the 

mitochondrial fraction of rPCECs. (A) The proteins were stained with MDR-1 goat 

polyclonal antibodies. Lanes 1 (left) and 2 (right): 75 and 100 μg/μL mitochondrial protein 

fractions from rPCECs, respectively. (B) Proteins stained with PepT-1 rabbit polyclonal 

antibodies. Lanes 1 (left) and 2 (right): 25 and 50 μg/μL mitochondrial protein fractions from 

rPCECs, respectively. 
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Confocal Immunofluorescence and Correlation Analysis 

To determine the mitochondrial localization of MDR1, rPCECs were stained with 

mdr-1 mouse monoclonal antibody for MDR1 (Fig. 38A, green fluorescence) and 

MitoTracker (Fig. 38B, red fluorescence), a specific fluorescent probe for mitochondria, and 

analyzed by confocal microscopy. As shown in Fig. 38C, the superimposition of the red 

mitochondria and the green MDR1 labels shows the co-localization between the two signals 

(yellow). 

Expression of PepT-1 was also studied in rPCECs by confocal microscopy with rabbit 

polyclonal antibody for PepT-1 (Fig. 39A, green fluorescence) and MitoTracker
®
Red (Fig. 

39B, red fluorescence) for mitochondrial staining. Co-localization between PepT-1 and 

mitochondria is indicated by yellow fluorescence (Fig. 39C). Following confocal analysis, 

co-localization coefficients (Rr and R) were determined using ImageJ colocalization Plugin 

Software (NIH) for two independent experiments. Rr and R values greater than 0.5 and 0.6 

were considered as a good colocalization, respectively [260]. For MDR1 and mitochondria, 

the calculated value of mean Rr and R was 0.58 and 0.99, respectively. Whereas, for PepT-1 

and mitochondria, the calculated value of mean Rr and R was 0.69 and 0.99, respectively.  
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                 (A)                                       (B)                                            (C) 

 

Figure 38. Confocal immunofluorescence analysis of mitochondrial localization of MDR1 

(A-C). rPCECs cultured on glass coverslips were incubated with 5 nm of MitoTracker
®
 red 

to label mitochondria (red), fixed and processed for MDR1 protein (green) using mdr-1 

mouse monoclonal IgG. (A) MDR1(green); (B) mitochondria (red); (C) image of colocalized 

points (yellow) between red (mitochondria) and green (MDR1). Fluorescence signals 

obtained using ImageJ colocalization Plugin Software (NIH). The images are representative 

of at least three independent experiments with similar results. Mean value of Pearson’s 

correlation coefficient (Rr) = 0.58 and overlap coefficient (R) = 0.99. 
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                   (A)                                           (B)                                           (C) 

 

Figure 39. Confocal immunofluorescence analysis of mitochondrial localization of PepT-1 

(D-F) protein. rPCECs cultured on glass coverslips were incubated with 5 nm of 

MitoTracker
®
 red to label mitochondria (red), fixed and processed for PepT-1 protein (green) 

using pepT-1 rabbit polyclonal IgG. (A) PepT-1 (green); (B) mitochondria (red); (C) image 

of colocalized points (yellow) between red (mitochondria) and green (PepT-1). Fluorescence 

signals obtained using ImageJ colocalization Plugin Software (NIH). The images are 

representative of at least three independent experiments with similar results. Mean value of 

Pearson’s correlation coefficient (Rr) = 0.69 and overlap coefficient (R) = 0.99. 
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7.4 Discussion 

The most recognized MDR mechanism correlates well with the expression of an 

adenosine triphosphate (ATP)–dependent drug efflux pump. This efflux pump is caused by 

an over-expression of several efflux proteins such as MDR1, MRP, and BCRP. A 170-kDa 

MDR1, with 1280 amino acids is a member of the ATP-binding cassette (ABC) protein super 

family and encoded by the MDR gene [239,245,261]. Earlier our laboratory has reported 

peptide transporter mediated enhanced translocation of various altered compounds were 

originally substrates of MDR1 [255,256,262,263]. The MDR1 efflux transporter is generally 

considered to be cell surface localized. However, several intracellular compartments may 

also be potential site for MDR1 functional activity.  

