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OverviewOverview

•• Nucleoside drugs such as:Nucleoside drugs such as:
RibavirinRibavirin

GemcitabineGemcitabine

FialuridineFialuridine

are substrates of the nucleoside transport systemsare substrates of the nucleoside transport systems

•• These transporters may therefore contribute to the These transporters may therefore contribute to the 
absorption, disposition, efficacy or toxicity of these drugsabsorption, disposition, efficacy or toxicity of these drugs
–– e.g.e.g. RibavirinRibavirin: : hemolytic anemiahemolytic anemia

FialuridineFialuridine: : hepatotoxicityhepatotoxicity

•• To better guide the future development of nucleoside To better guide the future development of nucleoside 
drugs, the contribution of the nucleoside transporters to drugs, the contribution of the nucleoside transporters to 
absorption, disposition, efficacy or toxicity must be absorption, disposition, efficacy or toxicity must be 
characterizedcharacterized
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Nucleoside TransportersNucleoside Transporters

•• Endogenous role in nucleoside salvage for nucleotide Endogenous role in nucleoside salvage for nucleotide 

biosynthesis and biosynthesis and autocrineautocrine and and paracrineparacrine cellular cellular 

signalingsignaling

•• Two major families:Two major families:

NaNa++--independentindependent

Low affinity/high capacityLow affinity/high capacity

Three members: ENT1, ENT2, ENT3Three members: ENT1, ENT2, ENT3

Equilibrative nucleoside transporters (ENTs)Equilibrative nucleoside transporters (ENTs)

Baldwin, S.A., Baldwin, S.A., et al. et al. PflugersPflugers Arch. Arch. –– EurEur. J. . J. PhysiolPhysiol.. (2004) (2004) 447447: 735: 735--743743
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Nucleoside TransportersNucleoside Transporters

•• Two major families:Two major families:

NaNa++--dependentdependent

High affinity/low capacityHigh affinity/low capacity

Three members: CNT1, CNT2, CNT3Three members: CNT1, CNT2, CNT3

Concentrative nucleoside transporters (Concentrative nucleoside transporters (CNTsCNTs))

Gray, J.H., Gray, J.H., et al. et al. PflugersPflugers Arch. Arch. –– EurEur. J. . J. PhysiolPhysiol.. (2004) (2004) 447447: 728: 728--734734
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Nucleoside TransportersNucleoside Transporters
FunctionFunction

MangriviteMangrivite, L.M., , L.M., et al. et al. EuEu. J. . J. PharmacolPharmacol.. (2003) (2003) 479479: 269: 269--281281

Values (in Values (in µµµµµµµµM):M):

KKmm (black)(black)

ICIC5050 (black/ital)(black/ital)

KKii (blue)(blue)

ECEC5050 (green)(green)

Yellow: Known SubstrateYellow: Known Substrate

Red: Known InhibitorRed: Known Inhibitor

Blue: NeitherBlue: Neither

White: UnknownWhite: Unknown

((RibavirinRibavirin ICIC5050 of [of [33H]H]--inosine uptake inosine uptake 

in hENT1 expressed in yeast)in hENT1 expressed in yeast)
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Drug TransportersDrug Transporters
Role of Tissue Distribution on Drug DispositionRole of Tissue Distribution on Drug Disposition

Endres, C.J., Endres, C.J., et al. et al. EuEu. J. . J. PharmPharm. . SciSci.. (2006) (2006) 2727: 501: 501--517517
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Nucleoside TransportersNucleoside Transporters
Tissue DistributionTissue Distribution

ErythrocytesErythrocytes

Polarized Epithelial CellsPolarized Epithelial Cells

(e.g. Intestine, Kidney)(e.g. Intestine, Kidney) HepatocytesHepatocytes

Placental Placental SyncytiotrophoblastsSyncytiotrophoblasts

Blood Brain BarrierBlood Brain Barrier
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Nucleoside TransportersNucleoside Transporters
Mouse Tissue DistributionMouse Tissue Distribution

Lu, H., Lu, H., et al. Drug et al. Drug MetabMetab. . DisposDispos. . (2004) (2004) 3232: 1455: 1455--14611461

