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ABSTRACT

ATP-dependent, P-glycoprotein-mediated efflux of xenobiotics is an

important cellular defense strategy, preventing intracellular accumulation. Studies

have shown that costs associated with cellular defense may be substantial

however, few studies have examined the costs associated with P-gp transport.

Therefore, the activity and energetic costs associated with P-gp transport of

doxorubicin were examined in trout hepatocytes. Accumulation and efflux of

doxorubicin was concentration dependent, and tariquidar significantly inhibited

efflux by 57%, 61 %, and 50% in the 125, 75, and 25 pM groups compared to

tariquidar un-treated groups. P-gp efflux of doxorubicin significantly reduced

intracellular ATP concentration, adenylate energy charge, and phosphorylation

potential with highest percent decreases of 25%, 11 %, and 53% respectively,

and increased concentrations of ADP, AMP, and Pi with highest percent

increases of 26%, 36%, and 11 % respectively compared to controls and

tariquidar-treated groups. These results indicate that exposure of hepatocytes to

DOX caused an increase in P-gp activity which was shown to affect cellular

energetics.

Keywords: P-glycoprotein; doxorubicin; tariquidar; adenylate energy charge,
phosphorylation potential; rainbow trout; energetic costs

Subject Terms: Toxicology; p-glycoprotein; bioenergetics; adenylate energy
charge
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1.0 INTRODUCTION

1.1 Cellular defense strategies and their evolution

The continued exposure of organisms to natural and recently to

anthropogenic chemicals, has lead to the evolution of cellular defense strategies

to protect organisms against the harmful effects of such xenobiotics. These

strategies can include biotransformation via phase I and II enzymes, and

increased efflux of chemicals providing resistance to cells. In the later case,

resistance is provided by active extrusion of conjugated metabolites of lipophilic

compounds by a subset of ATP binding cassette (ABC) transport proteins, and

active efflux of un-conjugated hydrophobic compounds mediated by the over

expression of ABC transport proteins termed multidrug (MDR) or multixenobiotic

resistance (MXR) (Figure 1). All these defense strategies function to reduce

intracellular accumulation of xenobiotics maintaining chemical homeostasis,

which ultimately reduces the chance of toxic effects.

It is likely that cellular defence mechanisms evolved as a means of dealing

with natural toxins such as plant secondary metabolites and animal toxins as well

as endogenous compounds such as ions, sugars, amino acids, vitamins,

peptides, polysaccharides, hormones, lipids (Malins and Ostrander, 1991). This

suggests that these defense strategies first evolved to help animals cope with

naturally occurring toxins and were later used to deal with new anthropogenic

toxins, and highlights their importance in terms of fitness.
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Plant and microbial secondary metabolites, and animal toxins are used for

defence against predators, parasites and diseases, for interspecies competition

and to aid in the reproductive process. Examples of such compounds include the

plant secondary metabolites alkaloids, terpenes, and phenolics and animal toxins

such as venoms and marine toxins (saxitoxin).

Throughout the 20th century we have seen the production of many new

xenobiotic compounds such as dioxins, polychlorinated biphenyls (PCBs),

polycyclic aromatic hydrocarbons (PAHs), pesticides, and for many of these

compounds, the ultimate sink is the aquatic environment. This increasing

development of anthropogenic toxins has lead to an increased exposure of

aquatic animals to industrially-derived pollutants. Organisms were already

equipped with cellular defence strategies to deal with natural toxins and used

these same strategies to cope with an increasing environmental load of

anthropogenic toxins

The early evolutionary development of cellular defense strategies is

evidence of their importance in relation to increased fitness (Stegman, 1993).

However, recent literature suggests that through maintenance and regulation,

these systems may have significant energetic or metabolic costs to an organism.

All living systems, including fish, must conform to the first law of

thermodynamics which states that matter and energy are never destroyed, only

converted from one form to another (Brett and Groves, 1979). Fish gain energy

through diet and lose energy through catabolism, which provides energy for

maintenance and activity. In following the 'first law of thermodynamics, for body
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weight to be maintained, energy gained through diet must equal energy lost

through maintenance and activity. However, when energy requirements are not

met, energy gained will not equal energy lost and therefore a reallocation of

energy to process such as growth and reproduction is likely to occur, resulting in

a net decrease in energy available to these processes which may ultimately

affect an organisms overall fitness. This is especially true for juvenile fish that

have very tight energy budgets due to the high cost of maintenance and activity

(Wieser and Medgyesy, 1990). In a chemically stressful and energy limited

environment, energy expenditures may be reallocated to provide for the

additional cost of detoxification (Kitchell, 1983). These additional costs of

detoxification are likely to be at the expense of other processes like growth and

reproduction. Examining the costs of cellular defense mechanisms on systems

such as growth and reproduction are important in understanding how these costs

may affect the overall fitness of organisms. Two studies have suggested that

there is a tradeoff between increased maintenance costs via detoxification and

growth (Cresswell et aI., 1992; Berenbaum and Zangeri, 1994) which studied the

costs of detoxification of allelochemicals in insects. Furthermore, in 2004,

Marchand et al. examined the relationship between "tolerant" and "sensitive"

genotypes observed in contaminated European flounder (Platichytys (Jesus)

populations and physiological parameters such as growth rate and fecundity as

measures of fitness. They reported decreases in the relative fecundity and

growth rate in contaminated populations, which was suggestive that survival in
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such contaminated environments incurs energetic costs for fish, thus reducing

energy available for other processes such as growth and reproduction.

1.1.1 Biotransformation

Xenobiotic biotransformation is the principal mechanism maintaining

chemical homeostasis during organism exposure to xenobiotics (Klaassen and

Watkins, 1999). Maintenance of chemical homeostasis or a constant chemical

environment within cells in the face of dynamic chemical environments is

important in preventing the accumulation of xenobiotics within cells, which can

result in toxic effects

Biotransformation of xenobiotics maintains chemical homeostasis by

reducing intracellular accumulation of compounds through detoxification and

subsequent elimination. Enzymes capable of metabolizing xenobiotics are

widely distributed throughout the body, being found in tissues such as skin,

lungs, nasal mucosa, eyes, gastrointestinal tract, kidney, adrenal, pancreas,

spleen, heart, placenta, testis, ovaries, and others (Klaassen and Watkins, 1999).

In vertebrates, the liver contains the highest concentrations of xenobiotic

metabolizing enzymes. The biotransformation processes convert lipophilic

compounds into more water-soluble metabolites for excretion, and involve two

types of reactions, categorized into phase I and II reactions.

Among the phase I reactions are oxidation, hydrolysis and reduction

reactions, which expose or introduce a functional group. These reactions are

catalyzed by a wide array of biotransformation enzymes, including the highly

versatile cytochrome P450's (CYP450) and result in small increases in water
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solubility (Klaassen and Watkins, 1999). Conversely, phase II reactions, which

include glucuronidation, sulfation, acetylation, methylation, conjugation with

glutathione (mercaptopuric acid synthesis) and conjugation with amino acids

(such as glycine, taurine, and glutamic acid), and usually result in a large

increase in the hydrophilicity of the xenobiotic, greatly promoting excretion

(Klaassen and Watkins, 1999). During phase II reactions, functional groups that

are present in xenobiotics or were introduced or exposed during phase I

reactions, react with specific cofactors (Klaassen and Watkins, 1999). Xenobiotic

biotransformation enzymes involved in phase II reactions are mainly found in the

cytosol, whereas those involved in phase I reactions such as CYP450, are

located primarily in the liver microsomes (Klaassen and Watkins, 1999).

5



Figure 1. Schematic diagram of cellular defense mechanisms in two adjacent
hepatocytes: 1) biotranformation via Phase I reactions (e.g. hydroxylation via
cytochrome P450, [CYP 450]) and Phase II reactions (e.g. conjugation via
glutathione-s-transferase, [GST]), and 2) active efflux by multidrug resistance
proteins (MRPs) and P-glycoprotein (P-gp) at the canalicular membranes (e.g. P
gp, and MRP2), and sinusoidal/basolateral membranes (e.g. MRP1, and MRP3).
P-glycoprotein transport unmodified compounds out of the cell. MRP1 and
MRP2 transport conjugated xenobiotics including organic anions and some
unconjugated xenobiotics in the presence of glutathione (GSH). Substrates of
MRP3 include anticancer drugs; some bile acid species; and several glucuronate,
sulfate, and glutathione conjugates.
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1.1.2 Transport of conjugated lipophilic compounds

The active efflux of mercapturic acid (glutathione [GSH]) conjugates and

other conjugated metabolites is mediated primarily by the multidrug resistance

associated proteins (MRPs) MRP1, MRP2, and MRP3 belonging to the ABC

superfamily of transport proteins (Jedlitschky et aI., 1994). MRP1 and MRP2

transport organic anions, and mercapturic acid conjugates, and un-conjugated

xenobiotics (vincristine, daunorubicin) in the presence of (GSH). MRP3

substrates include anticancer drugs, some bile acid species, and several

glucuronate, sulfate, and mercapturic acid conjugates (Litman, 2001). MRP1 and

MRP3 are located basolaterally transporting compounds into blood plasma

whereas. MRP2 is located at the canalicular membrane transporting compounds

into the bile (Borst, 2000). MRP1 and MRP2 and have been shown to playa

direct role in cellular defense by preventing accumulation of toxic conjugated and

un-conjugated compounds (Litman, 2001).

1.1.3 Multidrug and multixenobiotic resistance

In addition to cellular defense via hepatic biotransformation and the efflux

of conjugated lipophilic compounds, cells have also evolved a "first line of

defence" (Epel, 1998), against xenobiotics which is referred to as multidrug

(MDR) or multixenobiotic (MXR) resistance. Both MDR and MXR provide

resistance through over-expression of ATP-binding cassette (ABC) proteins such

as MRP1 and P-glycoprotein (P-gp), which reduce intracellular accumulation of

xenobiotics.
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Multidrug resistance was first described by Danlb in 1973 who

demonstrated that multidrug resistant (MDR) Ehrlich ascites cells were able to

lower their intracellular daunorubicin concentrations by active drug efflux (Danlb,

1973) through transmembrane active transporters belonging to the ABC

superfamily. MXR in aquatic organisms is also mediated by the transport activity

of transmembrane proteins belonging to the ABC superfamily (Higgins, 1992).

