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ABSTRACT 

 

 We hypothesized that the function of both sinusoidal and canalicular transporters 

importantly controls the concentrations of organic anions within normal hepatocytes. 

Consequently, we investigated how acute transport regulation of the sinusoidal organic anion 

transporting polypeptides (Oatps) and the canalicular multidrug resistance associated protein 

2 (Mrp2) determines the hepatic concentrations of the organic anion gadobenate 

dimeglumine (BOPTA) in rat livers. Livers were perfused with labeled BOPTA in different 

experimental settings that modify the function of Oatps and Mrp2 through the protein kinase 

C (PKC) pathway. Intrahepatic concentrations were continuously measured with a gamma 

probe placed above rat livers. Labeled BOPTA was also measured in perfusate and bile. We 

showed that when the function of Oatps and Mrp2 is modified in such a way that BOPTA 

entry and exit are similarly decreased, concentrations of organic anions within hepatocytes 

remain unaltered. When exit through Mrp2 is abolished, hepatic concentrations are high if 

entry through Oatps is only slightly decreased (livers without Mrp2 expression) or low if 

BOPTA uptake is more importantly decreased (livers perfused with a PKC activator). These 

results highlight that the function of both sinusoidal and canalicular transporters is important 

to determine the concentration of organic anions within hepatocytes.  
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INTRODUCTION 

 

 One of the major functions of the liver is to detoxify endogenous and exogenous 

compounds that are eliminated into bile. The overall transport of these compounds across 

hepatocytes is supported by transporters located on the sinusoidal and canalicular 

membranes (Kullak-Ublick et al., 2000; Meier et al., 1997). Among these compounds, 

organic anions are taken up by the organic anion transporting polypeptide (OATP/SLC21A) 

family of proteins (Cui et al., 2003; Hsiang et al., 1999; König et al., 2000; Kullak-Ublick et al., 

2001) and excreted into bile via the ATP-binding cassette transmembrane transporters, 

multidrug resistance associated protein 2 (MRP2/ABCC2) (Keppler and König, 1997).  

 The overall transport of organic anions through hepatocytes is difficult to assess 

because methods that investigate the uptake of organic anions differ from those used to 

measure bile export and because most organic anions are metabolized within hepatocytes, 

the biliary compound being different from the compound that had entered through the 

sinusoidal membrane. However, efforts to quantify the overall transport through both 

transporters have been recently published in Madin-Darby Canine Kidney II cells that were 

transfected with both Oatps and Mrp2 transporters (Matsushima et al., 2005; Sasaki et al., 

2004).  

 Another way to investigate the overall transport of organic anions is to measure the 

transport of labeled compounds in perfused rat livers as previously published (Chandra et al., 

2005; Hoffmaster et al., 2004; Patel et al., 2003). In a similar experimental model, we 

recently perfused the magnetic resonance imaging (MRI) contrast agent gadobenate 

dimeglumine (BOPTA, MultiHance, Bracco) labeled with 153Gd  and measured the 

radioactivity of this organic anion in perfusate and bile samples, as well as within the liver 

using a gamma scintillation probe placed above the liver (Planchamp et al., 2005b). BOPTA 

transport in the entire liver is described by a 6-compartment pharmacokinetic model and 

BOPTA entry into hepatocytes and exit are estimated by rate constants. 
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 In liver imaging, BOPTA facilitates the detection and characterization of hepatic 

tumors. Because BOPTA is an organic anion, the compound enters into hepatocytes through 

members of the Oatp family and exits without biotransformation into bile through Mrp2. As 

expected, BOPTA uptake in perfused rat livers is inhibited by the co-administration of 

bromosulfophthalein (Pastor et al., 2003). Intriguingly, we showed that BOPTA-induced 

hyperintensity in liver imaging (or intrahepatic concentration) was similar in cirrhotic and 

normal rat livers although Mrp2 and Oatp expression was markedly down-regulated by 

cirrhosis (Planchamp et al., 2005a). Thus, in liver imaging, hyperintensity induced by 

intrahepatic BOPTA concentration was not correlated to the expression of Oatps and Mrp2. 

Consequently, one explanation might be that BOPTA is trapped into cirrhotic livers when 

biliary excretion through Mrp2 is abolished, preventing liver imaging to differentiate normal 

and pathological livers.  

 The aim of our study was to determine how acute regulation of Oatps and Mrp2 

determines the hepatic concentrations of labeled BOPTA. In normal perfused livers, transport 

through Oatps and Mrp2 was differently modified through the protein kinase C pathway and 

we determined the consequences of such modifications on intracellular BOPTA 

concentrations. 
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MATERIALS AND METHODS 

 

Animals  

Before liver perfusion, normal Sprague-Dawley rats (250-450 g) were anesthetized 

with pentobarbital (50 mg . kg-1 ip). The protocol was approved by the animal welfare 

committee of the University of Geneva and the veterinary office and followed the guidelines 

for the care and use of laboratory animals. 

