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Abbreviations
[153Gd]Gadopentetate dimeglumine (Magnevist®; Bayer imaging
or [99mTC]Technescan DTPA®; b.e.imaging GmbH)
[153Gd]Gadobenate dimeglumine (MultiHance®; Bayer imaging)
[99mTC]Mebrofenin (Choletec®; Bracco Imaging)
Krebs-Henseleit-bicarbonate solution
Organic anion transporting polypeptide
Multidrug resistance associated protein 2
Multidrug resistance associated protein 3
Perfused rat liver
Liver flow rate
Concentration in portal vein
Concentration in hepatic veins
Liver concentration
Extracellular concentration
In situ concentration in bile duct and bile canaliculi
Concentration in bile canaliculi measured by the counter
Concentrations that efflux back into sinusoids (rinse period)
Hepatocyte concentration measured by the counter
In situ concentration in hepatocytes
Removal rate from sinusoid
Hepatocyte influx rate
Basolateral efflux rate from hepatocytes back to sinusoids
Bile excretion rate
Bile flow rate
Hepatic clearance
Hepatocyte influx clearance
Clearance from hepatocytes to bile canaliculi
Clearance from hepatocytes back to sinusoids
Slope of the first accumulation line in hepatocytes
Slope of the second accumulation line in hepatocytes
Time when hepatocyte efflux impacts CHC
Fast elimination rate constant of hepatocyte concentration
Slow elimination rate constant of hepatocyte concentration
Concentration ratio of hepatocytes and extracellular space
Concentration ratio of bile canaliculi and hepatocytes
Concentration ratio of hepatic veins and hepatocytes (rinse)
Concentration ratio of bile canaliculi and extracellular space
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[153Gd]DTPA or
[99mTC]DTPA
[153Gd]BOPTA
[99mTC]MEB
KHB
Oatp
Mrp2
Mrp3
PRL
QH [ml/min]
Cin [µM]
Cout [µM]
Cliver [µM]
CEC [µM]
Cbile[µM]
CBC [µM]
Cef [µM]
CHC,78% [µM]
CHC100% [µM]
v [nmol/min]
vin [nmol/min]
vef [nmol/min]
vbile [nmol/min]
Qbile [µl/min/liver]
CLH [ml/min]
CLin [ml/min]
CLbile [ml/min]
CLef [ml/min]
L1 slope
L2 slope
T0 [min]
kfast,HC
kslow,HC
RHC/EC
Rbile/HC
RHV/HC
Rbile/EC
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Abstract
Hepatobiliary imaging is increasingly used by pharmacologists to quantify liver
concentrations of transporter-dependent drugs. However, liver imaging does not quantify
concentrations in extracellular space, hepatocytes, and bile canaliculi. Our study compared the
compartmental distribution of two hepatobiliary substrates Gadobenate dimeglumine (BOPTA,
0.08 liver extraction ratio, ER) and Mebrofenin (MEB, 0.93 ER) in a model of perfused rat liver. A
gamma counter placed over livers measured liver concentrations. Livers were pre-perfused with

coming from bile canaliculi and hepatocytes were calculated. Transporter activities were
assessed by concentration ratios between compartments and pharmacokinetic parameters that
describe the accumulation and decay profiles of hepatocyte concentrations. The high liver
concentrations of MEB relied mainly on hepatocyte and bile canaliculi concentrations. In
contrast, the three compartments contributed to the low liver concentrations obtained during
BOPTA perfusion. Non-linear regression analysis of substrate accumulation in hepatocytes
revealed that cellular efflux is measurable ~4 min after the start of perfusion. The hepatocyte to
extracellular concentration ratio measured at this time-point was much higher during MEB
perfusion. BOPTA transport by Mrp2 induced an aquaporin-mediated water transport, while MEB
transport did not. BOPTA clearance from hepatocytes to bile canaliculi was higher than MEB
clearance. MEB did not efflux back to sinusoids while BOPTA basolateral efflux contributed to
the decrease in hepatocyte concentrations. In conclusion, our ex-vivo model quantifies substrate
compartmental distribution and transport across hepatocyte membranes and provides an
additional understanding of substrate distribution in the liver.
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Significance statement
When transporter-dependent drugs target hepatocytes, cellular concentrations
are important to investigate. Low concentrations on cellular targets impair drug therapeutic
effects, while excessive hepatocyte concentrations may induce cellular toxicity. With a gamma
counter placed over rat perfused livers, we measured substrate concentrations in the
extracellular space, hepatocytes, and bile canaliculi. Transport across hepatocyte membranes
was calculated. The study provides an additional understanding of substrate distribution in the
Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023
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Introduction
Over previous decades, the drug plasma concentration decay has been extensively
studied. In the meantime, models to estimate drug hepatic clearances (CLH) are still debated by
experts (Benet et al., 2018; Rostami-Hodjegan, 2018; Rowland and Pang, 2018). However,
when transporter-dependent drugs target hepatocytes, cellular concentrations are as important
as systemic concentrations to investigate (Zhang et al., 2019). Low concentrations on cellular

