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ABSTRACT 

P-glycoprotein (P-gp) is an efflux transporter with a wide substrate specificity and plays an 

important role in the disposition of drugs in the epithelial cells of various tissues, such as the 

gastrointestinal tract, liver, and kidney.  One characteristic feature of this efflux transporter 

is that its expression and activity are modulated by various factors including cytokines.  Here, 

we investigated the effect of interferon-γ (IFN-γ) on the transport activity of P-gp and its 

expression in mice, since the cytokine is induced by various stimuli and is capable of 

provoking a variety of cellular responses.  Twenty four hours after a single intraperitoneal 

injection of IFN-γ (1×105 U), mice were intravenously injected with [3H]digoxin, a P-gp 

substrate, and its pharmacokinetics was examined.  IFN-γ pretreatment resulted in 

retardation of plasma elimination of the drug with a concomitant increase of its tissue levels 

in liver, kidney and intestine.  Furthermore, the excretion of [3H]digoxin into the urine and 

bile, but not into the intestinal lumen, was significantly reduced: the urinary and biliary 

excretion clearances in IFN-γ-treated mice were 65 % and 55 %, respectively, of those in 

untreated mice.  However, the P-gp expression levels were only slightly reduced (20-30 % 

reduction) by IFN-γ treatment in the liver, kidney or intestine on Western blot analysis.  

IFN-γ also caused a slight down-regulation (20-30 % reduction) in the expression of 

cytochrome P450 3A (CYP3A) on Western blot analysis.  Thus, a more pronounced effect 

may be elicited by IFN-γ for common substrates of P-gp and CYP3A.  
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Drug transporters play a critical role in the disposition and elimination of xenobiotics.  

In particular, P-glycoprotein (P-gp) is an important ATP-dependent, efflux membrane 

transporter with a wide substrate specificity for a number of structurally diverse drugs 

(Gottesman et al., 1993).  P-gp is encoded by the multi-drug resistance (MDR) gene family, 

MDR1 in humans and mdr1a and mdr1b in rodents.  It is distributed in normal tissues, 

particularly in the epithelial cells of the gastrointestinal tract, liver, and kidney, which play 

important roles in drug disposition.  The expression of P-gp in such tissues results in reduced 

drug absorption and enhanced elimination via the urine and bile. 

On the other hand, cytochrome P450 3A (CYP3A), a major phase I metabolizing enzyme 

predominantly expressed in the liver and small intestine, plays an important role in the 

metabolism of a variety of drugs used in clinical situations.  Recent reports have suggested 

that intestinal CYP3A is involved in reducing the bioavailability of orally administered drugs 

by first-pass metabolism (Watkins et al., 1997; Wacher et al., 2001).  Moreover, many 

CYP3A substrates are also substrates of P-gp.  Thus, the drug metabolizing enzyme and the 

efflux transporter can act in a concerted manner in tissue cells where both proteins are 

expressed.  In addition, the expression of these two functional proteins, P-gp and CYP3A, is 

modulated by a variety of common compounds (Schuetz et al., 1996).  P-gp expression is 

regulated by various substances, including xenobiotics and hormones (Sukhai and 

Piquette-Miller, 2000; Sukhai et al., 2000), while CYP3A expression is modulated by 

inflammation and infection (Morgan et al., 1997) or induced by some drugs (Guengerich et al., 

1999).  

 Cytokines, including interferons (IFNs), are also important modulators for both proteins.  

IFNs, which consist of type I IFN (IFN-α and IFN-β) and type II IFN (IFN-γ), have been used 

in the treatment of viral and neoplastic diseases (Baron et al., 1991; Heathcote et al., 1999).  

It has been demonstrated that hepatic CYP3A expression is significantly reduced by IFN-γ 

(Carlson et al., 1996; Donato et al., 1997), IFN-α (Craig et al., 1993) and IFN inducers 
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(Monshouwer et al., 1996; Sakai et al., 1992).  However, until now, the influence of IFNs on 

P-gp in vivo has received little attention. 