Mitochondria are attractive targets for ocular drug-delivery because of growing 

confirmation to support an association between mitochondrial dysfunction and a number of 

ocular diseases [234]. Few studies have demonstrated the mitochondrial localization of 

MDR1 efflux transporter as a possible reason for intracellular sub-therapeutic drug 

distribution [235,236,249-252]. A primary objective of this project was to identify functional 

localization of MDR1 efflux and PepT-1 influx transporters on mitochondrial surface of 

corneal epithelial cells (rPCECs) by using in vitro uptake experiments, flow cytometry, 

western blot, and confocal microscopy. 

Mitochondrial isolation and purification using differential centrifugation principle is a 

widely used technique and similar to other reports [235,257,258], we have also obtained the 

high degree of mitochondrial purity and integrity. Using JC-1 staining, we first verified the 

integrity of isolated mitochondria by fluorescence microplate assay. Higher JC-1 

accumulation in the isolated mitochondrial fraction, over that obtained with the valinomycin 

treated control mitochondria sample, indicated that the isolated fraction was enriched in 
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intact mitochondria (Fig. 32). In addition, the purity of mitochondria was also confirmed by 

transmission electron microscopy (TEM). Figure 33 illustrates typical morphology of the 

mitochondria obtained from the cell fractionation method. TEM images clearly depict the 

purity and preservation of mitochondrial structure, both of which are important for functional 

and structural studies. 

To investigate mitochondrial MDR1 function, an accumulation and efflux of Rho 123 

was evaluated in isolated mitochondria of rPCECs in presence or absence of two different 

MDR1 inhibitors (quinidine and CsA). Rho 123 is a widely used mitochondrial fluorescent 

probe and has display strong analogy with anticancer agents. Rho 123 accumulation was 

significantly enhanced in the presence of different concentrations of quinidine in the isolated 

mitochondria compared to control mitochondria sample (Fig. 34). Reduced fluorescence of 

Rho 123 in control mitochondria was probably due to MDR1-mediated Rho 123 efflux. 

Quinidine mediated increased Rho 123 accumulation provides strong evidence that MDR1 is 

expressed and functionally active in mitochondria of rPCEC. Efflux activity of MDR1 on 

isolated mitochondria was further confirmed using another MDR1 inhibitor (CsA) by flow 

cytometry. When Rho 123 (500 nm) diffuses into the mitochondria, MDR1 actively pumps 

out Rho-123, and thereby showing lower fluorescence intensity (Fig. 36B). However, 

simultaneous treatment with CsA (10 µM) enhances accumulation of Rho 123 in the isolated 

mitochondria, resulting in higher fluorescence intensity (Fig. 36C, Table 11). In order to 

further confirm the functional activity of MDR1 on mitochondria, isolated samples of 

mitochondria were first subjected to Rho 123 for 60 min to allow maximum accumulation of 

Rho 123 followed by subsequent treatment with or without CsA for 30 min to determine the 

quantitative efflux of Rho 123 in response to MDR1 inhibitor (CsA). Significant reduction of 
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Rho 123 efflux in response to CsA confirms the functional activity of MDR1 on 

mitochondria of rPCECs (Fig. 36E, Table 12). Above results were found in complete 

agreement with the other report where reduced Rho 123 accumulation was observed in 

isolated mitochondria of MDR-positive cells [236].   

Functional localization of PepT-1 transporter on mitochondria was also evaluated by 

performing radioactive uptake of [
3
H]-Gly-Sar in the presence of two different (2.5 and 5 

mM) concentration of dipeptide substrate Val-Val. Significant inhibition of [
3
H]-Gly-Sar 

uptake in the presence of competing dipeptide substrate provides strong evidence of 

functional localization of PepT-1 transporter on mitochondria of rPCECs (Fig. 35). Similar 

results showing peptide transporter mediated uptake of [
3
H]-Gly-Sar has already been 

observed in report showing characterization of peptide transporter across MDCKII-MDR1 

cells [264]. 

Western blot was performed to confirm the expression of MDR1 and PepT-1 in 

mitochondria of rPCECs. MDR1 and PepT-1 bands detected approximately at 170 (Fig. 37A) 

and 85 kDa (Fig. 37B), respectively clearly confirm the presence of both efflux and influx 

transporter in mitochondria of rPCECs. Dey et al. previously reported the expression of 

MDR1 in human and rabbit cornea and corneal epithelial cell membrane and detected MDR1 

with a molecular weight of approximately 170 kDa [256]. Moreover, PepT-1 expression with 

a molecular weight of approximately 80 kDa has been reported in small intestine confirming 

PepT1-mediated epithelial transport of dipeptides and cephalexin [265].
 

