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Description

The main route of elimination of digoxin is renal excretion, which 
is closely correlated with glomerular filtration rate and combined 
with tubular secretion and reabsorption.

A smaller portion of digoxin undergoes biliary elimination 
with a certain degree of enterohepatic recycling [1]. Drugs with 
biliary elimination may have a decreased clearance in patients 
with cholestasis [2]. In an experimental model of cholestasis, 
bile duct ligation (BDL) in rabbits resulted in impaired excretion 
of digoxin [3,4]. These findings suggest that the administration 
of therapeutic dosages of digoxin during states of obstructive 
cholestasis may lead to its overdose in humans.

The movement of digoxin into and out of cells is mediated by 
different cell membrane transporters. The identification of a 
number of organic anions transporting polypeptides (OATP) and 
P-glycoproteins, also known as multidrug resistance protein 1 

(MDR1), has revolutionized our understanding of the transport of 
biologic compounds and medications. To date, three transporters 
have been identified which are integral in digoxin clearance 
– MDR1, OATP1A4, and OATP4C1. In the rat, OATP1A4 
(also known as OATP2) is found on the basolateral membrane 
of hepatocytes and the membrane of enterocytes serving as an 
influx transporter [5]. The MDR1 transporter is found in the 
liver, intestine, and the proximal tubule of kidney, and it acts 
as an efflux pump for digoxin, thus making it important in the 
elimination of the drug [6,7]. MDR1 is located on the canalicular 
membrane of hepatocytes, where it transports digoxin into 
the canaliculus. In the intestine, MDR1 is found on the apical 
membrane of enterocytes, where it serves as an effluxer to inhibit 
absorption of digoxin. In the kidney, MDR1 is found on the apical 
membrane of the proximal tubule, where it transports digoxin 
into the urine [8]. OATP4C1 is found in the kidney, located on 
the basolateral membrane of proximal tubule epithelial cells [9]. 
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The physiological role of OATP4C1 in the kidney has been shown 
to be coupled with MDR1 to promote renal clearance of digoxin [9].

The distributions of the transporters vary in different tissues, and 
a transporter may function differently among the tissues [10]. 
This makes it difficult to explain the body’s response to increased 
blood digoxin during cholestasis. Cholestasis results in increased 
expression of OATP1A4 and MDR1 in the liver which favors 
improved hepatobiliary excretion of digoxin [11,12]. The effect 
of cholestasis on OATP4C1 has not been studied to date. We 
performed this study to determine the effect of cholestasis on the 
expression of transporters responsible for the uptake and excretion 
of digoxin in the liver, kidney, and intestine. The implications of 
the changes in the transporters for digoxin pharmacokinetics are 
discussed.

Adult male Sprague Dawley (SD) rats (225-250 g) were randomly 
divided into a sham group (n=6) and a BDL group (n=6). BDL or 
sham surgery was performed and the animals were sacrificed 7 days 
after the surgeries. Digoxin PK study (intravenous administration 
of digoxin), liver and kidney function were measured before and 7 
days after the surgeries. Tissue samples were collected for analyses 
of expressions of transporters by western blot and real-time PCR.

Cholestasis was induced by BDL as evidenced by elevated serum 
transaminase and bilirubin levels: alanine transaminase, 25 ± 8 
and 192 ± 42; aspartate transaminase, 64 ± 8 and 526 ± 107; 
alkaline phosphatase, 142 ± 13 and 467 ± 60; total bilirubin, 0.05 
± 0.02 and 12 ± 2; unconjugated bilirubin, 0.03 ± 0.01 and 7 ± 2 
(before and after BDL, respectively). BDL resulted in a significant 
decrease in digoxin clearance (figure 1) in correlating with prior 
studies in a rabbit model [3,4]. In the earliest study, BDL also 
resulted in elevation of serum creatinine prompting the authors to 
propose decreased renal excretion of orally administered digoxin 
as the major mechanism for decreased clearance with disruption 
of enterohepatic circulation as a potential complicating factor 
[3]. In a follow-up study, BDL led to decreased clearance of 
intravenously administered digoxin without alterations of serum 
creatinine levels. The authors postulated that impaired hepatic 
function and interruption of enterohepatic circulation resulted 
in reduced digoxin clearance [4]. In the current study, renal 
function remained normal following BDL (BUN, 18 ± 4 and 19 ± 
6; creatinine 0.29 ± 0.03 and 0.28 ± 0.04, before and after BDL, 
respectively).

