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before evenly dividing them into two groups to undergo bile duct ligation (BDL)
or a sham procedure. After 7 d repeat digoxin PK studies were completed and
tissue samples were taken to determine the expressions of cell membrane
transport proteins by quantitative western blot and real-time polymerase chain
reaction. Data were analyzed using SigmaStat 3.5. Means between pre-surgery
and post-surgery in the same experimental group were compared by paired ¢-test,
while independent t-test was employed to compare the means between sham and
BDL groups.

RESULTS
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Digoxin clearance was decreased and liver function, but not renal function, was impaired in BDL
rats. BDL resulted in significant up-regulation of multidrug resistance 1 expression in the liver and
kidney and its down-regulation in the small intestine. Organic anion transporting polypeptides
(OATP)1A4 was up-regulated in the liver but down-regulated in intestine after BDL. OATP4C1
expression was markedly increased in the kidney following BDL.

CONCLUSION

The results suggest that cell membrane transporters of digoxin are regulated during extrahepatic
cholestasis. These regulations are favorable for increasing digoxin excretion in the kidney and
decreasing its absorption from the intestine to compensate for reduced digoxin clearance due to
cholestasis.

Key Words: Cholestasis; Digoxin clearance; Organic anion transporting polypeptides; P-glyco-
proteins/multidrug resistance 1; Bile duct ligation
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Core Tip: The heart, kidney and liver are inextricably linked by virtue of blood flow and metabolism of
medications. Cholestasis induced by bile duct ligation resulted in liver functional injury and a decrease in
digoxin clearance. Quantitative western blot and real-time polymerase chain reaction demonstrated the up
or down regulation of membrane transporters multidrug resistance 1, organic anion transporting
polypeptides (OATP)1A4, and OATP4CI in the liver, kidney, and intestine. Cell digoxin transporters are
regulated during cholestasis which is favorable for increasing digoxin excretion.
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INTRODUCTION

The heart and liver are inextricably linked by virtue of blood flow and metabolism of medications,
respectively. Chronic cardiac failure is characterized by cholestatic liver disease, manifested as elevation
of gamma-glutamyl transferase and bilirubin[1]. Conversely, cholestatic liver disease can lead to cardiac
dysfunction. 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 rats results in cardiomyopathy
characterized by impaired basal cardiac contractility and reduced left ventricular pressure[3].
Furthermore, obstructive cholestasis results in impaired excretion of digoxin[4,5].

The identification of a number of organic anion transporting polypeptides (OATP) and P-
glycoproteins also known as multidrug resistance 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 OATP4Cl1.

The main route of elimination of digoxin is renal excretion, which is closely correlated with the
glomerular filtration rate and combined with tubular secretion and reabsorption. Smaller portion of
digoxin is eliminated by bile duct with certain degree of enterohepatic recycling[6]. The movement of
digoxin in to and out of cells is mediated by different cell membrane transporters. 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[7-9]. Administration of the OATP1A4 inhibitor,
amiodarone, resulted in increased plasma levels of intravenously administered digoxin secondary to
decreased biliary excretion, liver distribution, and intestinal distribution of digoxin[10]. Administration
of phenobarbital increased expression of OATP1A4 mRNA and protein, resulting in a 4-fold increase in
digoxin uptake[11].

The MDRI transporter is found in the canaliculus of the liver, the apical membrane of mucosal cells in
the intestine, and the apical membrane of proximal tubule epithelial cells in the kidney, and it has been
shown as an efflux pump for digoxin[12,13]. In rodents MDR1 is coded for by 2 genes, MDR1A and
MDRI1B. MDRI1A is highly expressed in the intestine, intermediately expressed in the brain, low
expression in the kidney, and minimally expressed in the liver[14]. MDR1B is intermediately expressed
in the kidney and has low expression in the brain and liver[14]. The ontogeny of MDR1A and MDR1B
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expression in the kidney correlates with digoxin clearance[15]. MDR1 is important in the elimination of
digoxin. It 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 an
effluxer role 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[16]. OATP4C1 is found in the kidney,
located on the basolateral membrane of proximal tubule epithelia cells[17]. The physiological role of
OATP4C1 in the kidney has been shown to be coupled with MDR1 to promote the renal clearance of
digoxin[17].