Several experiments support the idea that over-expression of ABC transporters

such as MRP1 and P-gp can prevent intracellular accumulation of xenobiotics,

and therefore offer a protective role to the cells (Kurelec, 1989, 1991, 1992;

Cornwall et aI., 1995; Galgani et aI., 1996; Kurelec, 1996; Minier et aI., 1996).

The ABC superfamily includes more than 100 membrane

transporters/channels that are involved in many functions including the uptake of

nutrients, the transport of ions and peptides, cell signalling, and the extrusion of

harmful compounds (Hennessy, 2007). Active extrusion of xenobiotics from cells

by ABC transporters is powered by energy obtained from coupling ATP

hydrolysis to drug transport (Endicott and Ling, 1988; Gottesman and Pastan,

1993). The best studied ABC transporters are the P-gps, encoded by the highly

conserved multidrug resistance (MDR) gene family (Germann, 1996).

Two classes of mammalian MDR genes exist, which code for functionally

different P-gps. Class 1 genes (human MDR1, mdr1 a and mdr1 b in rats), confer

inducible xenobiotic resistance, whereas Class 2 genes encode an un-inducible

phosphatidylcholine translocator (Bard, 2000). Many organisms have been

shown to posses these multidrug transport proteins including bacteria, plants,
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yeast, invertebrates, and vertebrates (Croop, 1993). The search for similar

multidrug resistance proteins in aquatic organisms began by Kurelec et al. in

1989 in hopes to uncover similar mechanisms of cellular defense in aquatic

species. Highly conserved MOR genes have been described in several aquatic

organisms including winter flounder Pleuronectes amaricanus (Chan et aI.,

1992), Killifish, Fundulus heteroclitus (Cooper et aI., 1996). In addition, P-gp

proteins have been described in various organs in several fish species (Hemmer,

1995; Kleinow, 2000). Two fish P-gp (fpgpA and B) genes have been partially

cloned in winter flounder and killifish (Chan et aI., 1992). FpgpA corresponds to

the liver specific sister gene of p-gp (spgp) which does not playa role in drug

resistance, while fpgpB is related to both Class 1 and 2 mammalian P-gps

(Cooper et aI., 1996).

1.1.3.1 P-gp substrates and modulators

P-gp substrates differ in cytologic target, chemical structures, and

properties (Endicott and Ling, 1989). However, some physical similarities do

exist between P-gp substrates such as being moderately hydrophobic,

amphipathic, low molecular weight, planar molecules (Gottesman and Pastan,

1988; Endicott and Ling, 1989). P-gp substrates include chemotherapeutic drugs

such as cholchicine, vinka alkaloids (e.g. vinblastine, vincristine), actinomycin 0,

taxol, epipodophyllotoxins, calcium channel blockers (e.g. verapamil),

antiarrhythmics (e.g. quindine), antihypertensives (e.g. reserpine), steroids (e.g.

cortisol, aldosterone), antiparasitics (e.g. quinine, ivermectin) and anthracyclines

(e.g. doxorubicin) (Bard, 2000).

10



Doxorubicin (DOX) is and anthracylcine anticancer drug used widely in the

treatment of cancer (Wadler et aI., 1986) and is an established P-gp substrate

(Wacher, 1995; Sturm, 2001). DOX is known to be cardiotoxic (Lefrak et aI.,

1973) although the mechanism is unclear. DOX is primarily metabolized by the

liver and is excreted into the bile (Ballet et aI., 1987). DOX is known to enter

cells by passive diffusion through the lipid bilayer (Gallois, 1998). DOX like other

anthracyclines is amphiphilic with the amino sugar moiety bearing the positive

electrostatic force which interacts with the polar head groups of the lipid bilayer

(Gallois, 1998). There is evidence that the primary circulating metabolite of DOX,

Doxorubicinol plays a key role in DOX associated cardiotoxicity. Studies suggest

that DOX induced cardiotoxicity may result from the formation of free radicals

that stimulate lipid peroxidation and alter cellular integrity (Singal et ai, 2000;

Olson et ai, 1990). Other studies have suggested that the mechanism behind

DOX induced toxicity may be related to inhibition of DNA synthesis (Geiwirtz,

1999), DNA intercalation (Tanaka & Yoshida, 1980), or induction of enzymatic or

chemically activated DNA adducts (Cullinane et aI., 1994).

A group of structurally unrelated compounds known as reversing agents or

modulators (Ambudkar et ai, 1999) causes inhibition of P-gp-mediated drug

transport. Some P-gp modulators are themselves substrates and therefore

inhibit drug efflux through competitive inhibition with a substrate, whereas the

inhibitory mechanism for many other P-gp modulators is still unknown. Recently

it has been suggested that the mechanism of action for several P-gp modulators

is through an allosteric mode of action. In 1999, Martin et aI., examined the
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inhibitory action of tariquidar (XR9576), an anthranilic acid derivative, and found

that it was not through physical competition with the substrate but rather through

an allosteric effect on ATP hydrolysis or substrate recognition. XR9576 binds

with high affinity to the P-gp transporter, and potently inhibits activity (Roe et aI.,

1999; Martin et aI., 1999; Mistry, 2001; Walker et aI., 2004).

Recent work in trout hepatocytes has demonstrated the inhibitory ability of

XR9576 on P-gp mediated efflux, and as such, XR9576 was used in the present

study to inhibit doxorubicin mediated P-gp transport. Bains and Kennedy, 2005

found an increase in respiratory rates associated with P-gp mediated rhodamine

123 (R123) efflux and demonstrated that XR9576 significantly inhibited R123

efflux with a concomitant return of respiration rates to baseline values.

1.2 Energetic costs of cellular defense

Exposure of cells to the selection pressure of cytotoxic drugs has led to

the development of cellular defense mechanisms such as hepatic

biotransformation, active export of conjugated xenobiotics and metabolites, and

multidrug (MDR) and multixenobiotic resistance (MXR). Under these conditions,

several changes in the cell may be observed. These changes may include

induction and over expression of drug transporters, such as P-gp, and MRP

(Albertus and Laine, 2001; Gottesman and Pastan, 1993; Bard, 2002), and

enzymes involved in phase I and II detoxification systems such as CYP450

(Bard, 2002), or take the form of MDR supporting mechanisms such as
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acceleration of ATP generating processes such as cellular respiration (Bains and

Kennedy, 2004; 2005).

Through the maintenance and regulation of cellular defense mechanisms

it is likely that energetic and nutritive costs will be imposed on organisms. All

organisms tend to have a relatively fixed energy budget (Maryanski et aI., 2002)

which depends on the relationships between the acquisition and allocation of

energy to an array of biological, biochemical, and physiological processes within

an organism (Xie and Sun, 1993). In considering that the energy budgets of

organisms is fixed, an increase in the requirement for energy for one biological

process will cause a reduction in the energy available to other processes, with

the most energy available to those with an effect on immediate survival (Brett

and Groves, 1979).

Such costs may include those associated with biotransformation and

excretion (Bains and Kenndy 2004, 2005), maintenance of acid-base balance

altered by the production of acidic metabolites (Foley, 1992, 1995), active efflux

of xenobiotics by ATP-dependent drug efflux pumps such as P-gp (Bains and

Kenndey, 2005), as well as long-term costs associated with physical alterations

of the tissues or organs involved in detoxification (Hinton and Lauren 1990;

Rubin and Lieber 1974).

Costs associated with cellular defense represent energetic costs, which

may limit energy available to other biological and physiological processes in an

organism. The effect of energy usage by cellular defense mechanisms on the

energy budgets of organisms is poorly understood, however, studies have
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suggested that the cost of cellular defense may be significant and

disadvantageous to other processes like growth and reproduction since there is

the likelihood of a decrease in the energy allocation to these processes (Foley,

1992).

1.3 Potential mechanisms

1.3.1 Biotransformation

The ability to metabolize xenobiotics is essential for the survival or

organisms, however, through phase I functionalization and phase II conjugation

reactions, significant energetic and nutritive costs may be imposed on organisms.

Phase I reactions, require reducing equivalents of NADPH and result in an

increase in energy and molecular oxygen used in enzymatic conversions

(Klaassen and Watkins, 1999). Phase II reactions require the use of enzymes

such as glucuronosyl and sulfotransferases, which use energy for the activation

of substrates, while others such as glutathione (GSH) S-transferase (GST)

require energy for the synthesis of GSH (Klassen and Watkins, 1999). Several

recent studies have examined the energetic costs of hepatic biotransformation

and P-gp transport of xenobiotics in trout hepatocytes and have suggested that

both incur higher energetic costs to organisms exposed to environmental toxins

when compared to unexposed groups (Bains and Kennedy, 2004; Bains and

Kennedy 2005). In 2004, Bains and Kennedy examined energetic costs

associated with pyrene metabolism in isolated trout hepatocytes. Since pyrene is

non toxic, they were able to attribute increased respiratory rates in hepatocytes

incubated with pyrene to xenobiotic metabolism.
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1.3.2 Maintenance of acid-base balance

Extracellular and intracellular acid-base balance is necessary for the

maintenance of normal metabolic processes. The production of large acid loads

through biotransformation and metabolism of compounds can threaten acid-base

homeostasis, and there is evidence that there are costs in dealing with large acid

loads produced from the biotransformation and metabolism of xenobiotics such

as plant secondary metabolites (PSM) (Foley, 1992, 1995).

Disturbances of acid-base balance show wide-ranging effects on

biochemical and physiological processes of animals including effects on organ

systems (respiratory, cardiovascular, and skeletal), whole body homeostasis, and

metabolism of carbohydrates, proteins and nitrogen (Foley, 1995). Organic acids

are dealt with by being buffered and removed from the body which is sl,.lggested

to be energetically costly to an organism (Foley, 1992).