Discovery of MDR1, OATP1A4, and OATP4C1 has allowed more 
in-depth investigation into the mechanisms of digoxin absorption 
and clearance. MDR1 is found on the apical membranes of proximal 
tubule cells, enterocytes, and hepatocytes, and it is responsible for 
efflux of digoxin [1,5]. Initial studies examined the role of MDR1 
in digoxin clearance by inhibiting the protein with quinidine, which 

inhibited intestinal excretion of digoxin [13]. In a later study using 
MDR1 knock-out (KO) animals, fecal excretion of digoxin decreased 
and renal excretion increased compared to wild type (WT) animals; 
however, there was no significant change in biliary excretion [14]. 
The authors concluded that the lower fecal digoxin was secondary 
to a decrease in drug excretion by the intestinal epithelium, rather 

Figure 1: Effect of BDL on pharmacokinetics of digoxin in rats. Pre- (A) and post-surgery (B) digoxin pharmacokinetic studies were compared and presented as digoxin 
concentration-versus-time line curves. Values are expressed as means ±SD, n=6; aP<0.05 vs pre-surgery BDL group, bP<0.05 vs post-surgery sham.
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than a decrease in biliary excretion, and that MDR1 contributes 
substantially to digoxin excretion via the intestinal epithelium and 
decreased re-uptake after biliary excretion. The increased renal 
excretion was surprising in the absence of MDR1 expression in the 
kidneys. The authors suggested that the increased renal clearance 
may be explained by other transporters [14].

Transport of digoxin in the liver is mediated by OATP1A4, which is 
responsible for uptake at the hepatocyte basolateral membrane, and 

MDR1, responsible for excretion into bile at the apical membrane 
[5, 15]. In the present study, BDL led to increased expressions of 
MDR1 and OATP1A4 in the liver (figure 2A, B, D and E) that 
could lead to increase in hepatic uptake of digoxin from the blood 
and increase in biliary excretion of digoxin. Although these changes 
would predict increased clearance of digoxin through bile, ligation 
of the bile duct precludes this mode of clearance.

Recent studies demonstrated that intestinal OATP1A4 is a carrier 
protein that transports drugs from the gut into the portal circulation 
[16], and digoxin has been shown as a substrate of OATP1A4 
[17]. Our results demonstrated that BDL resulted in decreased 
OATP1A4 expression in the intestine (figure 2B and E). Decreased 
expression of intestinal OATP1A4 favors decreased absorption 
predicting improved drug clearance in the feces. Although the 
change in OATP1A4 favors digoxin clearance in the gut, clearance 
of intravenously administered digoxin is limited to renal excretion 
in the BDL model.

In the kidney MDR1 is responsible for excretion of digoxin across 
the apical membrane of renal cells into urine [8]. Our pilot study 
revealed that OATP1A4 is not expressed in the kidney of SD rats 
suggesting another transporter is responsible for transport of digoxin 
across the basolateral membrane into renal cells [9]. Mikkaichi T, 

et al. (2004) isolated an organic acid transporting peptide denoted 
OATP4C1 both in humans and rats [9]. OATP4C1 is localized on 
the basolateral membrane of the renal proximal tubules where it 
has been shown to be the primary transporter of digoxin into renal 
cells. MDR1 is co-localized with OATP4C1 in the proximal tubule. 
Renal failure resulted in decreased expression of renal OATP4C1 
but has no effect on expression of MDR1 suggesting that decreased 
digoxin clearance in renal failure is due to loss of OATP4C1 activity 
[9,18]. Our findings demonstrated that BDL resulted in increased 
expression of both MDR1 and OATP4C1 in the kidney (figure 
2A, D, C and F) favoring enhanced vectorial transport of digoxin 
from blood to urine by proximal tubule cells. To the best of our 
knowledge, the current report is the first study to investigate the 
regulation of OATP4C1 in the kidney in a pathological model in 
vivo. The results from the current study are summarized in table 1.