Previously, we have examined the effect of IFN-β and IFN-γ on the expression and drug 

efflux activity of P-gp in rat primary hepatocytes and found that P-gp-mediated efflux of 

rhodamine-123, a typical substrate P-gp, was significantly inhibited by IFN-γ treatment, but 

not by IFN-β treatment, without a reduction in P-gp expression in hepatocytes (Akazawa et al., 

2002).  Those findings led us to examine whether type II IFN-γ can modulate P-gp activity 

and/or its expression in vivo and alter the pharmacokinetics of P-gp substrates, as the in vivo 

effects of IFN-γ on P-gp activity and expression have not yet been reported.  In the present 

study, we investigated the effect of mouse IFN-γ on the pharmacokinetics of P-gp and its 

activity and expression in various tissues including the intestine and liver in the mouse.  

[3H]digoxin was used as a model P-gp substrate because of its low toxicity and chemical 

stability in the mouse (Schinkel et al., 1995; Mayer et al., 1997; Schinkel et al., 1997; 

Kawahara et al., 1999). 
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Materials and Methods 

Reagents, Antibodies and Mice.  Digoxin and [3H]digoxin (15.8Ci/mmol) were 

purchased from Sigma Chemical Co. (St. Louis. MO) and NEN Life Science Products, Inc. 

(Boston, MA), respectively.  Recombinant mouse IFN-γ was kindly donated by Shionogi 

Research Laboratories (Osaka, Japan).  Monoclonal antibody against human P-gp (C219) 

was from DAKO Co. (CA) and polyclonal rabbit anti-rat CYP3A1 antibody from 

CHEMICON International, Inc. (Temecula, CA); both cross-react with the mouse 

counterparts.  Peroxidase-conjugated rabbit anti-mouse IgG and goat anti-rabbit IgG 

antibodies were from Amersham Biosciences Co., (Piscataway, NJ).  

Seven-week-old male ICR mice (28-32g) were supplied by Shizuoka Agricultural 

Co-operative Association for Laboratory Animals (Shizuoka, Japan).  Animal experiments 

were carried out in accordance with the Guide for the Care and Use of Laboratory Animals as 

adopted and promulgated by the U.S. National Institutes of Health 

Digoxin Pharmacokinetics Studies.  Mice were given a single intraperitoneal (i.p.) 

injection with 1×105 units (U) of IFN-γ in 100 µl phosphate-bufferred saline (PBS) or saline 

alone.  This dose of IFN-γ was chosen based on the previous report about the curative effect 

of IFN-γ on both tumor growth and metastasis in mice (An et al, 1996).  Twelve hours after 

IFN-γ or saline administration, mice were not allowed food for a further 12 h, and then were 

anesthetized with pentobarbital sodium.  To collect the bile and urine, the bile duct and 

urinary bladder were cannulated.  [3H]digoxin was injected into the tail vein at a dose of 0.1 

mg/kg, and the bile, urine and blood were sampled for 4 h at appropriate time intervals.  

Four hours after digoxin administration, the mice were sacrificed and the intestinal contents, 

plasma, and organs (liver, kidney, intestine, and brain) were collected.  Aliquots of the 

samples were dissolved in 0.7 mL Solene-350 at 45 ºC, combined with 0.2 mL isopropanol, 

0.2 mL H2O2, 0.3 mL 5N HCl, and 5 mL Clearsol I (scintillation medium), and their 

radioactivities measured using a liquid scintillation counter LSA-500 (Beckman, Tokyo, 
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Japan).  The plasma concentration profiles of [3H]digoxin were analyzed by 

non-compartmental moment analysis using a trapezoidal method with mono-exponential 

extrapolation to infinite time to calculate AUC (the area under the curve), MRT (mean 

residence time), CLtot (total body clearance), and Vdss (steady state volume of distribution).  

The total clearance values for urinary (CLurine), biliary (CLbile), and intestinal secretion 

(CLintestine) were determined by dividing the amounts of [3H]digoxin excreted into urine, bile 

and intestine up to 4 h by the AUC value from 0 to 4 h, respectively.   

Preparation of Plasma Membrane and Microsome Fractions.  After IFN-γ or saline 

treatment and withdrawal of food as described above (that is, 24 h after IFN-γ or saline 

treatment), mice were anesthetized with ether and sacrificed by bleeding, and the livers were 

quickly infused with 1.15 % KCl solution with 1mM EDTA and 1mM phenylmethylsulfonyl 

fluoride (PMSF) via the portal vein and vena cava.  The liver, intestine, kidney and brain 

were clipped off and individually homogenized in 10 mM potassium phosphate buffer (pH 

7.4) containing 250 mM sucrose and 1 % (V/V) Sigma protease inhibitor cocktail (Sigma 