In herbivorous animals, such as birds and mammals, consumption of PSM

results in an acid load and has been shown to have significant metabolic effects

(Foley, 1992). The effects of acid loads on animals are well understood and

there are clear links between dietary acid loads and energy balance. Work by

Cresswell et al. in 1992 demonstrated that detoxification of dietary nicotine

exacts a fitness loss and imposes a metabolic cost on the southern army worm

(Spodoptera eridania). Studies with insects have confirmed that insecticide

resistance constitutes energetic costs to organisms. Decreased overwintering

success of insecticide resistant individuals was identified in Lucilia cuprina and

Myzus persicae (Mckenzie, 1994; Foster et aI., 1999) indicating a possible fitness
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cost linked to the energetic balance of insects. Other work in insects has shown

differences in mating success and predation risk in Culex pipens L. and mating

success, fecundity, and development time in Cydia pomonella L. (Bovin et aI.,

2001; Berticat et aI., 2002, 2004). Work in vertebrate herbivores has suggested

that PSMs exact significant nutritional costs to herbivores either by affecting

nutrient utilization (Glick and Joselyn, 1970 a, b; Robbins et aI., 1987a, b) or by

imposing high detoxification costs post absorption (Dash, 1988). Furthermore,

work in vertebrate foraging behaviour in the ruffed grouse indicated substantial

metabolic costs of detoxifying ingested PSMs, which were reduced by selective

foraging (Guglielmo, 1996).

1.3.3 Efflux pumps

In addition to the protective role of drug transporters such as MRP and P

gp, it is suggested that through the active transport of xenobiotics, this activity

may be costly to organisms. Several studies have begun to examine the costs

associated with P-gp transport activity and have provided evidence that these

costs may be substantial.

P-gp mediated transport of substrates is driven by the energy coupled from

ATP hydrolysis. Several reports have shown that the ATPase activity of P-gp is

important for drug transport, although the mechanism by which ATP hydrolysis is

coupled to drug transport is still unclear. It is believed that coupling between P

gp transport and ATP hydrolysis involves a transient conformational change in

the protein that facilitates an interaction between the drug binding domain and

nucleotide binding sites of P-gp (Litman et aI., 2001). Unlike other ABC proteins,

16



P-gp exhibits a high level of basal ATPase activity in the absence of drugs. The

basal activity may be caused by transporting endogenous lipids or hydrophobic

peptides (Sharom et aI., 1995). ATPase activity that is uncoupled from substrate

transport may also contribute to the basal activity (Ambudkar et aI., 1999).

Recent work in trout hepatocytes (Oncorhynchus mykiss) examining the

effects of P-gp mediated transport of R123 on cellular respiration revealed that

increased P-gp transport of R123 significantly raised cellular respiration rates

(Bains and Kennedy, 2004, 2005). Basal respiration rates in hepatocytes

exposed to 5 and 10 IJM R123 increased by 18.5 and 25.7%, respectively, which

translates into substantial costs associated with P-gp transport.

1.4 Using adenylate nucleotides as measures of energy use

Adenylate nucleotides playa central role in metabolism, acting as a link

between energy-yielding and energy-utilizing processes in the cell. It is well

known that without adequate supplies of energy, cells rapidly die (Calderwood et

aI., 1985). Energy-linked cytoxicity may occur through deprivation of energy

production substrates, or through the inhibition of energy yielding processes such

as glycolysis or respiration in the cell (Calderwood et aI., 1985). Cells utilize

adenylates as common chemical intermediates for efficient coupling of energy

producing and energy-consuming processes (Lehninger, 2005, 1965).

Concentrations of ATP, AMP, and ADP have been widely used to monitor energy

status, metabolic activity, physiological stress, etc. in a broad range of cell types

and tissues (Nilsson et aI., 1975; Calderwood et aI., 1985; Zaroogian 1989;
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Fedorow et aI., 1998; Kohane and Watt, 1999). Adenylates interact either

directly or indirectly with all aspects of cell metabolism, taking part in

phosphotransferase reactions and controlling enzyme reactions (Lehninger,

1965; Atkinson, 1997).

Measuring ATP concentration alone appears to be inadequate as an

overall indicator of cell energy balance (Atkinson, 1977; Slater, 1979). However,

adenlyate ratios such as adenylate energy charge (AEC), and phosphorylation

potential (PP) have been shown to be better indicators of cellular energy status

(LeBras, 1995; Li et aI., 2005; Overgaard and Gesser, 2004). AEC is an

indicator of the degree of phosphorylation of the ATP-ADP-AMP system, and is

calculated from the following ratio: AEC = [ATP] + 0.5[ADP]/[ATP] + [ADP] +

[AMP]. AEC has a maximum value of 1.0, when all adenylate is in the form of

ATP, and a minimum value of 0 when all adenylate is in the form of AMP. Cells

appear to maintain AEC at a value of approximately 0.85 (Atkinson, 1977; Pradet

and Raymond, 1983.) AEC values correlate with physiological condition: values

between 0.8 and 0.9 are typical of organisms, which are actively growing and

reproducing under optimal environmental conditions (Chapman et aI., 1971;

Atkinson, 1971). Values from 0.6 to 0.7 have been observed in organisms, which

are stressed (Ball & Atkinson, 1975; Behm and Bryant, 1975, LeBras, 1995).

AEC values below 0.5 indicate cell death (Ridge, 1972; Montague & Dawes,

1974). The cell stabilizes its energy charge by adjusting the rate of ATP

synthesis to the state of energy demand. A decrease in the energy charge leads

to activation of ATP generating processes. When energy requirements can not
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be met, the AEC drops, which leads to an increase in the AMP concentration.

AMP deaminase degrades AMP, thereby increasing AEC.

Toxicant exposure is known to affect adenylate energy charge in several

aquatic and mammalian species. For example LeBras, 1995, provided evidence

that a decrease in AEC in whole body extracts of the aquatic invertebrate Asellus

aquaticus L. from lindane exposure (4 and 8 mg/l) for 48 h was indicative of an

increased energetic cost and metabolism, resulting from the hyper-excitability

characteristically induced by this type of contaminant. Exposure of the mussel

Mytilus edulis to dredged material for 28 days containing PCBs (39 ng/g, PAHs

(4500 ng/g) and metals Cu and CR at 60 and 50 1-19/g dry weight was shown to

significantly lower AEC in extracts from adductor muscles compared to controls

(Zaroogian, 1989). AEC, was also found to be lower compared to controls in

whole body extracts of the shrimp Palaemonetes varians when exposed to 0.5

mg/L of ammonia over a period of 14 days (Marazza and Le Gal, 1996). Finally,

significant decreases in AEC were observed in muscle extracts from the bivalve

Cerastoderma edule submitted to sub-lethal concentrations of paper mill effluent

(Picado, 1990). Furthermore, work with rat hepatocytes, examined the protective

effects of isoflurane on energy balance by measuring adenylate nucleotides and

adenylate energy charge (Li et aI., 2005) and found that isoflurane partly

prevented decreases in both energy charge and total adenine nucleotide during

anoxia and reoxygenation. All these results indicated that toxicant exposure can

have effects on AEC which has been shown to be indicative of energy use.
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Therefore, measuring toxicant induced reductions in AEC can be used as a

measure of energy use.

PP is calculated from the ratio: [ATP]/[ADP] [Pi] and is considered a more

sensitive indicator of the energy status of a cell than energy charge (Lehininger,

2005, 1975). Studies have demonstrated that this ratio is maintained at

approximately 100-200 M-1 in mammalian cells (Wilson et aI., 1974 a,b; Hassinen

and Hiltunen, 1975), and between 200 and 800 M-1 in other cell types

(Lehininger, 2005, 1975). The phosphorylation potential is a measure of the

potential of the cell for carrying out ATP-dependent processes (Lehininger, 2005)

and varies depending on the metabolic state of the cell, with higher values

indicative of a more highly "energized" cell (Lehininger, 2005, 1975).

1.5 Objectives of the study

The overall objective of this study was to functionally and energetically

characterize P-glycoprotein transport activity in rainbow trout hepatocytes.

Specifically, this study examined the P-gp-mediated efflux of DOX, a fluorescent

substrate of mammalian mdr1-type P-gp, in the presence and absence of the

third generation inhibitor XR9576. Furthermore, this study quantified the

energetic costs associated with P-gp transport of DOX via the use of adenylate

nucleotide measurements.
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2.0 MATERIALS AND METHODS

2.1 Fish

Rainbow trout (Oncorhynchus mykiss) were obtained from Miracle

Springs Trout Farm (Mission, BC). Trout of both sexes weighing between 600

800g were housed in 1200L tanks at Simon Fraser University (Burnaby, BC)

supplied with a flow-through system of well oxygenated, dechlorinated water at

15°C. Hardness of the water was 4 mg CaC03/L and pH was 6.7. Fish were

acclimated for up to 2 weeks prior to experimentation and fed with Pro-Farm

floating Koi food from EWOS Canada (Surrey, BC).

2.2 Chemicals

Type IV collagenase, N- [2-hydroxyethyl] piperazine-N' [2-ethanesulfonic

acid] (HEPES), Hank's balanced salts (product #H4891), bovine albumin serum

(BSA), MgS04 , for the preparation of HSSA, HSSB, and HSSC were purchased

from Sigma Chemical Co. (St. Louis, MO). 3-Aminobenzoic acid ethyl ester

methane sulphonate (MS222), doxorubicin (DOX), tritonX-100, (TX-100),

reduced ~-Nicotinamide adenine di-nucleotide (NADH), trypan blue, and pyruvic

acid were ordered from Sigma Chemical Co. (St. Louis, MO). CaCb and

NaHC03 were purchased from Fisher Scientific (Fair Lawn, NJ), and Merck KgaA

(Darmstadt, Germany), respectively. XR9576 was donated by Rob Robey and

David Norris.
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For the conversion of ADP to ATP by the pyruvate kinase reaction, and

AMP to ATP via the myokinase reaction phosphoenolpyruvate, KCI, MgS04,

myokinase (from rabbit skeletal muscle), and pyruvate kinase (from rabbit

skeletal muscle), and tricine buffer were purchased from Sigma Chemical Co.