 

Rat liver perfusion 

Livers were perfused in situ as previously described (Pastor et al., 1996). Briefly, the 

abdominal cavity was opened and the portal vein was cannulated and secured. A G16 

catheter (outer diameter: 1.8 mm) was introduced into the portal vein up to 2-3 mm from the 

liver. A ligature was placed around the inferior vena cava above the left renal vein. After the 

cannulation of the portal vein, the abdominal vena cava was transected and the Krebs-

Henseleit-bicarbonate (KHB) solution (118 mM NaCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 4.7 

mM KCl, 26 mM NaHCO3, 2.5 mM CaCl2) was pumped without delay into the portal vein. The 

flow rate was slowly increased over one minute up to 30 ml/min. In a second step, the chest 

was opened and a second cannula (G14) inserted through the right atrium into the thoracic 

inferior vena cava and secured with a ligature. Finally, the ligature around the abdominal 

inferior vena cava was tightened. The KHB solution was perfused to the liver through the 

portal catheter and eliminated by the catheter placed in the thoracic inferior vena cava. In 

each experiment, the common bile duct was cannulated with a PE10 catheter. 

 The entire perfusion system consisted of reservoir, pump, heating circulator, bubble 

trap, filter, and oxygenator. The livers were perfused with a KHB buffer during the entire 

protocol with a non-recirculating perfusion. The perfusate was equilibrated with a mixture of 

95 % O2 - 5% CO2 during the protocol.  
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Quantification of hepatic BOPTA transport  

 BOPTA was labeled by adding 153GdCl3 to a 0.5 M BOPTA solution (1 MBq/mL), 

which contains a slight excess of ligand BOPTA (Planchamp et al., 2005a; Planchamp et al., 

2005b). The contrast agent was then diluted in KHB solution to obtain a 200 µM perfusion 

solution. To quantify intrahepatic concentrations of BOPTA, a gamma scintillation probe that 

measures radioactivity every 20 sec was placed 1 cm above the liver (Planchamp et al., 

2005b). To transform radioactivity counts into contrast agents amounts, the radioactivity in 

the entire liver at the end of each experiment was measured (Activimeter Isomed 2000, MCD 

Nuklear Medixintechnik, Germany) and related to the last count measured by the probe. Bile 

and perfusate samples were collected and radioactivity was measured by a Packard Cobra 

auto-Gamma counter (Canberra Packard, Switzerland). For each experiment, the total 

amount of radioactivity perfused in each liver was totally recovered at the end of the 

experiment in perfusate, liver, and bile. The perfusion of 153Gd-BOPTA in normal rat livers 

was successfully described by a 6-compartmental model with a rate constant between the 

extracellular volume and hepatocytes that estimates BOPTA uptake (kuptake) and a rate 

constant between hepatocytes and bile that estimates hepatic BOPTA excretion (kexcretion) 

(Planchamp et al., 2005b).  

 
Immunofluorescence 

 Liver biopsies (0.5 cm2) were embedded in OCT, frozen in isopentane precooled in 

liquid nitrogen and kept at -20°C until used. Tissue samples were cut (5-µm sections) at –

20°C and placed on Superfrost plus slides (Menzel, Braunschweig, Germany). After fixation 

with pure methanol (–20°C, 15 minutes), the sections were covered with Triton X-100 (0.1% 

in phosphate-buffered saline [PBS] for 10 minutes), washed with PBS, and covered with 

bovine serum albumin 1% in PBS for 15 minutes. A mixture of polyclonal rabbit anti-rat Mrp2 

antibody (1:500) and monoclonal rat anti-mouse ZO-1 antibody (Biozol, Eching, Germany, 

1:500) or PBS for control staining was applied for 1 h of incubation in a wet chamber. After 

rinsing and washing, slides were incubated for 45 min with a mixture of FITC-conjugated 
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goat anti-rabbit IgG (H+L) and TR-conjugated goat anti-rat IgG (H+L) (Jackson 

ImmunoResearch Laboratory, 1:100 and 1:200 respectively). After a final washing, sections 

were covered with mounting medium and a coverslip. Images were acquired from two 

channels at 488 nm wavelength to visualize Mrp2 and 568 nm wavelength to visualize ZO-1 

with a confocal laser scanning microscope (Zeiss Axiophot 1) equipped with an Axiocam 

color CCD camera. Identical settings were used to compare liver sections from different 

experimental conditions. 

 

Bile HRP activity 

 Horse radish peroxidase (HRP, 0.05 mg/mL) which is transported through 

hepatocytes into vesicles from the sinusoidal to the canalicular membranes, was perfused in 

the presence or in the absence of BOPTA as previously described (Beuers et al., 1993). Bile 

HRP activity was measured spectrophotometrically using 4-aminoantipyrine as substrate by 

recording the linear change in adsorption at 510 nm for 3 minutes at 25°C. HRP activity was 

calculated according to a HRP standard curve and expressed as ng protein min-1 g liver-1.  