The distributions of cell membrane transporters vary in different tissues, and a transporter may
function differently among the tissues[18]. 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[19-21]. 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 (PKs) are discussed.

MATERIALS AND METHODS

Chemicals

Unless otherwise stated, all chemicals used in this study were purchased from Sigma Chemical Co. (St.
Louis, MO, United States). Digoxin injection solution was purchased from Baxter Healthcare
Corporation (Deerfield, IL, United States). Antibodies for western blot were purchased as follows: Anti-
MDR1 (Cat: ab170904; Lot: GR21757-38) and anti-OATP1A4 antibody (Cat: ab224610; Lot: GR319515-7)
were purchased from abcam (Cambridge, MA, Unite States). Anti-OATP4C1 (Cat: 24584-1-AP) was
purchased from Proteintech (Rosemont, IL, United States).

Animals and treatment

Adult male Sprague Dawley rats (225-250 g, Harlan Sprague Dawley, Inc. Indianapolis, IN, United
States) were used for the study. They were kept in plastic cages with free access to food and water with
alternating 12-h periods of light and darkness. Rats were randomly divided into a sham group (1 = 6)
and a BDL group (n = 6).

BDL was performed as described in previous publications[22,23]. In brief, rats were anaesthetized
with isoflurane, and a midline ventral incision was made through the linea alba and the bile duct was
isolated. A ligature was placed to the proximal portion and another ligature to the distal portion of the
bile duct and then the ligatures were tightened. The bile duct was divided between the ligatures. The
abdomen was closed by double-layer running suture, and the animal was allowed to wake up on a
heating pad. Sham-operated control rats underwent similar surgical procedures except the ligatures
were withdrawn, leaving the bile duct intact. The animals were sacrificed post-surgery day 7 after a
post-surgery PK study. Tissue samples (liver, small intestine, and kidney) were collected and saved at -
80 °C and RNAlater solution (Ambion, Foster City, CA, United States). The study was approved by the
Institutional Animal Care and Use Committee at the University of Mississippi Medical Center.

PK Study for digoxin clearance

Digoxin clearance was examined by PK studies two days prior to BDL/sham surgery and seven days
following the surgeries. In brief, digoxin 0.02 mg/kg was injected through penile vein. Blood samples
were obtained via tail vein at 0, 2, 5, 10, 30, 60, 120, 240, and 360 min following administration of digoxin
for the measurement of digoxin. A separate blood sample (250 pL) was collected from tail vein for the
measurement of liver function and bilirubin. Biochemical measurements were performed using a Roche-
cobas® c501 analyzer (Roche Diagnostics, Indianapolis, IN, United States) for serum digoxin, total
protein, albumin, alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase
(ALP), bilirubin, blood urea nitrogen (BUN), and creatinine.

Real time-polymerase chain reaction for MDR1, OATP1A4, AND OATP4C1

RNA was isolated from the tissues (liver, small intestine, and kidney) using a PureLink RNA Mini Kit
(Invitrogen, Waltham, MA, United States) following the manufacturer’s protocol. First-strand cDNA
was synthesized through reverse transcription of 0.5 pg of total RNA using iScript cDNA Synthesis
system (Bio-Rad Hercules, CA, United States). Controls without reverse transcriptase were performed
for each sample to ensure absence of genomic DNA. Real time polymerase chain reaction (RT-PCR) was
carried out in a real time thermal cycler (iCycler, Bio-Rad) using iQ SYBR Green Supermix (Bio-Rad).
Cycling conditions were 3 min at 95 °C, followed by 40 cycles of 15 s at 95 °C, 20 s at 60 °C, then 30 s at
72 °C. PCR specificity was tested via analysis of the melting curve and agarose gel electrophoresis. To
semi-quantify input amounts of templates, standard curves were constructed with serial dilutions of
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cDNA sample from a positive control (kidney cDNA for MDR1 and OATP4C1, liver cDNA for
OATP1A4). To standardize results, interpolated values for each sample were divided by the value of the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase. Primers were designed with Primer 3
software[24] and checked for absence of cross-reactivity by BLAST search. The primer pairs used,
product size, and positive controls are shown in Table 1.