(S1. Louis, MO). Pyruvate kinase was obtained in lyophilized form, and

myokinase as a suspension in ammonium sulphate.

The ATPLite™ luminescence ATP detection system used to determine

intracellular ATP concentrations was obtained from PerkinElmer Life Sciences

(Woodbridge, Ontario, Canada).

For the quantitative colorimetric phosphate determination in samples, the

Quantichrome™ Phosphate Assay kit (DIPI-500) was ordered from BioAssay

Systems (Hayward, CA).

2.3 Hepatocyte isolation

Each hepatocyte isolation required the preparation and use of three

solutions containing Hank's balanced salts (HSSA, HSSB and HSSC) (Moon et

al. 1985). Preparation of all solutions began by combining Hanks' Balanced

Salts (HBSS from SIGMA), 2.603g HEPES, and 0.0976 g MgS04 with 1L ultra

filtered water. This solution (HSSA) was then gassed with a mixture of 1% C02

and 99% O2 (Praxair Products Inc., Mississauga, ON) for 60 min on ice.

Following this, 0.35g NaHC03 was added and the pH was adjusted to

approximately 7.6 at 20°C by the addition of either 1 N H2S04 or 1 N NaOH.

Following the pH adjustment, HSSB was prepared by dissolving 20g/L BSA and
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0.185 gIL CaCb in HSSA. Similarly, HSSC was then prepared by dissolving

0.6g/L of Type IV collagenase in HSSA. During experimentation all solutions

were kept on ice.

Trout were anesthetized in dechlorinated water containing 0.2 gIL MS222

buffered with 0.2 gIL NaHC03. Cessation of opercular movement was used as

an indication of the proper level of anaesthesia. Following anaesthesia, mass

was recorded and trout were transferred to an area prepped for the isolation of

hepatocytes.

Isolation of hepatocytes was performed according to Bains and Kennedy

(2004) which was slightly modified from Moon et aI., (1985). A ventral incision

was made from the pectoral fins to the gills followed by an incision on each side

behind each pectoral fin to exposing the liver. The heart was located and cut

after which cold HSSA was pippetted over the area. Blood vessels leading from

the liver to the heart were then cut, and the hepatic portal vein was cannulated

with a syringe head connected to a peristaltic pump (Cole-Parmer Instrument

Co). The liver was first perfused with HSSA at a flow rate of 2 mllminlg of liver

until the blood was cleared, from the liver (approximately 15 min). Following this,

the liver was perfused with HSSC until the first signs of disaggregation. During

perfusion with both HSSA and HSSC, the liver was gently massaged and kept

cool by pipetting ice-cold HSSA over it. The cannulating syringe was then

removed, and the liver was cut away from the fish and gall bladder. The liver

was then placed in a on watch glass on ice, containing HSSA and gently minced

with a razor blade. Next, the liver pieces were pressed through a screen of nylon
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mesh (253 I-Im) followed by washing through a second screen (73 I-Im) with

HSSA. The cell suspension was then poured into 15 ml polypropylene conical

tubes and kept on ice until used.

Hepatocytes were then collected by centrifugation at 42 x g for 4 min at

4°C using a centra MP4R centrifuge (International Equipment Co., Needham

Heights, MA). The supernatant was removed and cells were re-sIJspended in

ice-cold HSSB and washed to remove any cell debris. Again, the supernatant

was removed and the cells pellets were re-suspended in HSSB and placed on

ice. A 1ml aliquot of the hepatocyte suspension was transferred into a pre

weighed 1.5 mL eppendorf tube and was centrifuged at 3700 x g for 3 min. The

concentration of hepatocytes in mg/ml was determined in the final solution by

removing the supernatant and weighing the cells (Siebert, 1985). Cells were

seeded at a density of 10 mg/ml.

2.4 Cell viability and cytotoxicity

During each hepatocyte isolation, cell viability was assessed by trypan

blue exclusion at various time points throughout the experiment according to the

method of Gill and Walsh (1990). Briefly, 50 1-11 of cell suspension was combined

with 50 pi of trypan blue (0.4% solution) in a 1.5 mL eppendorf tube, and 9 1-11 of

t~lis was then transferred to a hemocytometer. Cells stained blue were counted

as dead cells, and clear cells were counted as alive. The percent viability was

calculated from these numbers.
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In order to assess potential damage caused to cell membranes due

isolation, or exposure to either doxorubicin (DOX) or tariquidar (XR9576), a

lactate dehydrogenase (LDH) leakage assay was conducted in 6 separate fish,

following modified protocols from Nicholson (1994), and Pesonen and Anderson

(1992). LDH activity was measured in cell suspensions (10mg/ml viable cells) in

HSSB containing DOX (0, 5, 25, 125, 250 ~M) or XR9576 (300nM), or 1% TX

100 as a positive incubated for 0 and 4 hrs. The blank consisted of HSSB

without cells. The first LDH reading was taken at 0 hr with the treatment on ice

and then at 4hrs after incubating at 12°C which was the acclimation temperature

of the trout during the time of the experiment.

The wavelength of the Milton Roy Spectronic 301 spectrophotometer

(Mahin & Associates, Reno, NV) was set to 340 nm and auto-zeroed with 3 ml of

reference solution (HSSB). Three ml of HSSB and 50 ~I of one of the

treatments, except for the Triton X-100 treatment (where only 35 ~I was added),

was placed into the spectrophotometer for recording of absorbance at 340 nm.

Damaged cells release LDH, which leads to a decrease in NADH. Therefore, cell

damage is estimated by the decrease in absorbance related to declining levels of

NADH. The rate of decline in absorbance/min was used to measure LDH

activity, where a greater rate of decline translates into a higher LDH acitivty.

2.5 Accumulation and efflux of doxorubicin

Accumulation experiments were performed according to Bains and

Kennedy (2004) which was modified from Sturm et aI., (2001). Aliquots of cell
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suspension were combined with HSSB to achieve final a final cell concentration

of approximately 10 mg cells/ml and were gently mixed on a Maxi Mini III vortex

mixer. Cells were pre-incubated for 60 min at 12°C before the addition of 51..l1

DOX in DMSO to achieve 'final DOX concentrations of 5,25,75 and 125 I..lM. At

0, 5, 10, 15, 30, 60 and 120 min, cell suspensions were centrifuged at 42 x 9 for

3 min and the supernatant removed. Intracellular accumulated DOX was

extracted three times from pelleted cells with 2 ml of n-butanol. After each

addition of n-butanol, cells were shaken on a reciprocating shaker for 1 hr at

room temperature. DOX concentrations were measured using a Cary Eclipse

Flourometer at excitation and emission wavelengths of 470 and 585 nm

respectively. DOX concentrations were quantified using a range of prepared

doxorubicin standards of 6.25, 3.13, 1.56, 0.78, and 0.39 I..lM, which were linear

over the entire range.

In efflux experiments, cells were allowed to accumulate DOX as described

above for 60 min, after which cell suspensions were centrifuged at 42 x 9 for 3

min. The supernatant was removed and cells washed twice with HSSB, re

suspended in fresh HSSB, and incubated for various time periods (0, 5, 10, 15,

30, 60, 120 min). After incubation, cell suspensions were removed and

centrifuged at 42 x 9 for 3 min and the supernatant was removed. DOX was

extracted from cells and supernatant, and DOX concentration was determined as

described above.

For the efflux experiments with XR9576-treated hepatocytes, a similar

protocol was used as in the efflux experiments. XR9576 was added to cell
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suspensions following 45 min acclimation period to achieve a final concentration

of 300 nM, which has previously been shown to significantly inhibit P-gp in the

drug resistant tumor cell line NCl/ADRRes (Walker et aI., 2004). These cells were

incubated for a further 15 min. Hepatocytes were then incubated with DOX for

60 min to 'pre-load' cells with DOX. Following this, cells were washed twice in

HSSB, and re-suspended in DOX-free media for time periods of 0, 5, 10, 30, 60,

and 120 min. Cell suspensions were centrifuged at 42 x g for 3 min to remove

supernatant. Intracellular DOX was extracted and analyzed for DOX as

described above.

2.6 Adenylate nuc/eotides

ATP concentrations were determined using the ATPLite™

bioluminescence detection system (PerkinElmer Life Sciences) which is an

adenosine triphosphate (ATP) monitoring system based on firefly (Photinus

pyralis) luciferase. The PerkinElmer ATPlite ™ assay system was chosen due to

its major advantages which include high sensitivity, excellent linearity, simplicity,

relatively fast results and the lack of cell harvesting or separation steps. Another

advantage of this system is that the lysis solution, which releases the ATP,

irreversibly inactivates the endogenous ATP degrading enzymes (ATPases) by

raising the pH. The subsequent addition of the substrate solution

(Luciferase/Luciferin) lowers the pH to a suitable level so that the reaction can

occur. The ATPLite ™ assay system is based on the production of light caused

by the reaction of ATP with added luciferase and D-Iuciferin, with the amount of
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light emitted being proportional to the ATP concentration. The ATPlite™

monitoring system has been used to assess the cytocidal, cytostatic and

proliferative effects of a wide range of drugs, biological response modifiers and

biological compounds (Kangas et aI., 1984; Lundin et aI., 1986; Crouch et aI.,

1993; Petty et aI., 1995; Storer et aI., 1996; Cree and Andreotti, 1997).

The ATPLite ™ assay was performed in 96-well culture treated assay

plates (PerkinElmer Life Sciences) with 100 1-11 cell suspension/well (10mg

cells/ml). Lyophilized substrate buffer solution was dissolved in substrate buffer

solution and agitated gently to achieve a homogenous solution. The reagents

were then allowed to equilibrate to room temperature before beginning the assay.

Lysis solution (50 1-11) was added to 100 1-11 of cell suspension per well. The

microplate was then shaken gently on an orbital shaker for 5 min at 700 rpm.