Chemical Co.) at 4 ºC  The long intestine was divided roughly into three segments as 

described (Fig. 5).  For the preparation of plasma membranes, homogenates were 

centrifuged at 9000 g for 20 min and the pellets were resuspended in a small volume of 0.02 

M Tris Buffer (pH 7.4) with 250 mM sucrose and 1 % (V/V) Sigma protease inhibitor 

cocktail, and stored at -80 ºC until analysis.  For the preparation of microsomes, 

homogenates were centrifuged at 9000 g for 20 min, and the supernatants were again 

centrifuged at 105,000 g for 60 min.  The resultant pellets were re-suspended in in a small 

volume of 0.02 M Tris Buffer (pH 7.4) with 250 mM sucrose and 1 % (V/V) Sigma protease 

inhibitor cocktail, and stored at -80 ºC until analysis.  All procedures were carried out at 4 ºC.  

Protein concentrations were determined by the modified Lowry method (Lowry et al, 1951).  

Western blot analysis of P-gp and CYP3A.  Fifty µg protein of plasma membrane 

preparations and 10 µg protein of microsomal preparations were dissolved in loading buffer, 
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denatured at 95 ºC for 3 min and loaded on 6.5 % and 12.5 % SDS-polyacrylamide gels, 

respectively .  After electrophoresis, the proteins were transferred onto a PVDF membrane 

(ImmobilonTM-P, MILLIPORE Co., Billerica, MA) by semidry-blotting with Transblot SD 

(Bio-Rad Lab., Hercules, CA).  P-gp protein was detected by primary monoclonal mouse 

antibody C219 (1:1000) and secondary peroxidase-conjugated rabbit anti-mouse IgG antibody 

(1:2000).  CYP3A protein was detected by polyclonal rabbit anti-rat CYP3A1 antibody 

(1:1000) and secondary peroxidase-conjugated goat anti-rabbit IgG antibody (1:1000).  

Protein bands were visualized by chemiluminescence on the ECL protein detection system 

(Amersham Pharmacia Biotech) followed by exposure to Hyperfilm ECLTM (Amersham 

Pharmacia Biotech).  The densities of bands obtained on the films were requantitated using 

using  ATTO Image Analysis Software (ATTO Co., Tokyo, Japan). 
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Results 

Effect of IFN-γ Treatment on Disposition of [3H]Digoxin i.v. Injected into Mice.  

Fig. 1 shows the time course of the plasma concentration of [3H]digoxin after intravenous 

(i.v.) injection into control and IFN-γ-pretreated mice.  In both cases, the concentration 

decreased primarily in an exponential manner with time; the decrease, that is, elimination of 

plasma digoxin, in the IFN-γ-treated mice was significantly retarded compared with the 

control mice, and the level at 4 h was higher than that in the control mice. 

The tissue distribution of [3H]digoxin 4 h after i.v. injection in the control and 

IFN-γ-treated mice is shown in Fig. 2.  Accumulation of [3H]digoxin increased significantly 

in the liver and kidney, and only slightly in the intestine, but not significantly in the brain, of 

the IFN-γ-treated mice, compared with the control mice. 

The biliary, urinary and intestinal excretion was also examined for up to 4 h after i.v. 

administration of [3H]digoxin.  About 20 %, 50 %, and 15 % of the administered dose of 

[3H]digoxin was excreted, respectively, into the urine, bile and intestinal lumen in the control 

mice within 4 h (data not shown).  The cumulative amounts of [3H]digoxin excreted into the 

urine and bile for up to 4 h after i.v. administration are illustrated in Fig. 3A and B, and the 

secreted [3H]digoxin into the intestinal lumen at 4 h after i.v. administration is shown in Fig. 

3C.  In the IFN-γ-treated mice, both the amounts of [3H]digoxin excreted into the urine and 

the bile were lower than those of control mice (Fig. 3A and B), whereas the amount excreted 

from the small intestine was not significantly affected or rather only slightly increased by 

IFN-γ treatment (Fig. 3C). 

Pharmacokinetic Parameters.  The pharmacokinetic parameters were determined 

from the plasma concentration-time curves (Fig. 1) as summarized in Table 1.  Compared 

with the control mice, the CLtot value was reduced by half, the Vdss value was unchanged, and 

the AUC of [3H]digoxin after i.v. injection was increased about 2-fold in the IFN-γ-treated 
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mice.  The CL values, shown in Fig. 4, were determined from the biliary, urinary and small 

intestinal excretion data in Fig. 3 and the AUC values.  The CLurine and CLbile values in the 

IFN-γ-treated mice were 35 % and 45 % of the values in the control mice, respectively.  The 

CLintestine was not significantly altered by IFN-γ treatment.   