Quantitative western blotting for MDR1, OATP1A4 and OATP4C1

Cell membrane proteins were extracted from liver, intestine, and kidney tissues by using a Mem-PER
Plus kit (Thermo Scientific, Rockford, IL, United States) following the manufacturer’s protocol. Halt
Protease & Phosphatase inhibitor cocktail (Thermo Scientific, Rockford, IL, United States) was added to
the extracting buffer to avoid protein degradation during procedures. Sample protein concentration was
determined by using a BCA Protein Assay kit (Thermo Scientific). The protein sample was prepared for
western blot by a Pierce SDS-PAGE Sample Prep Kit (Thermo Scientific) for concentrating samples
while removing interfering substances. After sample buffer treatment proteins were loaded and
separated on a pre-casted 4%-20% gradient SDS-PAGE gel (Bio-Red, Hercules, CA, United States) and
transferred to an Immobilon-FL PVDF membrane (Merck KGaA, Darmstadt, Germany). After transfer,
membrane was stained with REVERT™ Total Protein Stain (LI-COR Biosciences, Lincoln, NE, United
States) for 5 min at room temperature, and then the blot image was analyzed with the Odyssey CLx®
infrared imaging system (LI-COR Biosciences, Lincoln, NE, United States). Following total protein stain,
the membranes were incubated with Odyssey Blocking Buffer (Li-cor, Lincoln, NE, United States) for 1
h at room temperature for blocking nonspecific binding sites. Then membranes were incubated
overnight at 4 °C with primary antibodies against MDR1 (1:1600, Cat: ab170904; Lot: GR21757-38, abcam
Cambridge, MA, United States), anti-OATP1A4 antibody (1:1000, Cat: ab224610; Lot: GR319515-7,
abcam)[25], and anti-OATP4C1 (1:600, Cat: 24584-1-AP, Proteintech, Rosemont, IL, United States).
Following the primary antibody treatments, the membranes were incubated with secondary IR dye-800
conjugated anti-rabbit antibody (1:10000, IRDy 800CW, Li-cor, Lincoln, NE, United States) for 1 h at
room temperature. Western blot images were captured with the Odyssey CLx® infrared imaging system
(LI-COR Biosciences, Lincoln, NE, United States) and analyzed for fluorescence density using Odyssey
2.0 software. Validation tests for sample loading sizes of each tissue, primary antibodies and secondary
antibody were performed before the measurements. MDR1, OATP1A4 and OATP4C1 signals were
normalized to total protein of each sample.

Statistical analysis

Data were analyzed by SigmaStat 3.5. The paired t-test was used to compare the means between pre-
surgery and post-surgery in the same experimental group sham or BDL. The independent t-test was
employed to compare the means between sham and BDL groups. The values from 6 rats in each group
showed normal distributions. All tests were two-sided. The PKs of digoxin was analyzed by non-
compartmental techniques. The area under the plasma area under the curve (AUC) was calculated.
Values are expressed as mean * SD. Statistical significance was considered at P < 0.05. The statistical
methods of this study were reviewed by Dr. Lei Zhang, a biostatistician, at University of Mississippi
Medical Center, Jackson, MS, United States.