Next, 50 1-11 of reconstituted substrate (Iuciferin/luciferase solution reconstituted

witih substrate buffer solution) solution was added to each well, and the plate

was again shaken on an orbital shaker for 5 min at 700 rpm. The plate was then

dark-adapted for ten minutes and luminescence was then measured on a

PerkinElmer Victor Microplate Reader (PerkinElmer Life Sciences, Ontario,

Canada).

An ATP standard curve was prepared in the same microplates that were

used for experimental samples following manufacture's protocols as described

above. ATP standard was dissolved in water to obtain a 10 rnM stock solution.

The vial was swirled gently for one minute to allow the ATP to dissolve
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completely. A dilution series in water was prepared from a concentration of 1 x

10-5 M down to blank.

For the determination of ADP concentration in samples, ADP was

converted to ATP following a method by Gorman et aI., (2003). ADP was

converted to ATP using the pyruvate kinase reaction. Samples were thawed and

cells were lysed using the lysis solution provided with the ATPlite ™ detection

system (Perkin Elmer Life Sciences) by combining 100 pi cell suspension with 50

1-11 lysis solution. In a 1.5 mL eppendorf tube, 100 1-11 of cell suspension was

added to 300 1-11 of a solution containing 40 U/mL pyruvate kinase, 40 I-Imoi/L

PEP, and 10 mmol/L KCI in 40 mmol/L tricine buffer, pH 7.75. Conversion of

ADP to ATP was complete after 5 min at room temperature. After the 5 min

incubation, ATP (representing ATP + ADP) was measured using the ATPlite™

bioluminescent kit (Perkin Elmer Life Sciences) following manufacturer's protocol

as described above.

AMP was converted to ADP which was then converted to ATP by adding

myokinase (100 U/mL) to the above solution. Samples were thawed and cells

were lysed using the lysis solution provided with the ATPlite ™ detection system

(Perkin Elmer Life Sciences) by combining 100 1-11 cell suspension with 50 1-11 lysis

solution. In a 1.5 mL eppendorf tube, 100 1-11 of cell suspension was added to 300

1-11 of a solution containing 40 U/mL pyruvate kinase, 100U/mL myokinase, 40

I-Imoi/L PEP, and 10 mmol/L KCI in 40 mmol/L tricine buffer, pH 7.75. Conversion

of AMP to ATP was complete after 120 min at room temperature. AMP

(representing ATP + ADP +AMP) was measured using the ATPlite™
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bioluminescent kit (Perkin Elmer Life Sciences) following manufacturer's protocol

as described above.

2.7 Inorganic phosphate

Intracellular concentrations of inorganic phosphate (Pi) in samples was

determined using the Quantichrom™ Phosphate Assay Kit (BioAssay Systems;

Hayward, CA) (Ekman and Jager, 1993; Fisher and Higgins, 1994; Cogan,

1999).

The BioAssay System's kit is designed to measure phosphate ions directly

in samples without any pretreatment. The assay utilizes the malachite green dye

and molybdate, which forms a stable colored complex specifically with inorganic

phosphate. Color intensity is measured at 620 nm and is directly proportional to

the phosphate concentration in the sample.

A serial dilution from 30 IJM down to blank, in water was used to make a

set of standards (30, 25, 20, 15, 10, 5 and 0 IJM). Reagents were allowed to

equilibrate before beginning the assay. Once reagents reached room

temperature, 50 IJI of distilled water (blank), standard and samples were

transferred in duplicate wells of a clear bottom 96-well plate. Next, 100 IJI of

malachite green reagent was added to each well and the microplate was tapped

lightly to mix. The plate was incubated at room temperature for 30 min after

which the optical density was read at 620 nm.

30



2.8 Statistical analysis

Statistical analyses were performed using the JMP IN 5.0.1 program (SAS

Institute Inc., Cary, NC). Results were expressed as means.::t SE.

DOX accumulation and efflux rates between treatments were compared

using a single factor analysis of variance and Tukey-Kramer highly significant

difference (HSD) test in a single-factor randomized complete block design (0 =

0.05).

LDH activity and cell viability between treatments was compared using a

two-factor analysis of variance and Tukey-Kramer HSD test in a two factor (6x2)

split plot in time analysis of variance (0 = 0.05). The two factors were time period

with two levels (0, 4hrs) and exposure treatment groups with 6 levels (HSS B

control, 1% TX-1 00, as well as 0, 25, 125 IJM DOX, and 300 nM XR9576).

Comparison of ATP, ADP, AMP, Pi, adenylate energy charge (AEC), and

phosphorylation potential (PP) between treatments during the accumulation and

efflux period of the experiment were also done using a two-factor analysis of

variance and Tukey-Kramer HSD test in a two-way (9x3) split plot in time

analysis of variance (0 = 0.05).

For comparison during the accumulation phase, the two factors were

exposure treatment groups, with 3 levels (0 IJM DOX, 125 IJM DOX, 125 IJM DOX

+ 300 nM XR9576) and time with 4 levels (0, 20, 40, 60 min.) For comparison

during the efflux phase, the two factors were exposure treatment groups, with 3

levels (0 IJM DOX, 125 IJM DOX, 125 IJM DOX + 300 nM XR9576) and time with
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5 levels (70, 80, 100, 130, 190 min post accumulation.) Differences were

considered significant at p~0.05.
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3.0 RESULTS

3.1 Cell viability and cytotoxicity

Results from the trypan blue exclusion and lactate dehydrogenase (LDH)

leakage assay and are shown in Fig. 2 and 3. No significant differences were

seen in cell viability using trypan blue exclusion between control and doxorubicin

(DOX) or tariquidar (XR9576)-exposed hepatocytes for incubations up to 240 min

(range: 81.8 ± 1.6 to 88.8 ± 0.8 % viable cells). A significant difference in cell

viability was observed with the Triton X-100 (TX-100) positive control compared

to all other treatments (p<0.001). No significant differences between control and

DOX or XR9576-exposed cells were seen in LDH activity (range: 154.6 ± 9.6 to

258.3 ± 19.2 lUlL). Significantly higher LDH activity was seen with the TX-100

positive control compared to all other treatments (p<0.001).

3.2 Doxorubicin accumulation and efflux

P-gp-mediated DOX accumulation and efflux were characterized in

rainbow trout hepatocytes in order to correlate changes in cellular adenylates,

inorganic phosphate, adenylate energy charge, and phosphorylation potential

with P-gp transport activity. To characterize t~lis activity, the dynamics of DOX

kinetics in isolated hepatocytes exposed to varying concentrations of DOX and

the P-gp inhibitior XR9576 were examined. At all DOX incubation
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Figure 2. Cell viability of hepatocytes from treatment groups at 1 (I) and 4 hour
( II ) post incubation periods. Treatment groups were: dimethylsulfoxide (DMSO)
as a negative control, TX-100 as a positive control, 300 nM XR9576, and DOX at
concentrations of 5, 25, 75 and 125 IJM. No significant differences were seen in
cell viability between control, DOX or XR9576-exposed hepatocytes for up to 240
min. Cell viability was significantly lower (*) for the TX-100 treatment at both
incubation times compared to all other treatment groups (p<0.001). Values are
means + SEM., n=6.
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Figure 3. Extracellular LDH enzyme activities of hepatocytes from treatment
groups after 1 (0) and 4 hour (I) post-incubation periods. Treatment groups
were: dimethylsulfoxide (DMSO) as a negative, dimethylsulfoxide (DMSO), TX
100 as a positive control, XR9576, and DOX at concentrations of 5, 25, 75 and
125 IJM. ). No significant differences between control, and DOX or XR9576
exposed cells were seen in LDH activity. LDH activity was significantly higher (*)
for the TX-1 00 treatment at both incubation times compared to all other treatment
groups (p<0.001). Values are means + SEM., n=6.
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concentrations (5, 25, 75, or 125 IJM), the accumulation of DOX was linear for

approximately 15 min, after which accumulation levelled off (Fig. 4) and steady

state was assumed. Initial accumulation rates of DOX by trout hepatocytes

incubated with DOX were calculated from linear regressions through the linear

portion of each curve (0-5 min).

Calculated initial rates of DOX accumulation were 3.76 ± 0.41, 8.86 ±

1.74, 23.52 ± 1.43, 35.98 ± 4.93 IJg/min/106 cells for 5, 25, 75, and 125 IJM

treatments respectively (Figure 5). Rates were all significantly different from

each other (p<0.0001 ) except for the following treatments: 5 IJM and 25 IJM DOX.

Rates were concentration dependent (Figure 5).

To characterize P-gp mediated efflux of DOX, hepatocytes were first

incubated for 60 min in medium containing various concentrations of doxorubicin,

which allowed accumulation to level off (i.e. cells were 'pre-loaded with DOX).

Following incubation, hepatocytes were supplied with DOX-free medium (Sturm

et aI., 2001) and incubated for up to 120 min (Figure 6). Initial efflux of DOX from

hepatocytes was fast which was followed by a slower phase where it appeared to

level off. Initial efflux rates of DOX were calculated by fitting linear regressions

through the linear portion of each curve (0-10min). Calculated initial rates of

DOX efflux were 3.57 ± 0.91, 14.89 ± 1.17,24.02 ± 1.45,39.17 ± 3.43

IJg/min/106 cells for the 5, 25, 75, and 125 IJM treatments respectively (Figure 7).