cellular toxicity (Guo et al., 2018; Beaudoin et al., 2021). Membrane transporters determine
hepatocyte concentrations of numerous drugs and endogenous substrates and create
asymmetrical distributions between liver and plasma (Riccardi et al., 2017; Guo et al., 2018;
Zhang

et

al.,

2019).

Consequently,

hepatobiliary

imaging

is

increasingly

used

by

pharmacologists to quantify the distribution of transporter-dependent drugs.
Several research groups took advantage of liver imaging to assess liver concentrations
of hepatobiliary substrates (contrast agents and tracers) and estimate rodent and human
transporter function (Ali et al., 2018; Guo et al., 2018; Leporq et al., 2018; Tournier et al., 2018;
Billington et al., 2019; De Lombaerde et al., 2019; Hernandez Lozano et al., 2019; Hernandez
Lozano and Langer, 2020). Pharmacokinetic modelling is applied to analyse liver images and
calculate clearances mediated by hepatocyte transporters.
However, these studies rely on liver concentrations but do not quantify concentrations in
extracellular space, hepatocytes, and bile canaliculi (Fig. 1C). Substrate diffusion from sinusoids
governs the extracellular concentrations which can be quantified during the perfusion of
extracellular substrates such as Gadopentetate dimeglumine (DTPA) (Pastor et al., 2003). In
normal rats, hepatocyte concentrations contribute largely to liver concentrations and their
volume represents 78% of liver weight (Blouin et al., 1977). In contrast, concentrations in bile
canaliculi are typically high but the canalicular volume represents only 0.43% of liver weight. In
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liver regions of interest, MRI, SPECT, and PET systems detect from each compartment the in
situ concentrations corrected by the volume ratio between compartment and liver. The sum of
these concentrations are the liver concentrations (Sourbron, 2014). The Sourbron review clearly
explains the difference between in situ substrate concentrations in liver compartments and
concentrations measured by an imaging system.
Previous publications used pharmacokinetic modelling to describe the basolateral and
canalicular transport of substrates in the perfused rat liver (PRL) model (Schwab et al., 1990;

evaluated liver compartments (vascular compartment, interstitium, and accessible water space)
following a bolus injection of three tracers. Sophisticated pharmacokinetic modelling was applied
to describe numerous parameters. In a similar experimental rat model, we demonstrated
previously how influx and efflux across membrane transporters generate the hepatocyte
concentrations of two hepatobiliary substrates used in clinical practice: Gadobenate
dimeglumine (BOPTA) and Mebrofenin (MEB) (Fig. 1A) (Bonnaventure and Pastor, 2015;
Bonnaventure et al., 2019). A gamma counter is placed over a liver lobe to measure liver
concentrations. Rat livers are pre-perfused with DTPA that distributes in sinusoids and the space
of Disse to quantify extracellular concentrations (Fig. 1B). BOPTA and MEB are transported by
Oatps, Mrp2, and Mrp3 but MEB has a much higher hepatocyte influx clearance (CLin) than
BOPTA (Bonnaventure et al., 2019) (Fig. 1C). Concentrations in bile canaliculi detected by the
counter are calculated from bile concentrations obtained in the common bile duct and the
volume ratio of canaliculi to liver.
The aim of this study was to compare BOPTA and MEB concentration distribution in
hepatocytes, extracellular space, and bile canaliculi and calculate concentration ratios between
compartments. Moreover, we analysed the accumulation and decay profiles of hepatocyte
concentrations and described new pharmacokinetic parameters to assess the activity of
membrane transporters.
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Materials and methods
Animals
We perfused normal livers from male Sprague-Dawley rats (n = 12) anesthetised with
pentobarbital (50 mg · kg-1, i.p.). The protocol was carried out in accordance with the Swiss
Guidelines for the Care and Use of Laboratory Animals and was approved by the local animal
welfare committee and the veterinary office in Geneva, Switzerland.