 

Western blotting analysis 

 To detect cytosolic and membrane PKC-α and PKC-ε, hepatic tissues were 

homogenized at 4°C in lysis buffer (50 mM Tris-HCl, pH 7.5, 2 mM EGTA, 2 mM EDTA, 50 

�g/ml PMSF, 1% protease inhibitor cocktail, 1% phosphatase inhibitor cocktail I and II from 

Sigma) as previously described (Roelofsen et al., 1991). After sonication, extracts were 

ultracentrifuged at 100'000 g for 1 h. The pellet was then extracted with the same buffer 

containing 1 % Triton-X-100, sonicated and ultracentrifuged at 100'000 g for 20 min. 

Cytosolic proteins were present in the supernatant of the first centrifugation and cell 

membrane-bound proteins were present in the supernatant of the second centrifugation. 

Protein contents were quantified by the Bradford technique. Sodium dodecyl sulfate 

polyacrilamide gel electrophoresis (SDS-PAGE) and western blotting were performed 

according to Laemmli using minigels (BioRad, Switzerland). Protein extracts (50 µg) were 
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separated on a 10% polyacrylamide gel. After the gel had been transferred to a 

polyvinylidene difluoride membrane (Millipore, Volketswil, Switzerland), the membrane was 

blocked with 5% nonfat dry milk PBS (1 h at room temperature) and incubated overnight at 

4°C with specific antibodies (BD Transduction Laboratories, 250 ng/ml). The membrane was 

washed four times in PBS-Tween and incubated for 1 h with an alkaline phosphatase-

conjugated secondary antibody. After washing, detection was achieved by 

chemiluminescence (Immune-Star, Bio-Rad) according to the manufacturer’s instructions. 

Molecular weight markers and positive controls were included for each experiment. Films 

were scanned using an ImageScanner densitometer equipped with the Labscan and Image 

Quant software (Amersham Biosciences). Staining with Ponceau Red before blocking 

assessed that equal quantity of proteins was loaded on each line. 

 

BOPTA  uptake studies in X. laevis oocytes 

In vitro synthesis of Oatp1, Oatp2, and Oatp4 cRNA was performed as previously 

described (Hagenbuch et al., 1990; Noé et al., 1997). X. laevis oocytes were prepared and 

cultured overnight at 18°C. Healthy oocytes were microinjected with 0.5 ng of Oatp1, or 

Oatp2, or Oatp4 cRNA and cultured for 3 days in a modified Barth solution containing 88 mM 

NaCl, 2.4 mM NaHCO3, 1 mM KCl, 0.33 mM Ca(NO3)2, 0.41 mM CaCl2, 0.82 mM MgSO4, 

100 mg/ml Pen-Strep and 10 mM HEPES, adjusted to pH 7.5 with NaOH 5 M. The uptake 

medium included 100 mM NaCl, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES, 

pH 7.5. Oocytes were prewashed with uptake medium and incubated 30 min at 25°C in 150 

µl medium in the presence or the absence of the PKC activator phorbol 12-myristate 13-

acetate (PMA, 1 µM). Then oocytes were washed in uptake medium and incubated at 25°C 

in 150 µl uptake medium with [3H]estrone-3-sulfate (E3S, 500 nM), 153Gd-labeled BOPTA 

(200 µM) or 153Gd-labeled gadopentetate dimeglumine (DTPA, Magnevist, Schering, 200 

µM). Water-injected oocytes were used as controls to detect nonspecific uptake of 

substrates. Then substrates uptake was stopped by addition of ice-cold uptake medium (6 

ml). Oocytes were washed twice with ice-cold uptake medium (6 ml) and the oocyte-
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associated 153Gd-BOPTA and 153Gd-DTPA was measured (Packard Cobra Auto-Gamma 

counter, Perkin-Elmer, Switzerland). To determine [3H]E3S uptake, each oocyte was 

dissolved in 0.25 ml of 10% SDS and the oocyte-associated radioactivity was measured in a 

Tri-Carb liquid scintillation analyzer (Perkin-Elmer) after the addition of 4 ml of scintillation 

fluid (Ultima Gold; Perkin-Elmer),   

  

Experimental groups  

1. Choleretic effect of BOPTA in perfused livers 

 To study the effect of BOPTA on bile flow and bile excretion, we perfused 3 livers with 

200 µM BOPTA during 30 min (KHB-model). BOPTA perfusion was followed by a rinse 

period with KHB solution (30 min). Control livers (n = 3) were perfused with KHB perfusion in 

the absence of BOPTA during 60 min.  

 To determine whether the increase in bile flow induced by BOPTA was PKC-

dependent, we perfused additional livers with KHB and the non-specific PKC inhibitor 

Gö8530 (1 µM, n = 3), or KHB + the Ca2+-specific PKC inhibitor Gö6976 (1 µM, n = 3) before 

BOPTA perfusion.  

 We then determined whether BOPTA perfusion interfere with hepatic vesicular 

transport by measuring bile HRP excretion in the presence or the absence of BOPTA. In 

each group, livers were perfused with 0.05 mg/ml HRP or 200 µM BOPTA + 0.05 mg/mL 

HRP (n = 3, in each group). 