RESULTS
Effect of BDL on PKs of digoxin in rats

Digoxin PK studies were performed 2 d prior to BDL or sham surgery; the results were compared with
digoxin PK studies performed 7 d following surgery. As shown in Figure 1, there was no difference in
digoxin PKs between BDL and sham group prior surgery (Figure 1A). Following surgery, digoxin
clearance was reduced in the BDL group as compared to the sham group (Figure 1B).

AUC of the post-BDL rats was significantly increased compared to the AUC of the pre-BDL and the
post-surgery sham group (Figure 1C). AUC of the post-surgery sham group was slightly higher than
that of the pre-surgery sham group but did not reach statistical significance. The change of AUC in the
sham group following surgery may result from stress, change of gastrointestinal motility, or other
factors induced by the sham surgery.

Biochemical parameters

Biochemical parameters including serum total protein, albumin, ALT, AST, ALP, total bilirubin, direct
bilirubin, BUN, and creatinine are represented in Table 2. There was significant liver functional injury in
BDL rats as indicated by decreased serum albumin and increased ALT, AST and ALP. Obstructive
jaundice developed in the post-BDL group as shown by increased total and direct bilirubin. Sham
surgery did not affect liver function or bilirubin levels as compared to pre-surgery sham rats. Kidney
function as measured by BUN and creatinine was not altered by BDL or sham surgery.
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Table 1 Real time polymerase chain reaction primer sequences, product size and positive controls

Target gene Primer sequences (5’-3’) Size (bp) Positive control

MDR1 ATCAACTCGCAAAAGCATCC (F) 116 Kidney
AATTCAACTTCAGGATCCGC (R)

OATP1A4 TGTGATGACCTGTGATAATTTTCCA (F) 81 Liver
TTCTCCACATATAGTTGGTGCTGAA (R)

OATP4C1 TCAAGCTGGCAAAACTTCCC (F) 239 Kidney
CCGCAAAGCTCGATGTCAAT (R)

GAPDH AAGATGGTGAAGGTCGGTGT (F) 98 Liver

GTTGATGGCAACAATGTCCACT (R)

OATP: Organic anion transporting polypeptides; MDR1: Multidrug resistance 1; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

Table 2 Liver panel, bilirubin, blood urea nitrogen and creatinine

Sham BDL

Pre-surgery Post-surgery Pre-surgery Post-surgery
Tot protein 6.63+0.27 6.53 +0.35 6.53 +0.42 6.75+0.23
Albumin 4.08+0.17 3.85+0.34 4.05+0.14 3.40 +0.13°
ALP 137.8 +19.78 122.3 +14.45 141.5 +12.74 467.2 +59.79°
Bilirubin, D 0.04 +0.01 0.03 £ 0.01 0.03 +0.01 6.62+1.72°
Bilirubin, T 0.04 +0.02 0.06 +0.01 0.05 + 0.02 11.67 £1.82°
ALT 36.00 +12.02 57.00 +10.47 24.83 +8.28 191.8 + 42.29°
AST 71.83 +11.53 82.17 +4.92 64.17 +7.57 525.8 +107.11°
BUN 17.54 +2.71 16.17 £3.13 18.23 +4.21 19.00 557
Creatinine 0.27+0.03 0.25 +0.02 0.29+0.03 0.28+0.04

P < 0.05 vs pre-surgery.
Values are expressed as means + SD of 6 rats per group. BDL: Bile duct ligation; ALT: Alanine transaminase; AST: Aspartate transaminase; ALP: Alkaline
phosphatase; BUN: Blood urea nitrogen.

Effect of BDL on protein expressions of MDR1, OATP1A4, and OATP4C1

The expression of the organic anion transporters was analyzed by quantitative western blot as described
in the methods. MDR1 was expressed in all the tissues examined: Liver, kidney, and small intestine
(Figures 2A and 2B). BDL resulted in significant up-regulation of MDR1 expression in the liver and
kidney and its down-regulation in the small intestine.