Rat livers were perfused leaving the organs in the carcass (Bonnaventure et al., 2019).
The abdominal cavity was opened and the portal vein cannulated. The hepatic artery was not
perfused. The abdominal vena cava was transected and an oxygenated Krebs-Henseleitbicarbonate (KHB) solution was pumped into the portal vein, the solution being discarded after
liver distribution via a vena cava transection. The flow rate was slowly increased over 1 minute
up to 30 ml/min to prevent injury of sinusoidal cells. In a second step, the chest was opened and
a cannula was inserted through the right atrium to collect solutions flowing from hepatic veins.
Finally, the abdominal inferior vena cava was ligated, allowing solutions perfused by the portal
vein to be eliminated by the hepatic veins.
The perfusion system included a reservoir, a pump, a heating circulator, a bubble trap, a
filter, and an oxygenator. Solutions of perfusate were equilibrated with a mixture of 95% O2 and
5% CO2. Livers were perfused continuously with fresh solutions using a nonrecirculating system
(Fig. 1A). The common bile duct was cannulated with a PE10 catheter and bile samples were
collected every 5 min to measure bile flow rates (Qbile, µl/min/liver) and substrate concentrations
(Cbile, µM). Samples were collected from hepatic veins every 5 min (Cout, µM).
An adequate viability of livers was assessed by a steady portal pressure below 12 mmHg
during the entire protocol. Moreover, MEB bile flow rates remained steady during the entire
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protocol. We previously published that a flow rate of 30 ml/min/liver maintains normal liver O2
consumption (Pastor et al., 1998).

Perfusion of substrates
Rat livers were perfused with either gadopentetate dimeglumine (DTPA; Magnevist®;
Bayer imaging) and gadobenate dimeglumine (BOPTA, MultiHance®; Bracco Imaging) or
Technescan DTPA® (DTPA, b.e.imaging GmbH, Schwyz, Switzerland) and mebrofenin (MEB;

enter into hepatocytes by Oatps and does not diffuse into hepatocytes across the sinusoidal
membrane because no DTPA is measured in bile. BOPTA and MEB distribute in the
extracellular space before being transported into hepatocytes and bile canaliculi or back into
sinusoids. BOPTA and MEB are not metabolised in hepatocytes. Magnevist® and MultiHance®
are MR contrast agents, while Technescan DTPA® and Choletec® are SPECT tracers used in
clinical imaging. In the manuscript, we used substrates as a general terminology. BOPTA and
MEB are transported inside hepatocytes across the sinusoidal membranes by the Oatp
transporters (Fig. 1C) (Planchamp et al., 2004; Ghibellini et al., 2008). The uptake is energydependent but was not well-described in the literature. Once inside hepatocytes, BOPTA and
MEB accumulate according to their transport by Mrp2 and Mrp3 which efflux the substrates into
bile canaliculi and back into sinusoids, respectively (Planchamp et al., 2007; Ghibellini et al.,
2008). These transports are ATP-dependent.
DTPA and BOPTA labelled with

153

Gd were obtained by adding

153

GdCl3 (1 MBq/ml) to

the commercially available (0.5 M) solutions of DTPA and BOPTA. Then, [153Gd]DTPA and
[153Gd]BOPTA were diluted in the KHB solution to obtain a 200-µM concentration. Normal livers
(n = 6) were successively perfused with 200 µM [153Gd]DTPA (10 min), KHB solution (35 min),
200 µM [153Gd]BOPTA (45-75 min, perfusion or accumulation period), and KHB solution (75-105
min, rinse or decay period).
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Additionally, 6 normal livers were perfused with DTPA and MEB. DTPA and MEB (25
mg) were labelled with

99m

Tc (7 and 11 MBq, respectively). [99mTc]DTPA and [99mTc]MEB were

diluted to obtain a 64-µM concentration. Livers were perfused with [99mTc]DTPA (10 min), KHB
solution (35 min), [99mTc]MEB (45-75 min, accumulation period), and KHB solution (75-105 min,
decay period). The protocol period lasted 105 min for each group. We chose to label DTPA and
the hepatobiliary substrate with the same tracer. Indeed, labelling with

99m

Tc requires tethering a

bulky chelating group that might modify the substrate behavior. The presence of free ligand or
153

Gd-labelled substrates was determined by complexometry at pH

5.8, with xylenol orange as indicator (Schmitz et al., 1996). The mass balance was calculated for
each liver to verify the accuracy of the data. We perfused 180 µmol (200 µM at 30 ml/min during
30 min) of BOPTA and recovered this amount in hepatic veins, liver, and bile. For example, in a
normal liver perfused with 180 µmol, we recovered 163.35 µmol in hepatic veins, 14.24 µmol in
bile, and 1.14 µmol in the liver at the end of the protocol. The total amount was 178.73 µmol.
Livers with a recovery < 178 µmol were eliminated.