All treatments were significantly different from each other at P<0.0001, and were

concentration dependent.
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Inhibition of P-gp mediated DOX transport during the efflux phase, was

accomplished in this study by using the non-competitive P-gp inhibitor XR9576,

which has previously been shown to significantly inhibit P-gp in the drug resistant

tumor cell line NCIIADRRes (Walker et al., 2004). Hepatocytes were incubated for

60 min with DOX and XR9576 for 60, which 'pre-loaded' the cells with DOX. As

before, hepatocytes were washed and supplied with doxorubicin/XR9576-free

medium and incubated for up to 120 min. Final intracellular concentrations of

DOX for the treated and untreated XR9576 treatment groups following a 120 min

efflux phase were compared to quantify the amount of P-gp inhibition that had

occurred (Figure 8). All treatments showed significantly higher intracellular DOX

concentrations when they were treated with XR9576 at 300 nM (p<0.001) as

compared to the XR9576-untreated groups, except the 5 IJM. Intracellular DOX

concentrations decreased by 57, 61, 50, and 23 % for the 125, 75, 25, and 5 IJM

DOX-treated groups. Significant differences for each DOX treatment group from

the XR9576 treated groups are represented in the figure with an asterix.
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Figure 4. Time course of intracellular DOX accumulation by trout hepatocytes
incubated at 5 (e), 25 (0), 75 (~) and 125 IJM (\I). At all concentrations, the
accumulation of DOX was linear for approximately 15 min, after which
accumulation became saturated and steady state was assumed. Values are
means ± SEM., n=7.
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Figure 5. Initial accumulation rates of DOX by trout hepatocytes incubated with
5, 25, 75, or 125 IJM DOX. Rates were all significantly different from each other
(p<O.0001), except the 5 and 25 IJM treatments. Treatments marked with * are
not significantly different from each other. Values are means .:t SEM., n=7.
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Figure 6. Time course of DOX efflux by trout hepatocytes following a 60 min
incubation with DOX at 5 (e), 25 (0), 75 (~) and 125 (V) I-IM DOX. Values are
means ± SEM., n=7.
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Figure 7. Initial efflux rates of DOX following the pre-incubation of hepatocytes
with 5, 25, 75, or 125 IJM DOX for 60 min. All treatments were significantly
different from each other at P<0.0001. Values are means.±. SEM., n=7.
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3.3 Adenylate nucleotides

Intracellular ATP, ADP and AMP concentrations from isolated hepatocytes

were measured at various time points during the accumulation and efflux phase

of P-gp mediated DOX transport and subsequently examined for changes with

time, and to determine if differences between treatments existed (Figures 9, 10,

11, and 12).

Hepatocytes were incubated for 60 min with DOX alone, or with both DOX

and XR9576 as described previously until steady state was reached. Following

this accumulation phase, hepatocytes were supplied with DOX/XR9576-free

medium and allowed to efflux for up to 120 min post accumulation. At various

time points throughout the accumulation phase (0, 10, 20, 40 and 60 min) and

the efflux phase (70, 80, 100, 130, and 190 min), cells were sampled and the

intracellular concentrations of ATP, ADP and AMP were measured as previously

described.
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Figure 8. Intracellular DOX concentrations after incubation of cells for 120 min
post accumulation (efflux) for both XR9576-treated (300 nM, I) and untreated (I)
groups. Significantly higher DOX concentrations were found for all XR9576
treated compared to XR9576-untreated groups, except the 5 IJM DOX treatment
group. Percent decreases in intracellular DOX concentrations were 57, 61, 50,
and 23 % for the 125, 75, 25, and 5 IJM DOX-treated groups respectively.
Significant differences (p<0.001) are marked with *. Values are means:!:. SEM.,
n=7.

49



1000

c BOO0
~
ro
L-

ot-'
C
(j)
0 ,-..
c IJ) 6000 (j)0 0

><<0
0°
O~
L-

OJ
400ro 5

:::J

(j)
0
ro
L-

ot-' 200c

a

*

5 25 75 125

DOX concentration (IJ.M)

50



Figure 9. Time course of intracellular ATP concentrations (nmol/mg cells) in
cells treated with 0 IJM DOX (0), 125 IJM DOX (e) and 125 IJM DOX + 300 nM
XR9576 (~). Intracellular ATP concentrations were compared between time
points only for different treatment groups (0 IJM DOX, 125 IJM DOX, 125 IJM DOX
+ 300 nM XR9576). Symbols with different letters are significantly different from
each other (p<0.001). Values were also compared amongst treatment groups to
find the time at which a significant difference from time zero (baseline) was
observed. Symbols with * are significantly different from time zero.
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Figure 10. Time course of intracellular ADP concentrations (nmol/mg cells) in
cells treated with 0 IJM DOX (0), 125 IJM DOX (e) and 125 IJM DOX + 300 nM
XR9576 (~). Intracellular ADP concentrations were compared between time
points only for different treatment groups (0 IJM DOX, 125 IJM DOX, 125 IJM DOX
+ 300 nM XR9576). Symbols with different letters are significantly different from
each other (p<0.001). Values were also compared amongst treatment groups to
find the time at which a significant difference from time zero (baseline) was
observed. Symbols with * are significantly different from time zero.
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Figure 11. Time course of intracellular AMP concentrations (nmol/mg cells) for 0
IJM DOX (0), 125 IJM DOX (e) and 125 IJM DOX + 300 nM XR9576 (~). Values
were compared between time points only for different treatment groups (0 IJM
DOX, 125 IJM DOX, 125 IJM DOX + 300 nM XR9576). Symbols with different
letters are significantly different from each other (p< 0.001). Intracellular AMP
concentrations were also compared amongst treatment groups to find the time at
which a significant difference from time zero (baseline) was observed. Symbols
with * are significantly different from time zero.
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Figure 12. Time course of intracellular inorganic phosphate (Pi) concentrations
(nmol/mg cells) for (0), 125 IJM DOX (e) and 125 IJM DOX + 300 nM XR9576
(~). Values were compared between time points only for different treatment
groups (0 IJM DOX, 125 IJM DOX, 125 IJM DOX + 300 nM XR9576). Symbols
with different letters are significantly different from each other (p<0.001). Values
were also compared amongst treatment groups to find the time at which a
significant difference from time zero (baseline) was observed. Symbols with *
are significantly different from time zero.
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3.3.1 AlP concentrations

Intracellular AlP concentrations were measured in hepatocytes exposed

to 125 IJM DOX as well as one treatment group exposed to both 125 IJM DOX

and 300 nM XR9576 together. During the accumulation phase of the exposure,

no significant difference was seen in ATP concentration with time between

control and the DOXlXR9576 group (Figure 9). Similarly, no difference between

controls and the DOXlXR9576 group were seen in intracellular AlP

concentration during the compound efflux phase (Figure 9). When cells were

exposed to DOX alone, significant decreases (p<0.001) in intracellular AlP

concentrations were seen at 40 min post-incubation during the accumulation

phase which persisted through the efflux phase (Figure 9). The lowest AlP

concentration was observed at 130 min post-incubation during the efflux phase

with a percent decrease of 25% from baseline.

3.3.2 ADP concentrations

Intracellular ADP concentrations were measured in hepatocytes as

described above for AlP. During the accumulation phase of the exposure, no

significant difference was seen in ADP concentration with time between control

and the DOXlXR9576 group (Figure 10). Similarly, no difference between

controls and the DOXlXR9576 group were seen in intracellular ADP

concentration during the compound efflux phase (Figure 10). When cells were

exposed to doxorubicin alone, significant increases (p<0.001) in intracellular ADP

concentrations were seen at 60 min post incubation during the accumulation
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phase and persisted through the efflux phase (Figure 10). The highest ADP

concentration was observed at 130 min post-incubation during the efflux phase

with a percent increase of 26% from baseline.

3.3.3 AMP concentrations

Intracellular ADP concentrations were measured in hepatocytes as

described above for ATP. During the accumulation phase of the exposure, no

significant difference was seen in AMP concentration with time between control

and the DOx/XR9576 group (Figure 11). Similarly, no difference between

controls and the DOx/XR9576 group were seen in intracellular AMP

concentration during the compound efflux phase (Figure 11). When cells were

exposed to doxorubicin alone, significant increases (p<0.001) in intracellular

AMP concentrations were seen at 40 min post incubation during the

accumulation phase and persisted through the efflux phase until 130 min (Figure

11 ). The highest AMP concentration was observed at 130 min post-incubation

during the efflux phase with a percent increase of 36% from baseline.

3.3.4 Inorganic phosphate

Intracellular inorganic phosphate (Pi) concentrations were measured in

hepatocytes as described above for ATP. During the accumulation phase of the

exposure, no significant difference was seen in Pi concentration with time

between control and the DOx/XR9576 group (Figure 12). Similarly, no difference

between controls and the DOx/XR9576 group were seen in intracellular Pi
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concentration during the compound efflux phase (Figure 12). When cells were

exposed to DOX alone, significant inc (p<0.001) increases intracellular Pi

concentrations were seen at 60 min post incubation during the accumulation

phase and persisted through the efflux phase (Figure 12). The highest percent

increase (11%) from baseline in Pi was observed at 100 min post-incubation

during the efflux phase.

3.4 Adenylate energy charge and phosphorylation potential

Adenylate energy charge (AEC) and phosphorylation potential (PP) were

calculated from measured intracellular concentrations of ATP, ADP, AMP, Pi,

and subsequently examined for changes with time, or to determine if differences

existed between treatment groups (Figures 13, and 14).

AEC was calculated from measured ATP, ADP and AMP in hepatocytes

as described above for ATP. During the accumulation phase of the exposure, no

significant difference was seen in AEC with time between control and the

DOXlXR9576 group (Figure 13). Similarly, no difference between controls and

the DOXlXR9576 group were seen in AEC during the compound efflux phase

(Figure 13). When cells were exposed to doxorubicin alone, significant

decreases (p<0.001) in AEC were seen at 60 min and persisted through the

efflux phase (Figure 13). The lowest AEC occurred at 130 min post-incubation

during the efflux phase with a percent decrease of 11 % from baseline.
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Figure 13. Time course of adenylate energy charge (AEC) in isolated rainbow
trout hepatocytes for a IJM DOX (0), 125 IJM DOX (e) and 125 IJM DOX + 300
nM XR9576 (~). Symbols with different letters are significantly different from
each other (0 < 0.05). Values were also compared amongst treatment groups to
find the time at which a significant difference from time zero (baseline) was
observed. Symbols with * are significantly different from time zero.
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Figure 14. Time course of the phosphorylation potential in isolated rainbow trout
hepatocytes for a IJM DOX (0), 125 IJM DOX (e) and 125 IJM DOX + 300 nM
XR9576 (~). Symbols with different letters are significantly different from each
other (a < 0.05). Values were also compared amongst treatment groups to find
the time at which a significant difference from time zero (baseline) was observed.
Symbols with * are significantly different from time zero.
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PP was calculated from measured ATP, ADP and AMP and Pi in

hepatocytes as described above for ATP. During the accumulation phase of the

exposure, no significant difference was seen in PP with time between control and

the DOXlXR9576 group (Figure 14). Similarly, no difference between controls

and the DOXlXR9576 group were seen in PP during the compound efflux phase

(Figure 14). When cells were exposed to DOX alone, significant decreases

(p<0.001) in PP were seen at 60 min post incubation during the accumulation

phase and persisted through the efflux phase (Figure 14). The lowest PP was

observed at 130 min post-incubation during the efflux phase with a percent

decrease of 53% from baseline.
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4.0 DISCUSSION

In dealing with environmental contaminants, organisms have developed

cellular defense mechanisms to protect themselves against pollutant exposure.