 

2. BOPTA membrane transporters  

Because the transport of BOPTA through Mrp2 had not been previously demonstrated 

in isolated livers, we perfused 4 livers isolated from Mrp2-deficient (TR-/-) rats with BOPTA. 

Because bromosulfophthalein BSP (200 µM) enters into hepatocytes via Oatps (Hagenbuch 

and Meier, 2003), we perfused 3 control livers with BOPTA and BSP to confirm that the 

contrast agent enters through the same family of transporters as BSP.  Moreover, the uptake 
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of BOPTA through Oatps was measured in oocytes infected with the three Oatps cRNA 

(Oatp1, Oatp2, and Oatp3) described in rat livers.  

 

3. Effect of BOPTA in livers preperfused with the PKC activator phorbol 12-myristate 13-

acetate (PMA): the PMA-model 

 Livers (n = 3) were preperfused with 1 µM PMA during 30 min before the perfusion of 

200 µM BOPTA (30 min) and the rinse solution with KHB (30 min). To confirm the effect of 

PMA perfusion on PKC isoforms, we perfused additional livers concomitantly with PMA and 

either the non-specific PKC inhibitor Gö8530 (1 µM, n = 3) or the Ca2+ specific inhibitor 

Gö6976 (1 µM, n = 3). Two other groups were also perfused with Gö8530 or with Gö6976 in 

the absence of BOPTA to assess the effects of the PKC inhibitors alone. 

 

4. Effect of BOPTA in livers preperfused with vasopressin (VP): the VP-model 

 Because PKC isoform activation by PMA is not physiologic, we preperfused livers 

isolated from normal rats with VP that activates V1 receptor on the sinusoidal membrane of 

hepatocytes, releasing diacyglycerol which endogenously activates PKC. VP (10 nM) was 

perfused during 30 min before the perfusion of BOPTA (30 min) and the rinse solution with 

KHB (30 min). To confirm the effect of VP perfusion on PKC isoforms, we perfused additional 

livers with VP and either the non-specific PKC inhibitor Gö8530 (1 µM, n = 3) or the Ca2+ 

specific inhibitor Gö6976 (1 µM, n = 3).  

 

Statistics 

 Values are means ± SD. Means are compared by a one-way and Dunnett test for 

multiple comparisons or two-way ANOVA.  
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RESULTS  

 

Choleretic effect of BOPTA in perfused livers 

 When BOPTA was perfused in normal livers, bile flow importantly increased 

concomitantly with BOPTA bile excretion (Fig. 1A, p < 0.0001) and this choleretic effect was 

not modified by the preperfusion with Gö6850 (inhibitor of PKC) or Gö6976 (inhibitor of Ca2+-

dependent PKC). Similarly, BOPTA bile excretion was not modified by the preperfusion with 

Gö6850 or Gö6976 (Fig. 1B, p = 0.56). 

 HRP transport within vesicles from the sinusoidal to the canalicular membrane of 

hepatocytes did not modify BOPTA bile excretion (Fig. 2A, p = 0.63) and BOPTA transport 

did not modify HRP bile excretion (Fig. 2B, p = 0.79). Maximal HRP bile excretion occurred 

later than BOPTA bile excretion suggesting that BOPTA has a carrier-mediated transport by 

cytoplasmic proteins rather than a vesicular transport. Bile flow was similar in livers perfused 

with KHB or HRP solutions and the choleretic effect of BOPTA was not modified by the 

addition of HRP (data not shown).  

 

BOPTA membrane transporters  

 In perfused livers, BSP (200 µM) completely inhibited BOPTA entry into the entire 

liver (Fig. 3C), confirming that the sinusoidal transporters of BOPTA are Oatps, similarly to 

BSP. The isoforms of Oatps responsible for BOPTA uptake in hepatocytes have never been 

determined. Consequently, we infected oocytes with the rat cRNA of Oatp1, or Oatp2, or 

Oatp4 (the three Oatps identified in rat livers) and measured the uptake of BOPTA within 

oocytes. In contrast to the organic anion E3S that mainly entered into oocytes through Oatp1 

(and to a lesser extent through Oatp4), BOPTA entered into oocytes through Oatp1, Oatp2, 

and Oatp4 (Fig. 3 A and B).  

 In livers isolated from TR-/- rats, we also confirmed that the hepatic canalicular 

transporter of BOPTA was Mrp2 (Fig. 3 D). When livers from TR-/- rats were perfused with 

BOPTA the amount of contrast agent in bile was close to 0 (data not shown). Moreover, 
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BOPTA accumulation in livers was much higher in TR-/- than in normal livers (p < 0.001). Of 

note, before BOPTA perfusion, bile flow was significantly lower in TR-/- than in normal rats, 20 

min after the start of hepatic perfusion (0.52 ± 0.18 µg/min/g vs. 0.87 ± 0.08 µg/min/g 

respectively). As expected by the absence of BOPTA excretion, bile flow during BOPTA 

perfusion in TR-/- livers did not increase (data not shown).  