Substrate concentrations in liver compartments
To quantify substrate concentrations in liver compartments (µM), a gamma counter that
collects count rates every 20 sec was placed 1 cm above the right liver lobe (Fig. 1A). The
counter measured the radioactivity in a region of interest that was identical in each liver. To
transform count rates into substrate concentrations, the total liver radioactivity was measured by
an activimeter at the end of each experiment and related to the last count rates. DTPA, BOPTA,
and MEB concentrations (µM) in the common bile duct and hepatic veins were measured every
5 min with a gamma counter. We considered that 1 g of liver was close to 1 ml. All
concentrations measured in solutions or livers ranged within standard values, but bile samples
had to be diluted. Radioactivity was corrected for decay.
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Calculation of hepatocyte concentrations
The gamma counter delineated a region of interest from which all count rates originating
from the extracellular, bile canaliculi, and hepatocyte compartments were divided by the liver
weight to obtain liver concentrations (Cliver, µM). To calculate hepatocyte concentrations, BOPTA
liver concentrations were corrected for concentrations in the extracellular space (CEC) and bile
canaliculi (CBC). BOPTA extracellular concentrations cannot be measured because the substrate
rapidly enters into hepatocytes (< 2 min). Therefore, BOPTA CEC was estimated by DTPA Cliver

close molecular structures and are labelled with the same tracer. The concentrations were
constant during the 10-min perfusion. From BOPTA Cliver - CEC, we subtracted the concentrations
originating from bile canaliculi. Assuming that the in situ concentrations of bile canaliculi were
similar to those measured in the common bile duct (Cbile, µM), the concentrations measured by
the counter (CBC, µM) are defined by 0.0043 • Cbile. The volume ratio of bile canaliculi to liver
(0.0043) was previously estimated by Blouin et al. (Blouin et al., 1977) in rat liver biopsy. Finally,
hepatocyte concentrations (CHC78%) detected by the counter were Cliver - CEC - 0.0043 • Cbile.
Assuming that the volume ratio of hepatocytes to liver was 0.78 (Blouin et al., 1977), to obtain
the in situ concentrations in hepatocytes (CHC100%), we multiplied CHC78% by 100/78.

Transfer rates and clearances between compartments
The substrate removal rate from sinusoids over time [v, nmol/min] were measured by QH
• (Cin - Cout), where QH is the constant liver perfusate flow rate (30 ml/min), Cin (µM) is the
constant portal concentration, and Cout (µM) is the concentration in hepatic veins. The unbound
fraction in solutions was 1 because no protein was added. Hepatic clearance (CLH, ml/min) was
the ratio of v and Cin during the last min of perfusion. BOPTA and MEB extraction ratio (ER) was
(Cin - Cout)/Cin.
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The biliary excretion rate (vbile, nmol/min) was Cbile • Qbile, where Cbile (µM) was the
concentration in the common bile duct and Qbile the bile flow rate (µL/min/liver weight). The
clearance from hepatocytes to bile canaliculi

(CLbile, ml/min) was the slope of the linear

regression between vbile (Y-axis) and CHC (X-axis) measured during the accumulation and decay
periods.
During the rinse period, substrate concentrations measured in hepatic veins (C out) were
substrate that effluxed from hepatocytes, the portal vein being perfused with a KHB solution

QH, and basolateral efflux clearance (CLef, ml/min) was the slope of linear regression between
vef (Y-axis) and CHC (X-axis).
During the perfusion period, Cout measured both substrate that returned into sinusoids
after previous entry into hepatocytes and substrate that did not enter into hepatocytes. To
measure concentrations that efflux from hepatocytes (Cef) during this period, we used the
equation (CHC • CLef)/QH. During the last min of perfusion, the hepatocyte influx rate of
substrates (vin) was defined by [Cin - (Cout - Cef)] • QH and was higher than the removal rate from
sinusoids (v) defined by (Cin - Cout) • QH. Hepatocyte influx clearance CLin (ml/min) was vin/Cin.