Determination of P-gp and CYP3A Expressions.  The expression of P-gp in the liver, 

kidney, small intestine and brain were examined by western blot analysis (Fig. 5).  The P-gp 

expression levels in the liver and intestine were reduced in the IFN-γ-treated mice by  

approximately 20 % and 20-30 %, respectively, compared with the control mice.  Meanwhile, 

the P-gp levels in the kidney and brain was slightly reduced by IFN-γ treatment by 

approximately 12 % and 5 %, respectively. 

The CYP3A levels in the liver and small intestine were also examined (Fig. 6).  As 

reported previously (Carlson et al., 1996; Donato et al., 1997), the CYP3A expression level in 

the liver was reduced by IFN-γ treatment (by about 22 %).  The intestinal CYP3A 

expression in the mice was also reduced by IFN-γ treatment: the reduction was about 29 %, 

28 % and 55 % in the upper, middle and lower intestine, respectively.  
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Discussion 

The present study has demonstrated that pretreatment of a single therapeutic dose of 

IFN-γ significantly affected the pharmacokinetics of [3H]digoxin, a typical P-gp substrate, 

administered intravenously into mice.  [3H]digoxin has been used for the in vivo evaluation 

of P-gp function in various mouse tissues including mdr1a, mdr1b, and mdr1a/1b knockout 

mice (Schinkel et al., 1995; Schinkel et al., 1997; Mayer et al., 1997; Kawahara et al., 1999), 

since the pharmacokinetics properties of this compound are highly P-gp dependent and no 

significant metabolism of this compound occurs over a short period in mice.  We observed 

retardation of the plasma elimination of [3H]digoxin and a concomitant increase of its tissue 

levels in IFN-γ-treated mice.  The amounts of [3H]digoxin excreted into the urine and bile, 

but not the intestinal lumen, were reduced in IFN-γ-treated mice.  Pharmacokinetic analysis 

revealed that the urinary and biliary excretion clearance values decreased by 65 % and 55 %, 

respectively, following IFN-γ treatment, indicating that the drug transport activities mediated 

by P-gp in the kidney and liver were significantly down-modulated.  Meanwhile, there was 

no significant change in the P-gp mediated secretion across the intestinal wall. 

P-gp is expressed on the apical membrane in epithelial cells of normal tissues, including 

liver, brain, kidney, adrenal gland and intestinal (Thiebaut et al., 1987; Gottesman and Pastan, 

1993).  By contrast, the functional receptors for IFN-γ are expressed on the basolateral 

surface of epithelial cells, because such cells respond biologically to basolateral stimulation of 

the cytokine (Adams et al., 1993; Nakanishi et al., 2002).  Thus, the investigation of the 

effects of systemic IFN-γ on epithelial cells makes sense biologically and clinically as well. 

We thus examined whether the ‘malfunction of P-gp’ is related to the expression level of 

P-gp on western blot analysis (Fig. 5).  Although the P-gp expression was reduced in the 

liver and to a lesser degree in the kidney in the IFN-γ-treated mice, a reduction in P-gp 

expression comparable with that in the liver was observed in the intestines in which digoxin 
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secretion was not affected significantly by IFN-γ treatment.  These results suggest that the 

apparent impairment of P-gp function observed in IFN-γ-treated mice is not primarily due to 

the P-gp expression levels in the tissues examined. 

Although the mechanism by which IFN-γ affects the p-gp function itself is unclear, 

several possible mechanisms can be considered.  It has been shown that phosphorylation of 

P-gp by protein kinase C (PKC) is an important step in its drug efflux activity:  Sachs et al. 

(1995) indicated that inhibition of P-gp phosphorylation causes a reduction in P-gp activity 

with no significant change in the level of expression.  IFN-γ may affect P-gp function 

through modulation of the PKC signal transduction system.  In addition, it is well known 

that nitric oxides (NO) are generated as a result of the expression of the IFN-γ-inducible nitric 

oxide synthase (iNOs) (Stark et al., 1998).  Donato et al. (1997) showed that NO induced by 

IFN-γ down-regulates and inactivates CYP3A.  NO may cause P-gp malfunction by 

modulating the process of protein sorting, ATPase activity, PKC activity, and so on, although 

more studies are needed to elucidate these issues. 