OATP1A4 protein was expressed in the liver and small intestine but it was not detectable in the
kidney. OATP1A4 was significantly up-regulated by BDL in the liver and down-regulated in the small
intestine (Figures 3A and 3B). The expression of the organic anion transporter OATP4C1 was tested in
the kidney. BDL led to a significantly increased expression of OATP4C1 as compared with sham
surgery rats (Figures 4A and 4B).

Effect of BDL on mRNA expressions of MDR1, OATP1A4, and OATP4C1

Transcription levels of MDR1, OATP1A4 and OATP4C1 were examined by mRNA expressions via RT-
PCR. MDR1 mRNA was presented in all the tissues examined (Figure 5A). BDL markedly up-regulated
MDR1 expression in the liver and kidney, down-regulated it in the small intestine as compared with
sham surgery rats. OATP1A4 mRNA was expressed in the liver and small intestine (Figure 5B). A trace
amount of OATPIA4 mRNA was tested in the kidney tissue. OATP1A4 mRNA was significantly up-
regulated by BDL in the liver and down-regulated in the small intestine as compared with sham surgery
rats. BDL did not alter OATP1A4 mRNA expression in the kidney (Figure 5B). OATP4C1 mRNA was
expressed in the kidney and was significantly elevated after BDL surgery as compared with sham
surgery rats (Figure 5C). A summary of the regulations of cell membrane transporters in kidney,
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Figure 1 Effect of bile duct ligation on pharmacokinetics of digoxin in rats. A: Pre-surgery digoxin pharmacokinetic studies was compared and
presented as digoxin concentration-versus-time line curves; B: Post-surgery digoxin pharmacokinetic studies were compared and presented as digoxin concentration-
versus-time line curves, C: Area under the curve, the area under the digoxin plasma concentration-versus-time. Values are expressed as means + SD, n = 6; 2P <
0.05 vs pre-surgery bile duct ligation group, °P < 0.05 vs post-surgery sham. BDL: Bile duct ligation; AUC: Area under the curve.

>

10000 T .
Liver

8000 |
Kidney
6000

4000
Intestine

Total protein

MDR1 (integrated intensity)

Liver Kidney  Intestine Sham BDL
DOI: 10.4291/wjgp.v13.i3.73 Copyright ©The Author(s) 2022.

Figure 2 Effect of bile duct ligation on protein expressions of multidrug resistance 1. Multidrug resistance 1 (MDR1) protein assay was performed
by quantitative western blot. A: Fluorescence densities of the protein bands were measured and normalized to the relative total protein amount of each sample; B:
The representative western blot images for the expression of MDR1 in the liver, kidney, small intestine; C: Representative western blot image for the total protein
stain by REVERT™ Total Protein Stain kit. Values are depicted as means + SD; n = 6; P < 0.05 compared with sham surgery rats. BDL: Bile duct ligation; MDR1:
Multidrug resistance 1.

intestine and liver, and potential effects on digoxin clearance are shown in Table 3.

DISCUSSION

Digoxin remains an important medication for treatment of cardiac dysfunction, a condition known to
predispose to hepatic injury resulting in cholestasis. Cholestasis predisposes to elevated serum levels of
digoxin with increased risk of toxicity. Clearance of digoxin is a complex process with differences
between humans and rodents. In the rat about 60%-70% of digoxin is metabolized and the remainder
excreted by the kidney (about 20%-30%) and liver (about 10%)[26,27]. In normal conditions, renal
excretion of digoxin is closely correlated with the glomerular filtration rate with certain degree of
tubular secretion and reabsorption. A small portion of digoxin eliminated by the bile duct goes through
enterohepatic cycling[6]. The trafficking of digoxin in and out of cells is mediated by different cell
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Table 3 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 OATP4C1: Up-regulated Increase exclusion into bile duct