Cnt2Cnt2 Cnt3Cnt3

Ent1Ent1 Ent2Ent2
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RibavirinRibavirin
IntroductionIntroduction

•• RibavirinRibavirin is used as first line treatment of compensated is used as first line treatment of compensated 

chronic hepatitis C chronic hepatitis C virsusvirsus (HCV) infection and is co(HCV) infection and is co--

administered with interferonadministered with interferon--αα at doses of 800 to 1200 at doses of 800 to 1200 

mg/kg/daymg/kg/day

•• The doseThe dose--limiting toxicity of limiting toxicity of ribavirinribavirin is hemolytic anemia, is hemolytic anemia, 

occurring in 10occurring in 10--13% of patients13% of patients

•• RibavirinRibavirin is contraindicated in pregnancy because of is contraindicated in pregnancy because of 

teratogenicityteratogenicity observed in animals an in case reportsobserved in animals an in case reports

FDA Revised LabelFDA Revised Label.. RebetolRebetol®® (2004)(2004)

FDA Revised Label. FDA Revised Label. CopegusCopegus ®® (2005)(2005)
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RibavirinRibavirin
PharmacokineticsPharmacokinetics

•• The The CCmaxmax after a single oral dose of after a single oral dose of ribavirinribavirin was: 9.9 was: 9.9 µµM.M.

•• After discontinuation of an intravenous infusion to steadyAfter discontinuation of an intravenous infusion to steady--state, the state, the 

plasma concentration time profile exhibited triplasma concentration time profile exhibited tri--exponential exponential 

pharmacokinetics with halfpharmacokinetics with half--lives of:lives of:

αα: 0.2 : 0.2 -- 0.9 hours0.9 hours

ββ: 1.6 : 1.6 -- 2.0 hours2.0 hours

γγ: 35.5 : 35.5 –– 60 hours60 hours

•• After discontinuation of oral dosing to steadyAfter discontinuation of oral dosing to steady--state, the terminal state, the terminal 

elimination halfelimination half--life was:life was:

λλzz: 298 hours: 298 hours

and and ribavirinribavirin steadysteady--state concentrations exhibited approximately 6state concentrations exhibited approximately 6--

fold accumulation (compared to after a single oral dose).fold accumulation (compared to after a single oral dose).

LaskinLaskin et al. et al. ClinClin. . PharmacolPharmacol. . TherTher.. (1987) (1987) 4141: 546: 546--555555

FDA Revised LabelFDA Revised Label.. RebetolRebetol®® (2004)(2004)

FDA Revised Label. FDA Revised Label. CopegusCopegus ®® (2005)(2005)
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RibavirinRibavirin
PharmacokineticsPharmacokinetics

•• The systemic clearance of The systemic clearance of ribavirinribavirin is 280is 280--400 mL/min400 mL/min

•• The renal clearance of The renal clearance of ribavirinribavirin is 99 mL/minis 99 mL/min

•• RibavirinRibavirin is completely unbound (0 is completely unbound (0 ±± 7%), and is not 7%), and is not 

saturated between 1 and 50 saturated between 1 and 50 µµMM

•• The The VVssss of of ribavirinribavirin after oral dosing is after oral dosing is approximatleyapproximatley 650 650 

to 1100 Lto 1100 L

•• The oral bioavailability of The oral bioavailability of ribavirinribavirin is 33 to 64%is 33 to 64%

LaskinLaskin et al. et al. ClinClin. . PharmacolPharmacol. . TherTher.. (1987) (1987) 4141: 546: 546--555555

FDA Revised LabelFDA Revised Label.. RebetolRebetol®® (2004)(2004)

FDA Revised Label. FDA Revised Label. CopegusCopegus ®® (2005)(2005)
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RibavirinRibavirin
Metabolism and DistributionMetabolism and Distribution
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RibavirinRibavirin
Metabolism and DistributionMetabolism and Distribution

•• In In M. M. mulattamulatta (Rhesus macaques) 8 hours after receiving (Rhesus macaques) 8 hours after receiving 
[[1414C]C]--ribavirin by intramuscular and intravenous ribavirin by intramuscular and intravenous 
administration, the recovery of total radioactivity in the administration, the recovery of total radioactivity in the 
major organs of distribution was (% of total body major organs of distribution was (% of total body 
radioactivity):radioactivity):