IFN-γ is capable of exerting its biological activities directly and indirectly.  In the liver 

parenchymal and renal epithelial cells, distribution of IFN-γ to the target cells may be 

important, since i.v. injected IFN-γ is preferentially distributed to the kidney, lung and liver of 

the recipients (Cross and Roberts, 1993).  It has been established that IFNs including IFN-γ 

increase the release of other cytokines such as interleukins (ILs), and tumor necrosis factor 

(TNF)-α in vivo.  These cytokines can trigger modulation of the in vivo P-gp function in 

IFN-γ-treated animals. 

It has been shown that, in rat primary hepatocytes, TNF-α induces the expression of P-gp 

at both the transcription and translation levels, accompanied by enhancement of the transport 

activity of P-gp (Hirsch-Ernst et al., 1998), while IL-6 and IL-1β suppress the expression and 

activity of P-gp (Sukhai et al., 2000a).  Lipopolysaccharide (LPS) as well as IL-6 cause a 
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significant reduction of hepatic P-gp at the transcription and translation levels in mice 

(Hartmann et al., 2001).  In human colon carcinoma cell lines, IFN-γ, IL-2 and TNF-α cause 

a reduction in mdr1 gene expression (Walther et al., 1994).  In human myeloma cells, P-gp 

expression is unaffected by cytokines, such as IFN-α, IFN-γ, and TNF-α, but reduced by IL-2 

(Evans et al., 1992).  IFN-α also induces the expression of P-gp in multidrug-resistant ChR 

C5 cells, but enhances the cellular uptake and cytotoxicity of doxorubicin, a P-gp substrate, in 

the presence of verapamil (Kang et al., 1994).  On the other hand, IFN-α increases 

adriamycin-induced cytotoxicity without a significant change in P-gp expression in a 

multidrug resistant cell line (Scala et al., 1991).  In human macrophages, IFN-γ up-regulates 

P-gp expression and its activity in a dose- and time-dependent manner (Puddu et al., 1999).  

Those findings indicate that P-gp expression and activity are modulated by some 

inflammatory cytokines in a manner which differs from one cell type to another, which may 

account for the differential effects among the mouse organs observed in the present study. 

IFN-γ also down-regulates the expression of CYP3A and its enzymatic activity in rat 

(Craig et al., 1990; Craig et al., 1992; Craig et al., 1993; Tapner et al., 1996) and human 

(Abdel-Razzak et al., 1993) hepatocytes in vitro.  NO production is an important factor for 

the IFN-γ effect (Donato et al., 1997).  In the present study, a similar IFN-γ effect on CYP3A 

expression was also observed in the mouse liver and intestine.  This finding provides 

valuable information for the oral administration of CYP3A substrates.   

In addition, multidrug resistance proteins (MRPs), which are expressed in liver, kidney, 

etc.,.might play a role in digoxin secretion.  If so, the decrease of biliary and urinary 

excretions might be ascribed to down-regulation and/or reduction of the activity of MRPs, 

although the interaction of MRPs with IFN-γ was not examined in this work.  The recent 

reports, however, have demonstrated that degoxin efflux in intestinal tissues was mediated by 

P-gp and contribution of MRP(s) was minor or negligible (Stephens et al., 2001; Stephens et 
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al., 2002).  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 20, 2003 as DOI: 10.1124/jpet.103.057521

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #57521 

 15

References 

Abdel-Razzak Z, Loyer P, Fautrel A, Gautier JC, Corcos L, Turlin B, Beaune P and 

Guillouzo A (1993) Cytokines down-regulate expression of major cytochrome P-450 enzymes 

in adult human hepatocytes in primary culture. Mol Pharmacol 44: 707-715. 

Adams RB, Planchon SM and Roche JK (1993) IFN-gamma modulation of epithelial 

barrier function. Time course, reversibility, and site of cytokine binding. J Immunol 150: 

2356-2363. 

Akazawa Y, Kawaguchi H, Funahashi M, Watanabe Y, Yamaoka K, Hashida M and 

Takakura Y (2002) Effect of interferons on P-glycoprotein-mediated rhodamine-123 efflux in 

cultured rat hepatocytes. J Pharm Sci 91: 2110-2115. 