 Thus, BOPTA is a choleretic organic anion that enters into rat hepatocytes through 

Oatps and exits unchanged into bile through Mrp2. The choleretic effect of BOPTA is not 

PKC-dependent and the intracellular trafficking of the organic anion is mediated by 

cytoplasmic proteins. 

 

No choleretic effect of BOPTA in the PMA-model 

 To modify the transport through Oatps and Mrp2, we preperfused livers with PMA that 

directly activates PKC (PMA-model). PMA activated PKCα that migrates in the cellular 

membrane fraction (Fig. 4). PKC activation was associated with a decrease in  bile flow from 

1.18 ± 0.17 µg/min/g before PMA to 0.18 ± 0.05 µg/min/g after PMA perfusion without 

recovery overtime (0.13 + 0.09 µg/min/g at the end of the experiments).  

 Following PMA perfusion, BOPTA had no choleretic effect and the organic anion was 

unable to reverse the cholestasis induced by PMA. Co-perfusion of PKC inhibitors with PMA 

prevented the effects of PMA on bile flow (Fig. 5A, p = 0.003) and BOPTA maximal bile 

excretion (Fig. 5B, p = 0.002). Thus, BOPTA is a choleretic organic anion in normal livers 

without anti-cholestatic effect in our PMA-model.  

  

Decreased choleretic effect of BOPTA in the VP-model 

 In additional groups, we preperfused livers isolated from normal rats with VP that 

activates V1 receptor on the sinusoidal membrane of hepatocytes, releasing diacyglycerol 

which endogenously activates PKC. VP was perfused during 30 min before BOPTA and did 

not modify bile flow (data not shown) but decreased the choleretic effect of BOPTA in 

comparison to livers preperfused with KHB alone (Fig. 5A, p = 0.03). BOPTA maximal bile 
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excretion was significantly lower in livers preperfused with VP than in livers preperfused with 

KHB solution (Fig. 5B, p = 0.01). Co-perfusion of PKC inhibitors with VP prevented these 

effects, demonstrating that VP activates PKC via the release of endogenous diacylglycerol 

(Fig. 5A and B).  

 

Mrp2 localization in the KHB-, PMA-, and VP-models 

 To investigate the putative mechanism of decreased BOPTA bile excretion in the 

PMA- and VP-models, we studied the localization of Mrp2 in the canalicular membrane by 

immunofluorescence in the various conditions of perfusion. We first confirmed that TR-/- rats 

had no Mrp2 transporters (Fig. 6). In the KHB-model, no Mrp2 could be observed outside the 

limits of ZO-1 (a tight-junction protein) (Fig. 6). In contrast, in the VP- and PMA-models, Mrp2 

was detected outside the ZO-1 limits during BOPTA perfusion. 

 

Estimation of BOPTA uptake and exit in entire livers 

In entire livers, BOPTA transport was estimated by the rate constants kuptake and 

kexcretion (Table 1). Kuptake was significantly lower in the PMA-model than in the KHB model 

while kexcretion was abolished in the PMA model and TR-/- liver and significantly decreased in 

the VP-model. Concomitant perfusion of PMA and VP with Gö6850 or Gö6976 prevented the 

modifications of kuptake and kexcretion induced by PMA and VP alone (Table 2).  

 

Intrahepatic concentrations of BOPTA 

 Modifications of BOPTA transport through Oatps and Mrp2 in the PMA-model 

decreased the intrahepatic accumulation of BOPTA within the liver  (Fig. 7, p < 0.005). 

BOPTA hepatic accumulation was similar in the VP- and KHB-models. Co-perfusion of PKC 

inhibitors with PMA prevented the decreased BOPTA accumulation (data not shown). 
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DISCUSSION  

  

 The contrast agent BOPTA has been developed to facilitate the detection and 

characterization of hepatic tumors by MRI. Following BOPTA injection, early dynamic images 

obtained during arterial, portal, and interstitial phases are useful to characterize focal lesions. 

Acquisition of delayed images also increases the potential for lesion detection (Grazioli et al., 

2001; Manfredi et al., 1998). With these late images, BOPTA associates nonspecific extra-

cellular distribution with intrahepatocyte accumulation, as well as possible retention in bile 

canalicules, the role of BOPTA concentrations within hepatocytes being the greatest 

contributor to signal intensities at this phase. Intriguingly, we recently showed that BOPTA-

induced hyperintensity in liver imaging was similar in cirrhotic and normal livers although 

Mrp2 and Oatps expression was markedly down-regulated by cirrhosis (Planchamp et al., 

2005a). Consequently, one explanation might be that BOPTA is trapped into cirrhotic livers 

when biliary excretion through Mrp2 is abolished, preventing liver imaging to differentiate 

normal and pathological livers. We then hypothesized that intracellular concentrations of 

BOPTA are importantly controlled by the function of Oatps and Mrp2. 