These same defense mechanisms which protect organisms against xenobiotic

exposure are likely to also have energetic and metabolic costs associated with

their maintenance, regulation and activity, which may in turn have negative

impacts on an organism's overall energy budget. These costs may affect energy

budgets when energy is limiting, by causing a reallocation of energy

expenditures, (in order to maintain a balance between energy gained and energy

lost). Such a reallocation of energy expenditures may be in the form of a

decrease in energy allocations to growth or reproduction (Brett and Groves,

1979; Kitchell, 1983) which could ultimately affect fitness. Studies have

examined energetic costs of cellular defense mechanisms by studying effects at

the cellular and biochemical level; however, most studies have not been able to

assess energetic costs associated with detoxification without also taking into

account toxic effects which may affect energy use. Recently, work with trout

hepatocytes has examined respiratory costs of pyrene exposure and

biotransformation (Bains and Kennedy, 2004) and respiratory costs associated

with P-glycoprotein (P-gp) transport activity of Rhodamine 123 (R123) (Bains and

Kenndy, 2005). The aim of the current study was to further characterize the
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functional activity of P-gp, and specifically, to assess the energetic costs

associated with its activity in the transport of the P-gp substrate doxorubicin

(DOX).

4.1 Hepatocytes as a model system

In the past two decades there has been an increased interest in the use of

aquatic organisms as model systems for toxicological research and as monitors

of chemical pollution (Malins, 1991), and a shift in research to study the effects of

chemicals on cellular and sub-cellular systems. Studying such lower level, in

vitro effects has several advantages over in vivo systems, particularly in

identifying mechanisms of action for cause-effect relationships; however results

from in vitro studies can be difficult to extrapolate to higher-level whole organism

effects, and may lack ecological relevance.

Additional advantages of in vitro systems include the ability to control

environmental conditions and eliminate interactive systemic effects, reduce

variability between experiments, the generation of smaller quantities of toxic

wastes, and simultaneous or repeated sampling over time (Baksi and Frazier,

1990).

The use of mammalian hepatocytes over the past 20 years in toxicological

research has become well established, and more recently, fish hepatocytes have

become model systems for studying toxic effects on cellular and sub-cellular

systems and for monitoring chemical pollution. Fish hepatocytes have been
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used in physiological and biochemical studies including energy metabolism

(Seibert, 1985a; Simon 1985), nitrogen metabolism (Casey et aI., 1983),

intracellar pH regulation (Walsh and Moon, 1983), carbohydrate metabolism

(Mommsen, 1986), protein synthesis (Koban, 1987), and lipid metabolism (Hazel,

1982). Fish hepatocytes have also been used in toxicological research including

cytotoxicity studies (Gagne and Blaise, 1999, 2001), carcinogenicity and

genotoxicity studies (Klaunig, J.E., 1984; Gagne and Blaise, 1999; Risso-de

Faverney et aI., 2001), studies on xenobiotic metabolism (Pesonen and

Anderson, 1997; Bains and Kennedy, 2004), and more recently toxicogenomics

(Finne et. ai, 2007).

The isolation of fish hepatocytes for studying toxicological effects of

chemicals has become a well established procedure and 'their use in toxicological

studies involving detoxification and P-gp transport is increasing.

Recent studies in trout hepatocytes have examined energetic costs associated

with xenobiotic induced P-gp transport activity (Bains and Kennedy, 2004, 2005).

Therefore, the use of hepatocytes was considered a good system in this study.

4.2 Cell viability and cytotoxicity

In order to determine if hepatocytes were damaged by chemical exposure

to the P-gp substrate DOX and P-gp inhibitor tariquidar (XR9576), respectively,

cell viability and membrane integrity were measured by trypan blue exclusion,

and LDH leakage. Maintenance of functionally intact cells is important when

examining P-gp transport activity and when calculating adenylate parameters as
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an indicator of cellular energy state. Cell viability was assessed by Trypan Blue

exclusion, and ranged between 81.8 and 88.8% during the isolation and

chemical exposure period. These results are similar to those of studies in 'fish.

For example, in trout hepatocytes, cell viabilities were found to be greater than

87% (Bains and Kennedy, 2004) and greater than 87% (Bains and Kennedy,

2005), following isolation procedures outlined in this study.

No significant differences in LDH release 'from hepatocytes incubated with

DOX and/or XR9576 were found when compared to controls. The LDH activity of

the DOX and/or XR9576-treated hepatocytes was found to be significantly lower

(154.6 ± 9.6 to 258.3 .±. 19.2 IU/L) than the TX-100 group (999.5 ± 100.9 to

1056.2 ± 110.2). These results indicate that neither doxorubicin nor XR9576

caused damaged to hepatocytes at the exposure concentrations used.

Therefore, DOX and XR9576 were considered to be excellent model compounds

for use in this study.

4.3 Accumulation and Efflux of Doxorubicin

In order to correlate changes in adenylate parameters and

phosphorylation potential (PP) to P-gp activity, a functional characterization of P

gp mediated DOX transport was necessary.

The expression of P-gp in various organs in several fish species has been

confirmed by several studies (Hemmer, 1995; Kleinow, 2000; Bard, 2002), and

its activity has been functionally characterized in rainbow trout hepatocytes

(Sturm, 2001; Bains and Kenndy, 2005). In 2001, it was confirmed by Sturm et
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aI., that the transport activity of R123 and was not due to Multidrug-resistance

proteins (MRPs) but rather to mdr 1-type P-gp mediated activity.

In the present study, accumulation and e'Fflux assays in trout hepatocytes

were carried out following similar protocols to previous studies (Bains and

Kennedy, 2005; Sturm, 2001). Accumulation of DOX appeared linear for

approximately 60 min after which steady state was assumed. Initial

accumulation rates calculated from the linear portion of the curve increased in a

linear fashion DOX concentration. These results are similar to those of Sturm et

aI., (2001), and Albertus and Laine, (2001). DOX is known to enter cells via

passive diffusion (Hilmer, 2004), and the major route of excretion has been

shown to be via biliary excretion by P-gp, with a small fraction metabolized to

doxorubicinol (Ballet et aI., 1987; Booth et aI., 1996). During the initial

accumulation phase, from which accumulation rates were calculated, it is likely

that DOX was also being actively transported out of the cell via P-gp. Therefore,

the calculated initial rates of accumulation are not a direct measurement of DOX

influx. The purpose of the accumulation experiments was to determine the point

at which steady state was reached allowing for the maximization of pre-loading

values prior to the compound efflux phase. The results for the initial

accumulation of DOX in this study are similar to those found by Sturm et ai,

(2001) for DOX accumulation by P-gp, however in comparison to R123

accumulation, the initial DOX accumulation in this study appeared to be faster

than in previous studies (Sturm et aI., 2001; Bains and Kenndy, 2005).
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P-gp mediated efflux of DOX and the calculation of initial efflux rates

followed protocols of two previous studies (Bains and Kennedy, 2005; Sturm,

2001). Initial efflux rates were calculated by fitting a linear regression through the

linear portion of each curve, and results indicated that initial efflux rates

increased with DOX exposure in a concentration dependent manner as was

found in other studies with DOX (Sturm et ai, 2001) and R123 (Sturm et aI.,

2001; Bains and Kennedy, 2005). The calculated initial rates of DOX efflux in

this study are faster than those found for R123 efflux from trout hepatocytes

(Sturm et aI., 2001, Bains and Kennedy, 2005).

In this study, P-gp mediated transport of DOX was inhibited by the, non

competitive inhibitor XR9576. XR9576 has been shown to completely reverse

the resistance of P-gp expressing cell lines to a wide range of cytotoxic agents

including colchicine, doxorubicin, and vinblastine (Stewart et aI., 1998; Mistry et

al.,2001; Walker et aI., 2004). The non-competitive nature of XR9576 was

examined in chinese hamster ovary parental (CHrB30) cells where it was shown

to be a potent inhibitor of P-gp mediated vinblastine and paclitaxel transport

(Martin et aI., 1999). The study by Martin et aI., (1999) suggests a non

competitive interaction between XR9576 and the P-gp substrates vinblastine and

paclitaxel. XR9576 has also been used as an inhibitor of P-gp mediated R123

transport in trout hepatocytes (Bains and Kennedy, 2005). These authors were

also able to attribute increased cellular respiratory rates to P-gp transport activity

and not other potential cellular effects of R123. Similarly, XR9576 was used in
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this study to inhibit P-gp mediated DOX transport in order to attribute any

changes in adenylate parameters to P-gp transport activity, alone.

In this study, XR9576 at a concentration of 300 nM was found to

significantly reduce DOX efflux in hepatocytes exposed to 125, 75, and 25 IJM

DOX following a 2-h incubation period. Percent differences of intracellular DOX

between XR9576-treated and un-treated hepatocytes were 57%, 61 %, and 50%

for the 125, 75, and 25 IJM treatments respectively. No significant difference

(23%) in intracellular DOX was found between XR9576-treated and un-treated

hepatocytes exposed to 5 IJM DOX. These results are similar to those of Bains

and Kennedy (2005) who showed that at 300 11M, XR9576 was able to reduce

R123 efflux by 42% following a 2-h incubation. The inability of XR9576 to

completely inhibit P-gp transport of DOX in this study may have due to the

concentration of XR9576 chosen. It is suggested that perhaps in order to

achieve complete inhibition of P-gp transport of DOX in trout hepatocytes, the

concentration of XR9576 should be above 300 'lM.