OATP: Organic anion transporting polypeptides; MDR1: Multidrug resistance 1.
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Figure 3 Effect of bile duct ligation on protein expressions of organic anion transporting polypeptides 1A4. Organic anion transporting
polypeptides (OATP)1A4 protein assay was performed by quantitative western blot. A: Fluorescence densities of the protein bands were measured and normalized to
the relative total protein amount of each sample; B: The representative western blot images for the expression of OATP1A4 protein in the liver, small intestine.
OATP1A4 was not detected in the kidney by western blot; C: Representative western blot image for the total protein stain by REVERT™ Total Protein Stain kit.
Values are expressed as means + SD; n = 6; 2P < 0.05 compared with sham surgery rats. ND: Not detected; BDL: Bile duct ligation; OATP: Organic anion
transporting polypeptides.
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Figure 4 Effect of bile duct ligation on protein expressions of organic anion transporting polypeptides 4C1 in the kidney. Organic anion
transporting polypeptides (OATP)4C1 protein assay was performed by quantitative western blot. A: Fluorescence densities of the protein bands were measured and
normalized to the relative total protein amount of each sample; B: The representative western blot images for the expression of OATP4C1 protein in the kidney. Liver
sample was loaded with kidney samples as negative control for OATP4C1; C: Representative western blot image for the total protein stain by REVERT™ Total
Protein Stain kit. Values are expressed as means + SD; n = 6; ?P < 0.05 compared with sham surgery rats. BDL: Bile duct ligation; OATP: Organic anion transporting

polypeptides.

membrane transporters. Previous studies have demonstrated that uptake and efflux of digoxin are
mediated by OATP1A4 and MDRI, respectively, in the liver and intestine[7-9], and by OATP4C1 and
MDR1 in the kidney[17]. Cholestasis alters expression of MDR1 and OATP1A4 in a manner favorable
for an increase in excretion of digoxin[19-21], while the effect of cholestasis on OATP4C1 in the kidney
has not been studied to date. We undertook this study to determine changes in these digoxin
transporters in a model of cholestasis and their implications for digoxin clearance.

Cholestasis was induced by BDL as evidenced by elevated serum transaminase and bilirubin levels.
Digoxin clearance was decreased in the BDL group in keeping with prior studies in a rabbit model[4,5].
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
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Figure 5 Effect of bile duct ligation on mRNA expressions of multidrug resistance 1, organic anion transporting polypeptides 1a4 and
4C1. mRNA expression in each sample was standardized to its glyceraldehyde-3-phosphate dehydrogenase level. A: Expressions of multidrug resistance 1 in the
liver, kidney, small intestine, and the effect of bile duct ligation (BDL) on the mRNA expressions in each tissue; B: Expression of organic anion transporting
polypeptides (OATP)1A4 mRNA in the liver, kidney and small intestine, and the effect of BDL on OATP1A4 mRNA expressions; C: Expression of OATP4C1 mRNA in
the kidney and the effect of BDL on its expression. Values are depicted as means + SD; n = 6; 2P < 0.05 compared with sham surgery rats. BDL: Bile duct ligation;
OATP: Organic anion transporting polypeptides; MDR1: Multidrug resistance 1; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.
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clearance with disruption of the enterohepatic circulation as a potential complicating factor[4]. In a
follow-up study, BDL led to decreased clearance of intravenously administered digoxin, but with
absence of elevated serum creatinine. The authors concluded that impaired hepatic function and
interruption of the enterohepatic circulation impaired digoxin elimination[5]. 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 where
it is responsible for efflux of digoxin. In rodents MDR1 is the product of the MDR1 gene, which is made
up of two forms, MDRIA and MDRI1B[28]. Initial studies assessing the role of MDR1 in digoxin
clearance focused on inhibiting the protein with quinidine, which inhibits intestinal excretion of digoxin
[29]. To further study the role of MDR1 in digoxin clearance a knock-out model for MDR1A was created.
In this model, fecal excretion of digoxin decreased and renal excretion increased compared to wild type
animals, while there was no significant change in biliary excretion[30]. The authors concluded that the
lower fecal excretion of digoxin was secondary to a decrease in drug excretion by the intestinal
epithelium, rather than a decrease in biliary excretion. Increased renal excretion was surprising in the
absence of MDR1A expression in the kidneys. The authors surmised that the increased renal clearance
may be explained by other transporters (MDR1B) or increased glomerular filtration. They concluded
that MDR1 contributes substantially to digoxin excretion via the intestinal epithelium and decreased re-
uptake after biliary excretion[30].