Figure 2: Effect of BDL on the expressions of MDR1, OATP1A4 and OATP4C1 in the liver, intestine and/or in the kidney. Transporter protein expressions of MDR1 (A), 
OATP1A4 (B) and OATP4C1 (C, in kidney alone) were examined by quantitative western blot. Fluorescence densities of the protein bands were measured and normalized 
to the relative total protein amount of each sample. Values are depicted as means ± SD; n = 6; aP < 0.05 compared with sham surgery rats. mRNA expressions were tested by 
real-time PCR.  mRNA expressions in each sample was standardized to its GAPDH level. (A) Expressions of Mdr1 (D), Oatp1a4 (E) and Oatp4c1 (F) in the liver, small intestine 
and/or kidney. Values are depicted as means ± SD; n = 6; aP < 0.05 compared with sham surgery rats.
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Table 1: Summary of the regulations of cell membrane transporters and potential effects on digoxin clearance.

Efflux Influx Effects

Kidney MDR1 up-regulated OATP4C1 up-regulated Increase tubule exclusion

Intestine MDR1 down-regulated OATP1A4 down-regulated Decrease intestinal absorption

Liver MDR1 up-regulated OATP1A4 up-regulated Increase exclusion into bile duct

It is interesting that MDR1 and OATP1A4 participate in transport 
of both bile acids and digoxin [19]. Similarly, OATP4C1 may also 
participate in the excretion of bile acids by the kidney through 
increased uptake at the basolateral membrane. Bile acids activate 
the nuclear hormone receptors farnesoid-X-receptor (FXR) and 
pregnane-X-receptor (PXR). Both MDR1 and OATP1A4 are PXR-
responsive, and their expression increased in cholestasis [20,21]. 
OATP4C1 expression is indued through transitional factor 
Aryl hydrocarbon receptor (AhR) by binding of the xenobiotic 
responsive element (XRE) [22]. Previous studies have shown that 
AhR is activated in cholestasis [23] through the action of PXR [24]. 
We suggest that the up-regulation of OATP4C1 in cholestasis is best 
explained by this mechanism.

This is exploratory research to examine how the body responds to 
increased digoxin during cholestasis. Further studies are needed 
to confirm our finding by measuring digoxin tissue distributions 
and digoxin concentrations in urine and along the intestinal tract 
from the duodenum to the ileum. We believe that the findings from 
the current study will serve as a base for future studies of digoxin 
clearance mediated by renal-expressed OATP4C1 during cholestasis.

Conclusion

Under physiological conditions, the main route of elimination 
of digoxin is renal excretion which closely correlates with 
glomerular filtration rate. Biliary excretion is the major non-
renal route. Enterohepatic cycle has minor importance [1]. Our 
finding demonstrated that under pathological conditions, such as 
cholestasis in the current study, cell membrane digoxin transporters 
are regulated which is in favor of an increase in digoxin excretion 
in renal proximal tubules and a decrease in its absorption from the 
intestine. These changes compensate for reduced digoxin clearance 
due to cholestasis. This finding could have clinical application 
by modifying the transporters’ activities through pharmaceutical 
approaches for improving digoxin clearance during cholestasis.