 In the present study, we show that concentrations of BOPTA within hepatocytes are 

highly dependent on the function of both sinusoidal and canalicular transporters that mediate 

entry and exit of the compound. When PKC activation by VP modulates both Oatps and Mrp2 

function in such a way that BOPTA entry and exit are similarly decreased, concentrations of 

organic anions within hepatocytes remain unaltered. When exit through Mrp2 is abolished 

(TR-/- rats or PMA-model), hepatic concentrations are high if entry through Oatps is slightly 

decreased (TR-/- rats) or low if BOPTA uptake is more importantly decreased (PMA model). 

These results highlight that the function of both sinusoidal and canalicular transporters is 

important to determine the concentrations of organic anions within hepatocytes. 
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BOPTA transport through hepatocytes 

 Similarly to other organic anions, we showed that BOPTA enters into hepatocytes 

through Oatps. In perfused livers, BOPTA entry into hepatocytes was abolished by the co-

perfusion of BSP (another organic anion that enters through Oatps into hepatocytes) and, in 

the presence of BSP, BOPTA behaves similarly to the well-known extracellular contrast 

agent DTPA (Fig. 3 C). Moreover, no BOPTA is detected in bile samples during the co-

perfusion of BOPTA and BSP. In a similar experimental model, we previously showed by 

hepatic MRI, that BSP totally abolishes the signal intensity enhancement induced by the co-

perfusion of BOPTA and BSP (Pastor et al., 2003). In isolated hepatocytes, we confirmed the 

cellular entry of BOPTA through a membrane transporter that is saturable at high substrate 

concentrations with a Km of 270 ± 111 µM and a Vmax value of 6.62 ± 1.38 SI units at 30 min 

(Planchamp et al., 2004). Three Oatps have been described in rat livers: Oatp1, Oatp2, and 

Oapt4 (Hagenbuch and Meier, 2003). Consequently, the cRNA of Oatp1, or Oatp2, or Oatp4 

were microinjected in healthy oocytes and we showed that BOPTA was mainly taken up by 

Oatp1 and Oatp4. Van Montfoort et al. (Van Montfoort et al., 1999) showed that Gd-EOB-

DTPA (another hepatospecific contrast agent close to BOPTA) is taken up in healthy oocytes 

by Oatp1 but not Oatp2. Uptake of Gd-EOB-DTPA in Oatp1 cRNA-injected Xenopus laevis 

oocytes is saturable with a Km of 3.3 mM and inhibited by BSP, taurocholate, rifamycin, and 

rifampicin (Van Montfoort et al., 1999). The mouse Oatp1 exhibited the same substrate 

specificity as the rat Oatp1 (Hagenbuch et al., 2000). 

 Following entry through Oatp1 and Oatp4, the fact that the maximal HRP bile excretion 

was delayed in comparison to the maximal BOPTA bile excretion (Fig. 2) suggests that 

intracellular transport of BOPTA is mediated by cytoplasmic proteins rather than by a 

vesicular transport. Mrp2 mediates the bile excretion of BOPTA because in TR-/- rats no 

BOPTA was measured in bile samples (data not shown). In vivo, bile excretion of BOPTA is 

also abolished in mutant TR-/- rats (de Haën et al., 1996). Bile excretion is 3 % in TR-/- rats 

while the excretion is 55% in wild-type rats. Other authors also showed that organic anions 

such as enalapril (Liu et al., 2006) and 5-(and 6)-carboxy-2',7'dichlorofluorescein (Chandra et 
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al., 2005) are excreted via Mrp2 because no organic anion is found in bile samples collected 

from rats without Mrp2. Moreover, considering that biliary BOPTA excretion is maximal at 20 

min after the start of BOPTA perfusion and constant thereafter (Fig. 1, BOPTA) and that 

BOPTA accumulation in the liver is maximal at the end of BOPTA perfusion (Fig. 7), bile 

excretion through Mrp2 is likely to limit BOPTA transport in normal livers. 

 Although BOPTA kuptake was slightly lower in TR-/- rats (0.7 ± 0.3 min-1) than in control 

rats (1.3 ± 0.3 min-1), hepatic accumulation of BOPTA was higher in rats lacking Mrp2 than in 

normal rats (Fig. 3D). During the rinse period following BOPTA perfusion, BOPTA remained 

trapped within hepatocytes without return back to the perfusate, the radioactivity measured in 

perfusate during this rinse period being similarly low in normal and TR-/- rats (0.522 ± 0.08 

µmoles in normal rats vs. 0.601 ± 0.173 µmoles in TR-/- rats). The small initial decrease in 

BOPTA concentration during the rinse period corresponded to the washout of the 

extracellular space by KHB perfusion. In contrast to the nonmetabolized probe substrate, 5- 

(and 6)-carboxy-2',7'dichlorofluorescein (Chandra et al., 2005) that can return to sinusoids 

through basolateral transporters (Mrp3) in TR-/- livers, BOPTA did not exit through Mrp3. 