Transport of digoxin in the liver is mediated by OATP1A4, responsible for uptake at the hepatocyte
basolateral membrane, and MDRI, responsible for excretion into the bile at the apical membrane[7,14].
In the present study cholestasis/BDL led to increased expression of OATP1A4, increasing hepatic
uptake of digoxin from the blood, and increased expression of MDR1, increasing 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.

A carrier-mediated uptake of digoxin is responsible for its reabsorption of digoxin in intestine[31].
The carrier-mediated uptake was found to be sensitive to the OATP inhibitors BSP and apple juice,
suggesting an OATP transporter as a likely candidate. Further support for an OATP transporter came
from experiments using rat intestinal brush-border membrane vesicles which showed that an increased
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digoxin uptake in the presence of proton and bicarbonate gradients and outwardly directed glutathione
gradient[31]. Recent studies demonstrated that intestinal OATP1A4 is a carrier protein that transports
drugs from gut into the portal circulation[8], and digoxin has been shown as a substrate of OATP1A4
[10]. Our result showed that BDL led to decreased expression of OATP1A4 in the intestine. Decreased
expression of OATP1A4 in the intestine favors decreased absorption predicting improved drug
clearance in the feces.

Although cholestasis results in changes in MDR1 and OATP1A4 favoring increased digoxin
clearance, in the BDL model of cholestasis clearance of intravenously administered digoxin is limited to
renal excretion. Although BDL led to changes that would predict increased clearance of digoxin through
bile, ligation of the bile duct precludes this mode of clearance. Similarly, changes in the intestine
following BDL favoring digoxin clearance in the feces are minimized by the study design. Digoxin
administered intravenously would limit to amount of drug in the intestinal lumen. Further, BDL
inhibits hepatic excretion of digoxin into the intestine.

In the kidney MDR1 is responsible for excretion of digoxin across the apical membrane of renal cells
into urine[16]. Our result showed that OATP1A4 is not expressed in the kidney suggesting another
transporter is responsible for transport of digoxin across the basolateral membrane into renal cells[17].
Mikkaichi et al[17] isolated an organic acid transporting peptide denoted OATP4C1 both in humans and
rats. It is localized on the basolateral membrane of the proximal tubules of the kidney 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 leads to decreased expression in OATP4C1 but has no effect on
expression of MDR1 suggesting that decreased digoxin clearance in renal failure is due to loss of
OATP4C1 activity[17,32]. We have shown that cholestasis due to BDL results in increased expression in
both MDR1 and OATP4C1 in the kidney 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 kidney in a pathological model in vivo.

It is interesting that MDR1 and OATP1A4 participate in transport of both bile acids and digoxin[33].
Also, there is marked similarity in the method of excretion for bile acids and digoxin in obstructive
cholestasis. OATP4C1 may also participate in the excretion of bile acids by the kidney through increased
uptake at the basolateral membrane, although the data is conflicting. To date, two studies assessed the
transport of bile acids in Madin-Darby canine kidney cells transfected with a plasmid containing
OATP4C1, one showed no transport of taurocholate[17], while the other showed transport of both
chenodeoxycholate and glycocholate[34]. Our study showed upregulation of OATP4C1 in cholestasis
which would increase uptake of bile acids by proximal tubule cells with subsequent excretion at the
apical membrane by MDRI1.