Dual fluorescence study allowed a positive approach of MDR1 and PepT-1 

localization on mitochondria of rPCECs. Simultaneous labeling of MDR1/PepT-1 and 

mitochondria provided the green fluorescence signal corresponding to MDR1/PepT-1 (Fig. 
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38A and 39A), red fluorescence signal corresponding to mitochondria (Fig. 38B and 39B) 

and yellow fluorescence signal corresponding to mitochondrial co-expression of 

MDR1/PepT-1 (Figs. 38C and 39C), confirming the co-localization observation of other 

reports [235,236]. Co-localization coefficients (Rr and R) were used to estimate the level of 

co-localization between MDR1/Pept-1 and mitochondria marker MitoTracker® red. These 

coefficients represent the statistical relationship between fluorescence intensities. For MDR1 

and PepT-1 transporters, higher values of Rr ˃ 0.5 (0.58 and 0.69) and R ˃ 0.6 (0.99 and 

0.99) have confirmed the strong co-localization of these transporters on mitochondria of 

rPCECs.  

Due to its critical functioning, mitochondrial dysfunction is associated with a number 

of cancerous as well as ocular diseases. Therefore, functional localization of MDR1 in 

mitochondria can play a crucial role in intracellular drug trafficking and intrinsic drug 

resistance [235,236,251,253,254]. MDR modulators blocking MDR1 function have been 

widely utilized presumably to evade cell membrane based efflux mechanisms. However, 

there is a need to explore alternative strategies which can also address MDR1 mediated 

intracellular drug sequestration and resistance. It has been shown that MDR1 expression 

inhibits cytochrome c release from mitochondria into cytosol following apoptotic stimuli, 

which otherwise is an important step to initiate cell apoptosis. This process ultimately 

hampers the anticancer drug induced apoptosis. It has been hypothesized that inhibition or 

cleavage of MDR1 can facilitates the cytochrome c release from mitochondria by sensitizing 

drug resistant cells for anticancer agents [236,266]. Moreover, several reports have shown 

that prodrug derivatization of therapeutic drugs that are MDR1 substrates can evade MDR1 

mediated drug efflux [255,262]. Therefore, identification and utilization of influx 
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transporters such as Pept-1 on the mitochondria can be utilized as a promising strategy to 

evade mitochondrial MDR1 mediated drug efflux event. 

Intracellular drug targeting is a potential area of research and therefore, continued research in 

the area of cell organelles (nucleus, mitochondria, golgi apparatus etc.) based transporter 

localization will undoubtedly provide a greater understanding of how these transporters can 

contribute to the intracellular drug trafficking and intrinsic drug resistance. Furthermore, it 

would be exciting to explore any possible differential expression of organelles localized 

transporters in diseased versus non-diseased state so that it can be utilize to develop 

intracellular drug targeting strategies.   

7.5 Conclusion 

This report provides evidence that MDR1 and PepT-1 are functionally expressed in 

the mitochondria of rPCECs. Mitochondrial dysfunctioning is associated with ocular diseases 

and have been considered as a potential target for drug delivery. According to the most 

probable hypothesis, MDR1 may be involved in protecting mitochondria by effluxing 

therapeutic drug molecules out from the intra-mitochondrial target site. This effect would 

lead to less opportunity for ocular drug molecules to enter into a desired mitochondrial site 

and thereby limit their therapeutic effect. In contrast, localization of peptide transporter on 

the mitochondria could be utilized for the evasion of mitochondrial localized MDR1 

mediated drug efflux event. This process may result in higher drug accumulation at the 

mitochondrial target site to produce optimal therapeutic effects against targeted ocular 

diseases. 
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CHAPTER 8 

SUMMARY AND RECOMMENDATIONS 

8.1. Summary 

Chemoresistance is the major cause of treatment failure in majority of cancer. Several 

strategies have been attempted to overcome MDR mediated chemoresistance. We have 

hypothesized and employed co-administration strategy using overlapping substrate of MDR1 

and MRP2 efflux transporters to overcome challenges of chemotherapy. Three anticancer 

agents (topotecan, etoposide and vinblastine) have been tested for interaction studies with 

moxifloxacin for retinoblastoma. Retinoblastoma is the malignant tumors overexpressing 

multiple efflux proteins (MDR1 and MRP2) in the retinal cell layer of the eye.  