–– 37.1 % in skeletal muscle37.1 % in skeletal muscle

–– 14.1 % in erythrocytes14.1 % in erythrocytes

–– 8.1 % in the liver8.1 % in the liver

minor amounts were recovered in:minor amounts were recovered in:

–– 1.0 % kidneys1.0 % kidneys

–– 0.5 % brain0.5 % brain

Ferrara, E.A. Ferrara, E.A. et al. et al. AntimicrobAntimicrob. Agents and . Agents and ChemotherChemother.. (1981) (1981) 1919: 1042: 1042--10491049
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RibavirinRibavirin
Fetal ToxicityFetal Toxicity
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KochharKochhar, D.M., , D.M., et alet al. . ToxTox. . ApplAppl. . PharmacolPharmacol.. (1980) (1980) 5252: 99: 99--112112

KochharKochhar, D.M. , D.M. PediatPediat. Infect. Dis. J.. Infect. Dis. J. (1990) (1990) 99: S88: S88--S90S90
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Nucleoside TransportersNucleoside Transporters
RibavirinRibavirin Transport: hENT1Transport: hENT1

Jarvis, S.M. Jarvis, S.M. et alet al. . Br. J. Br. J. PharmacolPharmacol.. (1998) (1998) 123123: 1587: 1587--15921592

RibavirinRibavirin

VVmaxmax: 30 ± 1.6 : 30 ± 1.6 mmolmmol/hr/L cell water/hr/L cell water

KKmm: 420 : 420 ±± 67 67 µµMM

NBMPRNBMPR

ICIC5050: 0.99 : 0.99 ± 0.05 ± 0.05 nMnM
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Nucleoside TransportersNucleoside Transporters
RibavirinRibavirin Transport: Transport: hCNTshCNTs

Dresser, M.J., Dresser, M.J., et al.et al. Drug Drug MetabMetab. . DispDisp.. (2000) (2000) 2828: 1135: 1135--1140 1140 

HuHu, H., , H., et alet al. . Mol. Mol. PharmacolPharmacol.. (2006) in press(2006) in press

PatilPatil, S.D., , S.D., et al.et al. Cancer Cancer ChemotherChemother. . PharmacolPharmacol.. (2000) (2000) 4646: 394: 394--402402

RibavirinRibavirin stimulated inward current in stimulated inward current in X. X. 

laevislaevis oocytesoocytes expressing hCNT3 expressing hCNT3 

Ribavirin
Vmax: 638 ± 58.1 nA

Km: 59.7 ± 17.5 µM

hCNT2 Mediated [hCNT2 Mediated [33H]H]--

inosine uptake in human inosine uptake in human 

BBMVsBBMVs

Inhibition of [Inhibition of [33H]H]--uridine transport, and uridine transport, and ribavirinribavirin

stimulated inward current in stimulated inward current in X. X. laevislaevis oocytesoocytes

expressing hCNT1expressing hCNT1

0.06 0.06 ±± 0.010.0151 51 ±± 7710001000

IIRBVRBV/I/IURIURI% Inhibition% InhibitionConc. (Conc. (µµM)M)
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HypothesisHypothesis

““The mouse equilibrative nucleoside transporter 1 (mEnt1) The mouse equilibrative nucleoside transporter 1 (mEnt1) 

significantly contributes to the absorption, tissue significantly contributes to the absorption, tissue 

distribution, elimination and toxicity of distribution, elimination and toxicity of ribavirinribavirin..””

Specific AimsSpecific Aims

1.1. To characterize the To characterize the ex vivoex vivo transport of [transport of [33H]H]--ribavirin in erythrocytes ribavirin in erythrocytes 

from mEnt1(+/+) and mEnt1(from mEnt1(+/+) and mEnt1(--//--) mice. ) mice. 