An Z, Wang X, Astoul P, Danays T, Moossa AR and Hoffman RM (1996) Interferon 

gamma is highly effective against orthotopically-implanted human pleural adenocarcinoma in 

nude mice. Anticancer Res 16: 2545-2551. 

Baron S, Tyring SK, Fleischmann WR, Jr., Coppenhaver DH, Niesel DW, Klimpel GR, 

Stanton GJ and Hughes TK (1991) The interferons. Mechanisms of action and clinical 

applications. JAMA 266: 1375-1383. 

Carlson TJ and Billings RE (1996) Role of nitric oxide in the cytokine-mediated 

regulation of cytochrome P-450. Mol Pharmacol 49: 796-801. 

Craig PI, Mehta I, Murray M, McDonald D, Astrom A, van der Meide PH and Farrell 

GC (1990) Interferon down regulates the male-specific cytochrome P450IIIA2 in rat liver. 

Mol Pharmacol 38: 313-318. 

Craig PI, Murray M and Farrell GC (1992) Interferon suppresses the isoform-specific 

activities of hepatic cytochrome P450 in female rats. Biochem Pharmacol 43: 908-910. 

Craig PI, Tapner M and Farrell GC (1993) Interferon suppresses erythromycin 

metabolism in rats and human subjects. Hepatology 17: 230-235. 

Cross SE and Roberts MS (1993) Subcutaneous absorption kinetics and local tissue 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 20, 2003 as DOI: 10.1124/jpet.103.057521

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #57521 

 16

distribution of interferon and other solutes. J Pharm Pharmacol 245: 606-609. 

Donato MT, Guillen MI, Jover R, Castell JV and Gomez-Lechon MJ (1997) Nitric 

oxide-mediated inhibition of cytochrome P450 by interferon-gamma in human hepatocytes. J 

Pharmacol Exp Ther 281: 484-490. 

Evans CH and Baker PD (1992) Decreased P-glycoprotein expression in 

multidrug-sensitive and -resistant human myeloma cells induced by the cytokine leukoregulin. 

Cancer Res 52: 5893-5899. 

Gottesman MM and Pastan I (1993) Biochemistry of multidrug resistance mediated by 

the multidrug transporter. Annu Rev Biochem 62: 385-427.  

Guengerich FP (1999) Cytochrome P-450 3A4: regulation and role in drug metabolism. 

Annu Rev Pharmacol Toxicol 39: 1-17. 

Hartmann G, Kim H and Piquette-Miller M (2001) Regulation of the hepatic multidrug 

resistance gene expression by endotoxin and inflammatory cytokines in mice. Int 

Immunopharmacol 1: 189-199. 

Heathcote J (1999) Osteoporosis in chronic liver disease. Curr Gastroenterol Rep 1: 

455-458. 

Hirsch-Ernst KI, Ziemann C, Foth H, Kozian D, Schmitz-Salue C and Kahl GF (1998) 

Induction of mdr1b mRNA and P-glycoprotein expression by tumor necrosis factor alpha in 

primary rat hepatocyte cultures. J Cell Physiol 176: 506-515. 

Kang Y and Perry RR (1994) Effect of alpha-interferon on P-glycoprotein expression 

and function and on verapamil modulation of doxorubicin resistance. Cancer Res 54: 

2952-2958. 

Kawahara M, Sakata A, Miyashita T, Tamai I and Tsuji A (1999) Physiologically based 

pharmacokinetics of digoxin in mdr1a knockout mice. J Pharm Sci 88: 1281-1287. 

Lowry OH, Rosebrough NJ, Farr AL and Randall RJ (1951) Protein measurement with 

the folin phenol reagent. J Biol Chem 193: 265-275 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 20, 2003 as DOI: 10.1124/jpet.103.057521

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #57521 

 17

Mayer U, Wagenaar E, Dorobek B, Beijnen JH, Borst P and Schinkel AH (1997) Full 

blockade of intestinal P-glycoprotein and extensive inhibition of blood-brain barrier 

P-glycoprotein by oral treatment of mice with PSC833. J Clin Invest 100: 2430-2436. 

Monshouwer M, McLellan RA, Delaporte E, Witkamp RF, van Miert AS and Renton 

KW (1996) Differential effect of pentoxifylline on lipopolysaccharide-induced 

downregulation of cytochrome P450. Biochem Pharmacol 52: 1195-1200. 