Bile acids activate the nuclear hormone receptors farnesoid-X-receptor and pregnane-X-receptor
(PXR) and in cholestasis there were increased activations of these receptors[35,36]. MDR1 and OATP1A4
are both PXR-responsive and their expression increased in cholestasis. OATP4C1 expression is induced
through transitional factor Aryl hydrocarbon receptor (AhR) through binding of the xenobiotic
responsive element[37]. Previous studies have shown that AhR is activated in cholestasis[38] through
the action of PXR[39]. We propose that the increased expression of OATP4C1 in cholestasis is best
explained by this mechanism.

This is an exploratory research to study how the body responds to increased digoxin during
cholestasis. Further studies are needed to confirm the implications by measuring digoxin tissue distri-
butions 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 study of
digoxin clearance mediated by renal-expressed OATP4C1 during cholestasis.

CONCLUSION

In conclusion, under physiological conditions, the main route of elimination of digoxin is renal excretion
which is closely correlated with glomerular filtration rate. Biliary excretion is the major non-renal route.
Enterohepatic cycle has minor importance[6]. Our finding demonstrated that under pathological
condition, cholestasis in the current study, cell membrane digoxin transporters are regulated which is in
favor of an increase in digoxin excretion in renal tubules and a decrease in its absorption from the
tubules of intestine. These changes compensate the reduced digoxin clearance due to cholestasis. This
finding could have clinical application by modifying transporters” activities through pharmaceutical
approaches for improving digoxin clearance during cholestasis.

ARTICLE HIGHLIGHTS

Research background
The heart and liver are inextricably linked by virtue of blood flow and metabolism of medications.
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Drugs with biliary elimination, such as digoxin, decrease clearance with cholestasis.

Research motivation
We performed this study to better understand the effect of extrahepatic cholestasis on regulations of
membrane transporters involving digoxin and its implication for digoxin clearance.

Research objectives
The efflux transporter, multidrug resistance 1 (MDR1), and influx transporters, organic anion
transporting polypeptides (OATP)1A4 and OATP4CI1 in kidney, intestine and liver were examined.

Research methods

Twelve adult Sprague Dawley rats were included in this study; baseline hepatic and renal laboratory
values and digoxin pharmacokinetic (PK) studies were established before evenly dividing them into two
groups to undergo bile duct ligation (BDL) or a sham procedure. After 7 d repeat digoxin PK studies
were completed and tissue samples were taken to determine the expressions of MDR1, OATP1A4 and
OATP4C1 by quantitative western blot and real-time polymerase chain reaction.

Research results

Digoxin clearance was decreased and liver function, but not renal function, was impaired in BDL rats.
BDL resulted in significant up-regulation of MDR1 expression in the liver and kidney and its down-
regulation in the small intestine. OATP1A4 was up-regulated in the liver but down-regulated in
intestine after BDL. OATP4C1 expression was markedly increased in the kidney following BDL.

Research conclusions

The results suggest that cell membrane transporters of digoxin are regulated during cholestasis. These
regulations are favorable for increasing digoxin excretion in kidney and decreasing its absorption from
intestine in order to compensate the reduced digoxin clearance due to cholestasis.

Research perspectives

The current study was designed as an exploratory research for providing clues for future study in this
field. Previous studies on the transporters in kidney and intestine were done only by in vitro
experiments. To the best of our knowledge, the current report is the first study to investigate the
regulation of the digoxin transporters in kidney and intestine in animal model of cholestasis. Our results
does demonstrate that the cell membrane transporters were regulated which is in favor of digoxin
excretion during cholestasis. To confirm our finding, more detailed PK studies need to be done, for
example, tissue distributions of digoxin and digoxin concentrations in urine and in intestine. Knock-out
(KO) animal lacking the transporters, especially tissue-specific KO, will be a powerful tool in further
study.
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