 

BOPTA is a choleretic organic anion without anticholestatic properties 

 BOPTA bile excretion was associated with an increased bile flow as previously 

showed by de Haën et al. (de Haën et al., 1995). In contrast, when PKCα was activated by 

PMA, bile flow importantly decreased and subsequent BOPTA perfusion was unable to 

restore bile flow. Hepatic PMA perfusion was associated with the translocation of PKCα to 

cellular membranes (Fig. 4) and the endocytic retrieval of Mrp2 from the canalicular 

membranes (Fig. 6). Subsequent perfusion with BOPTA was unable to reinsert Mrp2 on the 

canalicular membrane. We hypothesized that phosphorylation of Mrp2 by PKCα is 

responsible for the endocytic retrieval of the canalicular transporters preventing BOPTA to be 

excreted into bile in the PMA-model. However, this hypothesis has to be questioned because 

Beuers et al. (Beuers et al., 2001) showed that tauroursodeoxycholic acid inserts Mrp2 in the 
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canalicular membrane through a PKCα-dependent mechanism. The fact that Mrp2 

phosphorylation may either insert Mrp2, as demonstrated in the study by Beuers et al. 

(Beuers et al., 2001), or retrieve the canalicular transporter, as observed in our study, 

remains puzzling.  

 Moreover, phosphorylation of Oatps by PKCα is likely to decrease BOPTA uptake 

into hepatocytes. When oocytes are incubated with PMA, E3S uptake is prevented (Fig. 3A). 

As previously shown by Guo et al. (Guo and Klaassen, 2001), PMA prevents the uptake of 

E3S, PMA phosphorylating the Oatps with a loss of function. In oocytes incubated with 

BOPTA, however, we were unable to demonstrate a similar effect probably because Oatps 

affinity for BOPTA is lower than the affinity of E3S. In the entire livers, BOPTA hepatic uptake 

estimated by kuptake (Table) was significantly decreased by PMA. Consequently, the 

decreased BOPTA accumulation in the PMA-model (Fig. 7) results from low uptake and 

absence of bile excretion. Surprisingly, the return back to perfusate was higher in the PMA-

model (1.11 ± 0.6 µmoles) than in TR-/- (0.601 ± 0.173 µmoles) rats. Tiny hepatic injury by 

PMA cannot be excluded. 

 Endogenous PKCα activation through the signaling pathway down the sinusoidal V1 

receptors had no consequence on basal bile flow but decreased BOPTA bile excretion and 

consequently the choleretic effect of BOPTA. PKCα activation could not be evidenced by 

protein translocation, but Mrp2 retrieval was observed (Fig. 6). Because the concomitant 

perfusion of VP and PKCα inhibitors prevented the decreased BOPTA bile excretion and 

restored the choleretic effect of the organic anion, we can conclude that the effects of VP on 

hepatic transporters were mediated by the PKC-α activation. However, the effects of VP 

were less severe than those observed with PMA. When PKC activation by VP modulates 

both Oatps and Mrp2 function in such as way that BOPTA entry and exit are similarly 

decreased (-54% and -55% respectively), concentrations of organic anions within 

hepatocytes remain unaltered in comparison to livers perfused with KHB solution.  
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 In summary, our results highlight that simultaneous analysis of the function of both 

sinusoidal and canalicular transporters is crucial to determine the concentration of organic 

anions within hepatocytes. 
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LEGENDS FOR FIGURES 

 

Fig. 1. Bile flow (A) and BOPTA bile excretion (B) in perfused livers during the following 

perfusion conditions: Krebs-Henseleit bicarbonate (KHB) from 0 to 15 min; KHB, or KHB + 

the non-specific PKC inhibitor Gö8530 (1 µM), or KHB + the Ca2+-specific PKC inhibitor 

Gö6976 (1 µM) from 15 to 45 min; BOPTA (200 µM) from 45 to 75 min; KHB from 75 to 105 

min. 

 

Fig. 2. BOPTA bile excretion (A) and horse radish peroxidase (HRP) bile excretion (B) in 

perfused livers during the following perfusion conditions: Krebs-Henseleit bicarbonate (KHB) 

from 0 to 45 min; KHB + BOPTA (200 µM), or KHB + BOPTA + HRP (0.05 mg/ml) from 45 to 

75 min; KHB from 75 to 105 min. 