Morgan ET (1997) Regulation of cytochromes P450 during inflammation and infection. 

Drug Metab Rev 29: 1129-1188. 

Nakanishi K, Watanabe Y, Maruyama M, Yamashita F, Takakura Y and Hashida M 

(2002) Secretion polarity of interferon (IFN)-β in epithelial cell lines. Arch Biochem Biophys 

402: 201-207. 

Puddu P, Fais S, Luciani F, Gherardi G, Dupuis ML, Romagnoli G, Ramoni C, 

Cianfriglia M and Gessani S (1999) Interferon-gamma up-regulates expression and activity of 

P-glycoprotein in human peripheral blood monocyte-derived macrophages. Lab Invest 79: 

1299-1309. 

Sachs CW, Safa AR, Harrison SD and Fine RL (1995) Partial inhibition of multidrug 

resistance by safingol is independent of modulation of P-glycoprotein substrate activities and 

correlated with inhibition of protein kinase C. J Biol Chem 270: 26639-26648. 

Sakai H, Okamoto T and Kikkawa Y (1992) Suppression of hepatic drug metabolism by 

the interferon inducer, polyriboinosinic acid:polyribocitidylic acid. J Pharmacol Exp Ther 

263: 381-386. 

Scala S, Pacelli R, Iaffaioli RV, Normanno N, Pepe S, Frasci G, Genua G, Tsuruo T, 

Tagliaferri P and Bianco AR (1991) Reversal of adriamycin resistance by recombinant 

alpha-interferon in multidrug-resistant human colon carcinoma LoVo-doxorubicin cells. 

Cancer Res 51: 4898-4902. 

Schinkel AH, Mayer U, Wagenaar E, Mol CA, van Deemter L, Smit JJ, van der Valk 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 20, 2003 as DOI: 10.1124/jpet.103.057521

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #57521 

 18

MA, Voordouw AC, Spits H, van Tellingen O, Zijlmans JM, Fibbe WE and Borst P (1997) 

Normal viability and altered pharmacokinetics in mice lacking mdr1-type (drug-transporting) 

P-glycoproteins. Proc Natl Acad Sci U S A 94: 4028-4033. 

Schinkel AH, Wagenaar E, van Deemter L, Mol CA and Borst P (1995) Absence of the 

mdr1a P-Glycoprotein in mice affects tissue distribution and pharmacokinetics of 

dexamethasone, digoxin, and cyclosporin A. J Clin Invest 96: 1698-1705. 

Schuetz EG, Beck WT and Schuetz JD (1996) Modulators and substrates of 

P-glycoprotein and cytochrome P450 3A coordinately up-regulate these proteins in human 

colon carcinoma cells. Mol Pharmacol 49: 311-318. 

Stark GR, Kerr IM, Williams BR, Silverman RH and Schreiber RD (1998) How cells 

respond to interferons. Annu Rev Biochem 67: 227-264. 

Stephens RH, O'Neill CA, Bennett J, Humphrey M, Henry B, Rowland M and Warhurst 

G (2002) Resolution of P-glycoprotein and non-P-glycoprotein effects on drug permeability 

using intestinal tissues from mdr1a (-/-) mice. Br J Pharmacol 135: 2038-2046. 

Stephens RH, O'Neill CA,Warhurst A, Carlson GL, Rowland M and and Warhurst G 

(2001) Kinetic Profiling of P-glycoprotein-Mediated Drug Efflux in Rat and Human Intestinal 

Epithelia. J Pharmacol Exp Ther 263: 584–591. 

Sukhai M and Piquette-Miller M (2000) Regulation of the multidrug resistance genes by 

stress signals. J Pharm Pharm Sci 3: 268-280. 

Sukhai M, Yong A, Kalitsky J and Piquette-Miller M (2000) Inflammation and 

interleukin-6 mediate reductions in the hepatic expression and transcription of the mdr1a and 

mdr1b Genes. Mol Cell Biol Res Commun 4: 248-256. 

Tapner M, Liddle C, Goodwin B, George J and Farrell GC (1996) Interferon gamma 

down-regulates cytochrome P450 3A genes in primary cultures of well-differentiated rat 

hepatocytes. Hepatology 24: 367-373. 