References

1. Iisalo E. Clinical pharmacokinetics of digoxin. Clin 
Pharmacokinet. 1977 Feb;2(1):1-6. https://doi.
org/10.2165/00003088-197702010-00001

2. Delco F, Tchambaz L, Schlienger R, Drewe J, Krähenbühl 
S. Dose adjustment in patients with liver disease. Drug Saf. 
2005 Jun;28:529-45. https://doi.org/10.2165/00002018-
200528060-00005

3. WØJCICKI M, Drozdzik M, Sulikowski T, GAWRONSKA-
SZKLARZ B, Wójcicki J, Rózewicka L, et al. Pharmacokinetics 
of intragastrically administered digoxin in rabbits with 
experimental bile duct obstruction. J Pharm Pharmacol. 1997 
Nov;49(11):1082-5. https://doi.org/10.1111/j.2042-7158.1997.
tb06046.x

4. Wójcicki M, Droździk M, Sulikowski T, Wójcicki J, Gawronska-
Szklarz B, Zieliźski S, et al. (2000) Pharmacokinetics of 
intravenously administered digoxin and histopathological 
picture in rabbits with experimental bile duct obstruction. Eur 
J Pharm Sci 11(3): 215–22 https://doi.org/10.1016/s0928-
0987(00)00096-8

5. Reichel C, Gao B, van Montfoort J, Cattori V, Rahner 
C, Hagenbuch B, et al. Localization and function of the 
organic anion–transporting polypeptide Oatp2 in rat liver. 
Gastroenterology. 1999 Sep 1;117(3):688-95. https://doi.
org/10.1016/s0016-5085(99)70463-4

6. Bendayan R. Renal drug transport: a review. Pharmacotherapy. 
1996 Nov 12;16(6):971-85.

7. Schinkel AH, Wagenaar E, van Deemter L, Mol CA, Borst P. 
Absence of the mdr1a P-Glycoprotein in mice affects tissue 
distribution and pharmacokinetics of dexamethasone, digoxin, 
and cyclosporin A. J Clin Invest. 1995 Oct 1;96(4):1698-705. 
https://doi.org/10.1172/JCI118214

8. Thiebaut F, Tsuruo T, Hamada H, Gottesman MM, Pastan 
I, Willingham MC. Cellular localization of the multidrug-
resistance gene product P-glycoprotein in normal human 
tissues. Proc Natl Acad Sci U S A. 1987 Nov;84(21):7735-8. 
https://doi.org/10.1073/pnas.84.21.7735

9. Mikkaichi T, Suzuki T, Onogawa T, Tanemoto M, Mizutamari 
H, Okada M, et al. Isolation and characterization of a digoxin 
transporter and its rat homologue expressed in the kidney. Proc 
Natl Acad Sci U S A. 2004 Mar 9;101(10):3569-74. https://doi.
org/10.1073/pnas.0304987101

10. Klaassen CD, Aleksunes LM. Xenobiotic, bile acid, and 
cholesterol transporters: function and regulation. Pharmacol 
Rev. 2010 Mar 1;62(1):1-96. https://doi.org/10.1124/
pr.109.002014

11. Schrenk D, Gant TW, Preisegger KH, Silverman JA, Marino 
PA, Thorgeirsson SS. Induction of multidrug resistance gene 



21st Century Pathol-5-153 Page 5 of 5Volume 3, Issue 5Hua Liu, et al.

Citation: Giroux PJ, Bell HL, Billingsley B, Liu H (2023) Regulations of Cell Membrane Transport Proteins in Rats with Obstructive Cholestasis: 
An Implication of Potential Therapeutic Target for Maintaining Digoxin Clearance, 21st Century Pathology, Volume 3 (5): 153

expression during cholestasis in rats and nonhuman primates. 
Hepatology. 1993 May;17(5):854-60.

12. Slitt AL, Allen K, Morrone J, Aleksunes LM, Chen C, Maher 
JM, et al. Regulation of transporter expression in mouse liver, 
kidney, and intestine during extrahepatic cholestasis. Biochim 
Biophys Acta. 2007 Mar 1;1768(3):637-47. https://doi.
org/10.1016/j.bbamem.2006.10.008

13. Su SF, Huang JD. Inhibition of the intestinal digoxin 
absorption and exsorption by quinidine. Drug Metab Dispos. 
1996 Feb 1;24(2):142-7.