2.2. To characterize the pharmacokinetics and tissue distribution of To characterize the pharmacokinetics and tissue distribution of 

ribavirinribavirin in mEnt1(+/+) and mEnt1(in mEnt1(+/+) and mEnt1(--//--) mice.) mice.
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Ex vivoEx vivo Erythrocyte Transport of Erythrocyte Transport of RibavirinRibavirin
IntroductionIntroduction

•• The goal of this aim is to characterize the transport The goal of this aim is to characterize the transport 

kinetics of kinetics of ribavirinribavirin in erythrocytes from mEnt1(+/+) and in erythrocytes from mEnt1(+/+) and 

mEnt1(mEnt1(--//--) mice.) mice.

•• The:The:

–– timetime--coursecourse

–– activityactivity

–– and kineticsand kinetics

were examined.were examined.
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Ex vivoEx vivo Erythrocyte Transport of Erythrocyte Transport of RibavirinRibavirin
Experimental DesignExperimental Design

•• Mouse erythrocytes were washed in transport buffer and used withMouse erythrocytes were washed in transport buffer and used within in 

2 hours of collection2 hours of collection

•• Transport was initiated by adding 0.77 Transport was initiated by adding 0.77 µµM [M [33H]H]--ribavirin to ribavirin to 

erythrocytes in transport buffer (20% hematocrit), and stopped berythrocytes in transport buffer (20% hematocrit), and stopped by y 

dilution the suspensions 5dilution the suspensions 5--fold in transport buffer containing 10 mM fold in transport buffer containing 10 mM 

NBMPR.  The erythrocytes were immediately NBMPR.  The erythrocytes were immediately pelletedpelleted into an oilinto an oil--

layer (“oillayer (“oil--stop”), to limit further stop”), to limit further diffusionaldiffusional uptakeuptake

•• Transport rates were calculated and normalized to total Transport rates were calculated and normalized to total totaltotal protein protein 

amountamount

•• Kinetic parameters (Kinetic parameters (VVmaxmax and Kand Kmm) were determined using a “tracer) were determined using a “tracer--

displacement” analysisdisplacement” analysis
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Ex vivoEx vivo Erythrocyte Transport of Erythrocyte Transport of RibavirinRibavirin
PCR Genotyping Assay of mEnt1 in MicePCR Genotyping Assay of mEnt1 in Mice

Slc29a1 (NT_039655)

Ex 2 Ex 3 Ex 4

mEsG- 3 mEsG- 4
997 bp

mEsG- 3 mEsG- 4) allele

Ex 5

Ex 5

340 bp

Slc29a1 (NT_039655)

Ex 2 Ex 3 Ex 4

Wild-type ( + ) allele
mEsG- 3 mEsG- 4

997 bp

mEsG- 3mEsG- 3 mEsG- 4Knock-out ( - ) allele

Ex 5

Ex 5

340 bp
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Ex vivoEx vivo Erythrocyte Transport of Erythrocyte Transport of RibavirinRibavirin
Spike Recovery from ErythrocytesSpike Recovery from Erythrocytes
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Ex vivoEx vivo Erythrocyte Transport of Erythrocyte Transport of RibavirinRibavirin
Time Course of Erythrocyte Time Course of Erythrocyte RibavirinRibavirin UptakeUptake
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Ex vivoEx vivo Erythrocyte Transport of Erythrocyte Transport of RibavirinRibavirin
RibavirinRibavirin Transport Activity in ErythrocytesTransport Activity in Erythrocytes
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Ex vivoEx vivo Erythrocyte Transport of Erythrocyte Transport of RibavirinRibavirin
RibavirinRibavirin Transport Kinetics in ErythrocytesTransport Kinetics in Erythrocytes

Values represent mean ± S.D. (n=3)Values represent mean ± S.D. (n=3)

Tracer Displacement Kinetics AnalysisTracer Displacement Kinetics Analysis

Mean Mean ±± S.D. (n=4)S.D. (n=4)

382 ± 75.1 µM

Km

417 ± 86.7 amol/µg/10 sec

Vmax
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Ex vivoEx vivo Erythrocyte Transport of Erythrocyte Transport of RibavirinRibavirin
ConclusionsConclusions

•• The timeThe time--course of [course of [33H]H]--ribavirin uptake in mEnt1(+/+) erythrocytes ribavirin uptake in mEnt1(+/+) erythrocytes 

rapidly reaches equilibrium within 60 seconds, and was completelrapidly reaches equilibrium within 60 seconds, and was completely y 

inhibited by 10 inhibited by 10 µµM NBMPR.M NBMPR.