4.4 Adenylate Energy Charge and Phosphorylation Potential

The adenylate energy charge (AEC) is a measure of the degree of

phosphorylation of the ATP-ADP-AMP system, and therefore provides an

indication of the amount of energy available to an organism from the adenylate

pool (Atkinson, 1977). By measuring adenylate parameters such as the

intracellular concentrations of ATP, ADP, and AMP, the AEC can be calculated

and used as an indicator of cellular energy state in an organism. Another
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indicator of cellular energy state is PP (Lehninger, 2005, 1975) which is

calculated from measured concentrations of ATP, ADP, AMP, and Pi. It has

been suggested that PP varies with the metabolic state of the cell with higher

values being indicative of a more highly energized cell (Lehninger, 2005, 1975).

However, the use of PP recently as indicator of cellular energy state has not

been significant. A study in 2004 examined the effects of hypoxia on cellular

energy state in cardiac muscle extracts in the hypoxia tolerant freshwater turtle

and the hypoxia sensitive rainbow trout. These authors reported decreases in

PP of 94% and 57% in the trout and turtle respectively during a period of severe

hypoxia (Overgaard and Gesser, 2004).

The concentration of ATP in intact living cells is normally higher than ADP

and AMP, and AEC is therefore close to 1.0. However, when an increase in

energetic demand is placed on a cell, energy requirements greatly increase

which leads to a sudden decrease in ATP concentration and a subsequent rise in

ADP and Pi concentration due to ATP de-phosphorylation. In response, energy

yielding processes such as glycolysis and cellular respiration are accelerated to

keep up with ATP utilization (Lehninger, 2005, 1975). When the energetic

demand is reduced or removed, ATP yielding processes slow down in response

to an increase in ATP concentration and a decrease in ADP concentration

(Lehninger, 2005, 1975).

Adenylate parameters such as ATP, ADP, and AMP concentrations, as

well as the AEC have been used to measure different types of stress, which may

translate in to an increase in energy requirements, in fish including hypoxia
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(Vetter and Hodson, 1980), muscular exertion (Driedzic and Hochachka, 1980),

low pH (McFarleane, 1981), temperature stress (Walesby and Johnston, 1980)

and heavy metal stress (Heath, 1984). In this study, intracellular ATP, ADP,

AMP and inorganic phosphate (Pi) were measured during the accumulation and

compound efflux phase of P-gp mediated DOX transport to measure energetic

costs associated with increased xenobiotic P-gp transport.

This study found that following a 190 min incubation (60 min

accumulation + 120 min efflux) of hepatocytes with DOX at a concentration of

125 IJ M significantly reduced the intracellular concentration of ATP, increased the

intracellular concentrations of ADP, AMP and Pi, and decreased the AEC and PP

compared to controls and XR9576-treated groups. The highest percent

decrease in intracellular ATP concentration was 25% from baseline. Highest

percent increases in ADP, AMP, and Pi were 26%, 36%, and 11 % respectively.

AEC and PP were lowest at 130 min post-incubation with percent decreases

from baseline of 11% and 53% respectively, which were maintained through out

the 190 min incubation period (i.e. no recovery to baseline values was observed).

The lack of recovery of AEC to baseline values is likely due to an increase in the

activity level of AMP deaminase, which catalyzes the deamination of AMP to

inosine monophosphate (IMP) seen as a decrease in AMP, thus stablilizing the

AEC as was observed in previous studies (Matsui et aI., 1994; Chapman and

Atkinson, 1973). A percent decrease of 11 % in AEC correlates to an AEC value

of 0.77, which indicates an energetic cost associated with P-gp-mediated

transport of DOX. These results indicate that during the accumulation phase, an
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increase in energy use was placed on the hepatocytes. This increased energy

use caused an increase in ATP utilization resulting in a decrease in ATP

concentration and increase in ADP, AMP and Pi concentrations. It is suggested

that the increase in energy requirement is likely attributable to the active efflux of

DOX out of the cell via P-gp. During the accumulation phase, DOX was entering

the cells via passive diffusion; however, it is likely that active transport of DOX

out of the cell via P-gp was also occurring at this time since DOX had already

begun to accumulate in the cells. This active transport activity of P-gp is powered

by the energy derived from ATP hydrolysis from which the products are ADP + Pi

during orthophosphate cleavage, and AMP + Pi during pyrophosphate cleavage.

ATP-binding cassette (ABC) proteins, such as P-gp, mediate the ATP dependent

transport (efflux in the case of P-gp) of a wide range of substrates. P-gp like

other ABC transporters, contains two transmembrane domains (TMDs), and two

nucleotide binding domains (NBDs) (Higgins, 1992). The P-gp or transport of

substrates across biological membranes is highly dependent on energy derived

from the coupling of ATP hydrolysis to drug transport (Callaghan, 2005), and

involves an allosteric communication between drug binding sites and the two

NBDs (van Veen, 2003). The transport process is suggested to occur in 4

stages: 1) loading of P-gp with substrate, 2) switch from high affinity (to promote

drug binding) to low affinity (to promote drug dissociation, 3) energy utilization,

and 4) re-setting to the basal conformation (Callaghan, 2003). The stoichiometry

between drug binding and the amount of ATP hydrolyzed per translocation even
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remains debatable, however several studies have reported values between 1 and

3 (Eytan et aI., 1996; Ambudkar et aI., 1997; Shapiro and Ling, 1998).

The lack of differences between intracellular ATP, ADP, AMP and Pi

concentrations in hepatocytes exposed to 125 IJM in the presence of XR9576

compared to XR9576-untreated groups indicates that the decrease in AEC and

PP representing energy drains, are attributable to P-gp transport activity and not

other effects of DOX within the cells. The inability of XR9576 to fully inhibit P-g

transport of DOX did not significantly change AEC from controls (i.e. AEC was

maintained at control values when P-gp was inhibited by 57%), indicating that

the cells were able to maintain energy homeostasis when P-gp was still actively

pumping at 43%.

Adenylate parameters such as concentrations of ATP, ADP, and AMP, as

well as AEC have been shown to be good measures of energetic costs

associated with contaminant exposure in invertebrates (LeBras, 1995), fish

(Heath, 1984), insects (Migula, 1997). In 1995, LeBras showed that lindane

exposure at concentrations of 4, 8 and 10 IJg/L, in whole body extracts of the

aquatic invertebrate Asselus aquaticus L. caused percent decreases in AEC

10%, 16%, and 6%, which was reported to be indicative of increased energetic

and metabolic costs associated with toxicity. Similarly, decreases in AEC of 12%

,19% ,6%, were indicative of energetic costs associated with cadmium toxicity in

whole body extracts of red wood ant pupa (Migula, 1997), 96-h copper exposure

in liver tissue extracts of the Bluegill (Lepomis macrochirus) (Heath, 1984), and
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pentachlorophenol exposure in tissue extracts of red abalone foot muscles

(Shofer and Tjeerdema, 1998).

All these results indicate that cellular adenylate parameters are good

measures of metabolic and energetic costs accrued by organisms during

xenobiotic exposure; however, these studies did not examine energetic costs

associated detoxification alone, rather they also involved costs of toxicity. The

ability to isolate costs associated only with cellular defense, such as increased P

gp transport of xenobiotics without taking into account toxicity effects is important

when trying to quantify the energetic costs associated with cellular defense.

AEC has been used as an indicator of cellular energy state during

inhibition of metabolic process such as glycolysis, fatty oxidation, and oxidative

phosphorylation in cultured rat hepatocytes (Miatsui et ai, 1994). These authors

reported percent decreases in AEC of 14%, 56%, and 23% after inhibition of fatty

acid oxidation, oxidative phosphorylation, and glycolysis respectively over an

exposure period of 8 hours. The decrease in AEC was maintained throughout

the 8-h exposure period during oxidative phosphorylation and was inhibited; and

recovery began after 2-h of removal of the inhibitor. The decrease in AEC due to

inhibition of fatty acid oxidation reached a low after 2-h, after which recovery

began, which is suggested to be due to activation of glycolysis to supply the

oxidative substrates to mitochondria in place of fatty acids when ~-oxidation is

inhibited (Matsui, et ai, 1994). Inhibition of glycolysis resulted in an irreversible

decrease in AEC.
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In the present study, decreases in intracellular ATP concentration,

accompanied by increases in ADP, AMP and Pi concentrations, as well as

decreases in AEC and PP during the accumulation and compound e'fflux phase

of DOX-mediated P-gp transport were indicative of an increase in energy use

associated with P-gp transport activity alone. It is believed that this is the first

study to use AEC as an indicator of cellular energetic state associated with

xenobiotic induced P-gp transport.
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5.0 CONCLUSION

The evolution of cellular defense mechanisms as a means of dealing with

endogenous and exogenous xenobiotics has enabled organisms to survive in

chemically stressful environments. However recent work has suggested that

through maintenance, regulation and activity these systems may impose

significant energetic and metabolic costs on organisms which may ultimately lead

to a decrease in the amount of energy available to processes like growth and

reproduction and reduction in overall fitness.

This study functionally characterized the teleost drug efflux pump, P-gp

and specifically examined the energetic costs associated with its transport

activity. The results of this study suggest that there may be significant energetic

costs associated with the active transport activity of P-gp as was evident from

changes in adenylate parameters such as concentrations of ATP, ADP, and AMP

as well as changes in AEC, and PP. Whether these costs are substantial in

terms of an organisms overall energy budget, and ultimately their overall fitness

remains a question to be answered. However, the energetic demand of P-gp

and the associated costs are likely to increase during toxic challenge, and if

combined with a situation where energy is limiting to an organism (e.g. winter

exposure, low food availability), it is likely that these costs will be at the expense

of other processes such as growth and reproduction, influence individual
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performance and may translate into decreased fitness. In the case where the

latter occurs there will be important implications for ecological and evolutionary

processes.
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