14. Mayer U, Wagenaar E, Beijnen JH, Smit JW, Meijer DK, van 
Asperen J, et al. Substantial excretion of digoxin via the intestinal 
mucosa and prevention of long-term digoxin accumulation in 
the brain by the mdr 1a P-glycoprotein. Br J Pharmacol. 1996 
Nov;119(5):1038. https://doi.org/10.1111/j.1476-5381.1996.
tb15775.x

15. Croop JM, Raymond M, Haber D, Devault A, Arceci RJ, Gros 
P, et al. The three mouse multidrug resistance (mdr) genes 
are expressed in a tissue-specific manner in normal mouse 
tissues. Mol Cell Biol. 1989 Mar 1;9(3):1346-50. https://doi.
org/10.1128/mcb.9.3.1346-1350.1989

16. Koitabashi Y, Kumai T, Matsumoto N, Watanabe M, Sekine 
S, Yanagida Y, et al. Orange juice increased the bioavailability 
of pravastatin, 3-hydroxy-3-methylglutaryl CoA reductase 
inhibitor, in rats and healthy human subjects. Life Sci. 2006 May 
8;78(24):2852-9. https://doi.org/10.1016/j.lfs.2005.11.006

17. Funakoshi S, Murakami T, Yumoto R, Kiribayashi Y, 
Takano M. Role of organic anion transporting polypeptide 
2 in pharmacokinetics of digoxin and beta-methyldigoxin in 
rats. J Pharm Sci. 2005 Jun 1;94(6):1196-203. https://doi.
org/10.1002/jps.20346

18. Laouari D, Yang R, Veau C, Blanke I, Friedlander G. Two 
apical multidrug transporters, P-gp and MRP2, are differently 
altered in chronic renal failure. Am J Physiol Renal Physiol. 
2001 Apr 1;280(4):F636-45. https://doi.org/10.1152/
ajprenal.2001.280.4.F636

19. Kullak-Ublick GA, Becker MB. Regulation of drug and bile salt 
transporters in liver and intestine. Drug Metab Rev 2003 Jan 
1;35(4):305-17. https://doi.org/10.1081/dmr-120026398

20. Sinal CJ, Tohkin M, Miyata M, Ward JM, Lambert G, 
Gonzalez FJ. Targeted disruption of the nuclear receptor 
FXR/BAR impairs bile acid and lipid homeostasis. Cell. 
2000 Sep 15;102(6):731-44. https://doi.org/10.1016/s0092-
8674(00)00062-3

21. Staudinger JL, Goodwin B, Jones SA, Hawkins-Brown D, 
MacKenzie KI, LaTour A, et al. The nuclear receptor PXR is a 
lithocholic acid sensor that protects against liver toxicity. Proc 
Natl Acad Sci U S A. 2001 Mar 13;98(6):3369-74. https://doi.
org/10.1073/pnas.051551698

22. Suzuki T, Toyohara T, Akiyama Y, Takeuchi Y, Mishima E, 
Suzuki C, et al. Transcriptional regulation of organic anion 
transporting polypeptide SLCO4C1 as a new therapeutic 
modality to prevent chronic kidney disease. J Pharm Sci. 2011 
Sep 1;100(9):3696-707. https://doi.org/10.1002/jps.22641

23. Volz DC, Kullman SW, Howarth DL, Hardman RC, 
Hinton DE (2008) Protective response of the Ah receptor to 
ANIT-induced biliary epithelial cell toxicity in see-through 
medaka. Toxicol Sci. 2008 Apr 1;102(2):262-77. https://doi.
org/10.1093/toxsci/kfm308

24. Xie W, Evans RM. Orphan nuclear receptors: the exotics of 
xenobiotics. J Biol Chem. 2001 Oct 12;276(41):37739-42. 
https://doi.org/10.1074/jbc.R100033200