•• There is no NBMPR There is no NBMPR inhibitableinhibitable [[33H]H]--ribavirin transport in ribavirin transport in 

erythrocytes from mEnt1(erythrocytes from mEnt1(--//--) mice.) mice.

•• The transport activity of the mEnt1(+/The transport activity of the mEnt1(+/--) erythrocytes was ) erythrocytes was 

approximately half that of the mEnt1(+/approximately half that of the mEnt1(+/--) erythrocytes, suggesting a ) erythrocytes, suggesting a 

genegene--dose effect on activity.dose effect on activity.

•• The KThe Kmm of [of [33H]H]--ribavirin transport in mEnt1(+/+) erythrocytes was ribavirin transport in mEnt1(+/+) erythrocytes was 

similar to that observed in humans (420 similar to that observed in humans (420 µµM).M).
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Pharmacokinetics and Tissue DistributionPharmacokinetics and Tissue Distribution
IntroductionIntroduction

•• The goal of this aim is to characterize the The goal of this aim is to characterize the 

pharmacokinetics and tissue distribution of pharmacokinetics and tissue distribution of ribavirinribavirin in in 

mEnt1(+/+) and mEnt1(mEnt1(+/+) and mEnt1(--//--) mice.) mice.

•• We will estimate pharmacokinetic parameters after both We will estimate pharmacokinetic parameters after both 

oral and intravenous administration of  [oral and intravenous administration of  [33H]H]--ribavirinribavirin

•• We will examine the tissue distribution of [We will examine the tissue distribution of [33H]H]--ribavirin ribavirin 

after intravenous administration in tissues where mEnt1 after intravenous administration in tissues where mEnt1 

expression may be important in drug distribution:expression may be important in drug distribution:

i.e. liver, intestine, kidney, brain, skeletal muscle, heart andi.e. liver, intestine, kidney, brain, skeletal muscle, heart and

pancreaspancreas
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Pharmacokinetics and Tissue DistributionPharmacokinetics and Tissue Distribution
Experimental DesignExperimental Design

•• [[33H]H]--Ribavirin was administered orally (10 Ribavirin was administered orally (10 µµg/g) or g/g) or 

intravenously (3 intravenously (3 µµg/g) to mEnt1(+/+) and mEnt1(g/g) to mEnt1(+/+) and mEnt1(--//--) ) 

mice.mice.

•• Plasma, and erythrocyte samples were obtained by Plasma, and erythrocyte samples were obtained by 

retroretro--orbital bleeding 15, 30, 60, 120, 240, 480, 720 and orbital bleeding 15, 30, 60, 120, 240, 480, 720 and 

1440 minutes after administration1440 minutes after administration

•• RibavirinRibavirin concentrations were determined by:concentrations were determined by:

–– Direct counting for total radioactivityDirect counting for total radioactivity

–– HPLC / Fraction collection to determine percent HPLC / Fraction collection to determine percent ribavirinribavirin

composition of the total radioactivity (composition of the total radioactivity (t.b.dt.b.d))
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Pharmacokinetics and Tissue DistributionPharmacokinetics and Tissue Distribution
Experimental DesignExperimental Design

•• Tissues were collected at necropsy and concentrations Tissues were collected at necropsy and concentrations 

were determined using a similar methodology (direct were determined using a similar methodology (direct 

counting/HPLC fraction collection).counting/HPLC fraction collection).

•• [[1414C]C]--Sucrose (tracer dose, 0.05 Sucrose (tracer dose, 0.05 µµCi/g) was administered Ci/g) was administered 

to correct tissue to correct tissue ribavirinribavirin concentrations for concentrations for ribavirinribavirin