 

Fig. 3. Uptake of [3H]estrone-3-sulfate (E3S, A) and 153Gd-labeled Gd-BOPTA (BOPTA, B) in 

healthy oocytes. Oocytes were microinjected with the cRNA of Oatp1, Oatp2, Oatp4, cultured 

for 3 days, and incubated in uptake medium with E3S (500 nM) or BOPTA (200 µM). Water-

injected oocytes were used as controls to detect nonspecific uptake of substrates. E3S 

uptake was measured in the presence or the absence of the PKC activator phorbol 12-

myristate 13-acetate (PMA, 1 µM). N = 10-19 oocytes in each group (A and B). Accumulation 

of BOPTA and DTPA (extracellular contrast agent) into the livers measured by the gamma 

scintillation probe placed above the livers (C and D). Livers were perfused with 200 µM 

DTPA, Krebs-Henseleit bicarbonate (KHB) during 30 min, 200 µM BOPTA ± 200 µM 

bromosulfophthalein (BSP) during 30 min, and KHB. In C, normal livers were perfused with 

BOPTA (open squares) or BOPTA + BSP (closed squares). In D, livers isolated from normal 

rats (open squares) or TR-/- rats (closed squares) were perfused. No radioactivity was 

measured in bile during the perfusion of the extracellular contrast agent DTPA. Data are 

mean ± SD. 
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Fig. 4. Protein kinase Cα (PKCα) expression in cytosol or membrane in biopsies collected 

from the same livers during various conditions of perfusion: A) Krebs-Henseleit-bicarbonate 

(KHB) solution during 30 min and KHB during 30 min; B) KHB during 30 min and 1 µM 

phorbol 12-myristate 13-acetate (PMA) during 30 min; C) KHB during 30 min and 10 nM 

vasopressin (VP) during 30 min.  

 

Fig. 5. Choleretic effect of BOPTA (%, A) and maximal BOPTA bile excretion (B) during the 

perfusion of 200 µM Gd-BOPTA (from 45 to 75 min). In the KHB-model, livers were 

preperfused with Krebs-Henseleit-Bicarbonate (KHB), KHB + 1 µM Gö6850, or KHB + 1 µM 

Gö6976 (from 15 to 45 min) before BOPTA perfusion. In the vasopressin (VP)-model, livers 

were preperfused with KHB + 10 nM VP, KHB + 10 nM VP + 1 µM Gö6850, or KHB + 10 nM 

VP + 1 µM Gö6976 (from 15 to 45 min) before BOPTA perfusion. In the phorbol 12-myristate 

13-acetate (PMA)-model, livers were preperfused with KHB + 1 µM PMA, KHB + 1 µM PMA 

+ 1 µM Gö6850, or KHB + 1 µM PMA + 1 µM Gö6976 (from 15 to 45 min) before BOPTA 

perfusion.  

 

Fig. 6. Subcellular localization of Mrp2 immunofluorescence in the Krebs-Henseleit-

Bicarbonate (KHB)-model (livers are perfused with KHB during the entire protocol), the PMA-

model (livers are perfused with the subsequent conditions: KHB, PMA, and BOPTA), or the 

VP-model (livers are perfused with the subsequent conditions: KHB, VP, and, BOPTA. 

Vasopressin (VP, 10 nM), BOPTA (200 µM), phorbol 12-myristate 13-acetate (PMA, 1 µM). 

In the KHB-model, virtually all Mrp2 immunostaining (green) was confined to the space lined 

by the two rows of tight junctions stained by the anti-ZO-1 antibody (red), suggesting that 

Mrp2 was localized within canalicular membranes. In the PMA- and VP-models, amount of 

Mrp2 was found aside the tight junctions in the immediate vicinity of the canaliculi (Mrp2 

retrieval from the membrane). No Mrp2 membrane reinsertion was observed during the Gd-

BOPTA perfusion (see inserts). No green staining was observed in rats without Mrp2 (TR-/- 

rats). 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 18, 2007 as DOI: 10.1124/mol.106.030759

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 30759 28

 

Fig. 7. Gd-BOPTA accumulation in livers [nmol/g] measured by a gamma scintillation probe 

placed 1 cm above the liver. Livers were perfused with the following solutions: Krebs-

Henseleit bicarbonate (KHB) + Gd-DTPA (200 µM, 10 min); KHB, or KHB + 1 µM phorbol 12-

myristate 13-acetate  (PMA), or KHB + 10 nM vasopressin (VP) during 30 min; KHB + Gd-

BOPTA during 30 min; KHB during 30 min. Gd-DTPA: extracellular contrast agent that does 

not enter into hepatocytes.  
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 TABLE. Estimated uptake (kuptake) and bile excretion (kexcretion) of Gd-BOPTA  

 in entire livers 

Models Perfusion solutions Kuptake [min-1] Kexcretion [min-1] 

Control  KHB 1.3 ± 0.3 0.11 ± 0.05 

PMA KHB  0.4 ± 0.2* 0* 

PMA KHB + Gö6850 1.0 ± 0.2 0.07 ± 0.01 

PMA KHB + Gö6976 1.4 ± 0.1 0.07 ± 0.03 

VP KHB  0.6 ± 0.1* 0.05 ± 0.1* 

VP KHB + Gö6850 1.0 ± 0.4 0.11 ± 0.03 

VP KHB + Gö6976 1.1 ± 0.2 0.08 ± 0.01 

TR- KHB  0.7 ± 0.3* 0* 

  Values are means ± SD. Means are compared by a one-way ANOVA and 

  Dunnett test for multiple comparisons. * p < 0.05 vs. Control. 
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