Thiebaut F, Tsuruo T, Hamada H, Gottesman MM, Pastan I and Willingham MC (1987) 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 20, 2003 as DOI: 10.1124/jpet.103.057521

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #57521 

 19

Cellular localization of the multidrug-resistance gene product P-glycoprotein in normal 

human tissues. Proc Natl Acad Sci USA 84: 7735-7738. 

Wacher VJ, Salphati L and Benet LZ (2001) Active secretion and enterocytic drug 

metabolism barriers to drug absorption. Adv Drug Deliv Rev 46: 89-102. 

Walther W and Stein U (1994) Influence of cytokines on mdr1 expression in human 

colon carcinoma cell lines: increased cytotoxicity of MDR relevant drugs. J Cancer Res Clin 

Oncol 120: 471-478. 

Watkins P (1997) The barrier function of CYP3A4 and P-glycoprotein in the small 

bowel. Adv Drug Deliv Rev 27: 161-170. 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 20, 2003 as DOI: 10.1124/jpet.103.057521

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #57521 

 20

Figure Legends 

 

Fig. 1.  Plasma concentration-time profiles of [3H]digoxin i.v. injected into mice.  Mice 

were i.p. given with saline (control; closed circle) or 1×105 U of mouse IFN-γ (closed 

triangle) and 24 h later received an i.v. injection of [3H]digoxin at a dose of 0.1 mg/kg.  The 

values represent the means ± S.E. and were analyzed by the Student's t-test.  *P<0.05, 

compared with control mice. 

 

Fig. 2.  Tissue levels of [3H]digoxin at 4 h after i.v. administration.  Mice were treated as 

described in Fig. 1.  Levels are expressed as a percentage for the administered dose per gram 

tissue (means ± S.D.) (n=3) and were analyzed by the Student's t-test.  *P<0.02, compared 

with control mice. 

 

Fig. 3.  Kinetics of excretion of [3H]digoxin  from (A) urinary and (B) biliary, and (C) 

cumulative excretion of  [3H]digoxin from intestine for 4 h after i.v. injection.  Mice were 

treated as in Fig. 1.  The values represent the means ± S.E. (n=3) and were analyzed by the 

Student's t-test.  *P<0.05, **P<0.005, ***P<0.001 against control mice.  N.S., not 

significant.  

 

Fig. 4.  Clearance of (A) urinary, (B) biliary, and (C) intestinal excretion of [3H]digoxin.  

The clearance values, CLurine, CLbile, and CLintestne, respectively, were determined by dividing 

the amount of excreted [3H]digoxin up to 4 h in Fig. 3 by the AUC from 0 to 4 h in Fig. 1.  

The values represent the means ± S.E. (n=3) and were analyzed by the Student's t-test.  

**P<0.005, ***P<0.001, compared with control mice.  N.S., not significant.  

 

Fig. 5.  Western blot analysis of membrane P-gp from various organs.  Mice were i.p. 
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injected with saline (control) or 1×105 U of mouse IFN-γ, and 24 h later sacrificed.  Crude 

membranes were then prepared from the liver, intestine, kidney and brain of control (-) and 

IFN-γ-treated (+) mice.  Typical data of the Western blot analysis for P-gp are illustrated.  

Relative intensity of the protein bands for each organ is shown at the bottom. 

 

Fig. 6.  Western blot analysis of microsomal CYP3A from various organs.  Mice were 

treated and sacrificed as in Fig. 5.  Microsomal membrane fractions were prepared form the 

liver, intestine, kidney and brain of control (-) and IFN-γ-treated (+) mice.  Typical data of 

the Western blotting for CYP3A are illustrated together with relative intensity of the protein 

bands for each organ at the bottom. 
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Table 1.  Pharmacokinetics parameters for digoxin i.v. administered in micea 

 

Parameterb           Control           IFN-γ-treated        IFN-γ-treated mice /                    

mice             mice               Control mice 

 

AUC (µg·min/mL)   62.3 ± 15.0           127 ± 48.0            2.04  

MRT (min)         281 ± 142            600 ± 292             2.14 

 

CLtot (mL/min/kg)  1.618 ± 0.47         0.852 ± 0.269            0.51 

 

Vdss (mL)         13.5 ± 5.03           14.8 ± 8.39            1.10 

 

aMice were i.p. treated with saline (control) or IFN-g (1´105 U) and 24 h later i.v. 

administered with digoxin at 0.1 mg/kg.
 

bThe parameters were derived from the data shown in Fig. 1 by moment 

analysis.  The values are expressed as the mean ± S.D. 
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