present in the tissue vascular volume.present in the tissue vascular volume.
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Pharmacokinetics and Tissue DistributionPharmacokinetics and Tissue Distribution
Direct Counting Fluid and Tissue Spike Recovery Direct Counting Fluid and Tissue Spike Recovery 
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Pharmacokinetics and Tissue DistributionPharmacokinetics and Tissue Distribution
Plasma Pharmacokinetics: [Plasma Pharmacokinetics: [33H]H]--Total RadioactivityTotal Radioactivity
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Pharmacokinetics and Tissue DistributionPharmacokinetics and Tissue Distribution
Erythrocyte Pharmacokinetics: Erythrocyte Pharmacokinetics: 33HH--Total RadioactivityTotal Radioactivity
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Pharmacokinetics and Tissue DistributionPharmacokinetics and Tissue Distribution
Plasma Pharmacokinetics:Plasma Pharmacokinetics:1414CC--Total RadioactivityTotal Radioactivity
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Pharmacokinetics and Tissue DistributionPharmacokinetics and Tissue Distribution
Liver Distribution: [Liver Distribution: [33H]H]--Total RadioactivityTotal Radioactivity
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Pharmacokinetics and Tissue DistributionPharmacokinetics and Tissue Distribution
ConclusionsConclusions

•• There is an 8There is an 8--fold decrease in hepatic distribution in the fold decrease in hepatic distribution in the 

mEnt1(mEnt1(--//--) mice) mice

–– This is consistent with mEnt1 expression on the hepatic This is consistent with mEnt1 expression on the hepatic 

sinusoidal membrane,sinusoidal membrane,

–– and mEnt1 mediated hepatic uptake of and mEnt1 mediated hepatic uptake of ribavirinribavirin
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Pharmacokinetics and Tissue DistributionPharmacokinetics and Tissue Distribution
ConclusionsConclusions

•• The plasma [The plasma [33H]H]--total radioactivity concentrations were total radioactivity concentrations were 

greater in the mEnt1(greater in the mEnt1(--//--) mice than the mEnt1(+/+) mice ) mice than the mEnt1(+/+) mice 

consistent with decreased distribution to the peripheral consistent with decreased distribution to the peripheral 

compartment(scompartment(s) in the mEnt1() in the mEnt1(--//--) mice.) mice.

•• The erythrocyte [The erythrocyte [33H]H]--total radioactivity concentrations total radioactivity concentrations 

were greater in the mEnt1(+/+) mice than the mEnt1(were greater in the mEnt1(+/+) mice than the mEnt1(--//--) ) 

mice, consistent with reduced uptake in the mEnt1(mice, consistent with reduced uptake in the mEnt1(--//--) ) 

mice.  Surprisingly, the magnitude of this difference was mice.  Surprisingly, the magnitude of this difference was 

much smaller than that observed much smaller than that observed in vitroin vitro..



4040Christopher J. EndresChristopher J. Endres

OutlineOutline

•• BackgroundBackground

–– Nucleoside TransportersNucleoside Transporters

–– RibavirinRibavirin

•• Research Design, Methods and Preliminary ResultsResearch Design, Methods and Preliminary Results

–– Ex vivoEx vivo Erythrocyte Transport of Erythrocyte Transport of RibavirinRibavirin

–– Pharmacokinetics and Tissue DistributionPharmacokinetics and Tissue Distribution

•• ConclusionsConclusions
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General ConclusionsGeneral Conclusions

•• mEnt1 contributes to erythrocyte uptake of mEnt1 contributes to erythrocyte uptake of ribavirinribavirin ex ex 

vivovivo..

•• mEnt1 significantly contributes to the hepatic and mEnt1 significantly contributes to the hepatic and 

erythrocyte distribution of erythrocyte distribution of ribavirinribavirin in vivoin vivo

•• Because of this, the ENT1 may also play an important Because of this, the ENT1 may also play an important 

role in other tissue distribution, elimination and toxicity of role in other tissue distribution, elimination and toxicity of 

ribavirinribavirin and other nucleoside drugs.and other nucleoside drugs.
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Future DirectionsFuture Directions

•• Validate HPLC assay for [Validate HPLC assay for [33H]H]--ribavirin ribavirin quantitationquantitation from from 

fluids and tissuefluids and tissue

•• Complete I.V. Complete I.V. ribavirinribavirin pharmacokinetics and tissue pharmacokinetics and tissue 

distributiondistribution

•• Complete oral Complete oral ribavirinribavirin pharmacokineticspharmacokinetics
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