In this study we show overlapping substrate specificity of moxifloxacin for MDR1 

and MRP2 efflux transporters, which may endure a synergistic efflux action and develop 

resistance by lowering intracellular drug concentration and permeability. Furthermore, co-

administration of moxifloxacin with therapeutic substrate of these efflux transporters 

(topotecan, etoposide and vinblastine) have been hypothesized and employed. Strategy of 

utilizing efflux pump inhibitors has its own limitations. Whereas, ocular cells have shown 

good tolerability against moxifloxacin, even at higher dose level. Overall, the drug 

interactions study attempted for the treatment of retinoblastoma shows a triple benefit in 

terms of overcoming chemoresistance, enhancing cytotoxic activity and inhibiting 

proinflammatory cytokines release. Knowing the fact that moxifloxacin is a clinically 

approved drug and cytochrome P450 metabolizing enzyme system is not involved in its 

metabolism, future implications of above research findings are very promising. If proven 
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clinically, our findings suggest that moxifloxacin may be a valuable new addition to 

chemotherapeutic armamentarium which may aid to reduce the chemotherapeutic dose and 

associated dose-limiting toxicities. Furthermore, we have also demonstrated moxifloxacin 

interaction with monocarbxylate influx transporter. Since, moxifloxacin is clinically 

delivered intravitreally for treating postoperative bacterial endophthalmitis, information 

about such interactions will be crucial in clinical settings and can further be explored to 

improve vitreous half-life and therapeutic efficacy of moxifloxacin. 

Mitochondrion is an attractive target for drug-delivery because there is a growing 

confirmation to support an association between mitochondrial dysfunctions and a number of 

ocular diseases. We have provided direct evidence of peptide influx and MDR1 efflux 

transporter on mitochondria of corneal epithelial cells. Based on our finding, we 

hypothesized that functional localization of MDR1 may protect the mitochondria by 

effluxing therapeutics out from the intramitochondrial site.  On the contrary, peptide 

transporter localization on mitochondria can be utilized for the evasion MDR1 mediated drug 

efflux event.  

8.2. Recommendations 

Based on results of this dissertation following recommendations can be made to 

further continue this work. 

Though second (ciprofloxacin, ofloxacin) and third (levofloxacin) generation 

fluoroquinolones were known to be substrate of monocarboxylate influx transporter, study of 

moxifloxacin (fourth generation fluoroquinolone) interaction with monocarboxylate 

transporter was attempted for the first time. Further studies must be attempted for other 
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fourth generation fluoroquinolones (such as gatifloxacin and gemifloxacin) to uncover if it is 

common trend all over the generation. 

In this dissertation, interaction of overlapping efflux transporter (MDR1 and MRP2) 

substrate was studied between moxifloxacin and three anticancer agents (topotecan, 

etoposide and vinblastine) for retinoblastoma management. Similar interaction studies should 

be undertaken using moxifloxacin and other anticancer agents which are also overlapping 

substrates of MDR1 and MRP2 (such as doxorubicin, paclitaxel, vincristine, methotrexate 

etc.), in order to identify weather moxifloxacin mediate modulation of anticancer cytotoxicity 

and chemoresistance is generalized phenomenon. Since MDR mediated chemoresistance is 

common phenomena in cancer therefore, moxifloxacin interaction with anticancer agents 

should be also undertaken for other cancers (such as breast cancer, ovarian cancer, lung 

cancer etc.) to determine moxifloxacin potential for treating multiple cancers.  

Functional localization of influx and efflux transporters on cell membrane is 

commonly studied for various tissues and has been widely utilized for drug targeting. In this 

dissertation, mitochondrial localization of peptide influx and MDR1 efflux transporter was 

studied on corneal cells. Future studies must be attempted to determine mitochondrial 

localization of other influx (folate, biotin, riboflavin etc.) and efflux (breast cancer resistance 

protein) transporters. Since, intracellular drug targeting is a potential area of research 

therefore, similar studies should be also conducted on other cell organelles (such as nucleus, 

golgi apparatus etc.) to understand how these transporters can contribute to the intracellular 

drug trafficking and intrinsic drug resistance. Furthermore, it would be interesting to explore 

any possible differential expression of organelles localized transporters in diseased versus 

non-diseased state so that strategies should be developed for intracellular drug targeting.    
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