Accumulation profile of substrates in hepatocytes
Hepatocyte accumulation was best described by non-linear regression (or hinge function)
obtained from GraphPad Prism version 8, GraphPad Software, La Jolla California, USA (Hinge
function, 2021) (Fig. 3C). The equation describes a first line L1 that characterises BOPTA and
MEB influx into hepatocytes. A second line L2 is described when BOPTA and MEB efflux from
hepatocytes decreases the accumulation rates of substrate. The equation precisely calculates
the time (T0) when efflux back to sinusoids and biliary excretion impacts the accumulation
profile, changing the slope of L1. The hinge function is a segmental linear regression with a
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gentle curve connecting L1 and L2. This gentle connection is linked to a slow increase of vbile +
vef (see Fig. 3A and B).

Concentration ratios (R) between compartments
In in vivo studies, only liver to plasma concentration ratios are available. However,
concentrations facing the basolateral membrane of hepatocytes where Oatps reside are the
extracellular concentrations because the space of Disse intertwines between sinusoids and the

characterises influx into hepatocytes. RHC/EC was measured at T0 before the time when substrate
cellular efflux began to impact CHC. The bile to hepatocyte concentration ratio (Rbile/HC) was the
slope of the relationship between Cbile (Y-axis) and CHC (X-axis) during the accumulation and
rinse periods. Rbile/HC is independent of substrate influx into hepatocytes. The hepatic vein to
hepatocyte ratio (RHV/HC) was the slope of the relationship between Cout (Y-axis) and CHC (X-axis)
during the rinse period. RHV/HC estimates Mrp3 transport and is independent of substrate influx
into hepatocytes. Finally, the bile to extracellular concentration ratio (Rbile/EC) assessed the ability
of transporters to concentrate substrates from the extracellular space to the bile compartment.
Rbile/EC was measured at the end of the perfusion period, when bile concentrations were
maximal. Hepatocyte concentrations used in the ratios were in situ concentrations.

Decay profile of hepatocyte concentrations
During the decay period, we compared one-phase and two-phase decay using the
Akaike’s Information Criterion (GraphPad Prism version 8, GraphPad Software, La Jolla
California, USA). The plateau was constrained to 0 because BOPTA and MEB exit from
hepatocytes. Data were best described by a two-phase decay (Two phase decay, 2021),
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consisting of two components working simultaneously and defined by rate constants kfast,HC and
kslow,HC (min-1) with initial Y values (Y0,fast and Y0,slow).
Statistics
Data represent mean ± SD. Parameters from livers perfused with BOPTA and MEB were
compared with a Mann-Whitney test (GraphPad Prism version 8, GraphPad Software, La Jolla
California, USA).

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

DMD Fast Forward. Published on October 20, 2021 as DOI: 10.1124/dmd.121.000546
This article has not been copyedited and formatted. The final version may differ from this version.

16

Results
Basic parameters during the accumulation period
At the end of the accumulation period, the liver extraction ratio (ER) of MEB was 0.93 ±
0.03 while BOPTA ER was 0.08 ± 0.01, P = 0.002 (Fig. 2A). MEB Cout was 5 ± 2 µM when the
portal concentration (Cin) was 64 µM, while BOPTA Cout (185 ± 3 µM) remained slightly lower
than the perfused concentrations (200 µM, Table 1). BOPTA is a choleretic substrate (bile flow
rates increased to a plateau during substrate perfusion), while MEB is not choleretic (Fig. 2B).

BOPTA and MEB accumulated in liver compartments during the perfusion period.
Distribution in the extracellular compartment was steady over the period (Fig. 2C and D). MEB
CEC was low ( 1% of liver concentrations) and therefore did not interfere appreciably with liver
concentrations (Table 1), while BOPTA CEC (62 ± 20 µM) contributed to 10% of liver
concentrations throughout the period. Concentrations detected by the counter in bile canaliculi
(CBC) contributed to liver concentrations for both substrates. At the end of the perfusion period,
CBC were 72 ± 9 µM (BOPTA) and 417 ± 49 µM (MEB) (P = 0.002, Table 1).

Accumulation profile of BOPTA and MEB concentrations in hepatocytes
Influx rates (vin) increased rapidly 5 min after the start of perfusion for both substrates
(Fig. 3A and B). High vin was maintained during the perfusion period for MEB which has a liver
extraction of 0.93 but not for BOPTA which has a low (0.08) liver extraction. The hepatocyte
accumulation profiles relied on the concomitant influx (vin) and efflux (vbile + vef) rates. Steady
state was not reached at the end of the substrate perfusion and vin remained higher than vbile +
vef for both substrates (Table 1). At the end of the perfusion, CLin was 2.8 ± 0.4 ml/min (BOPTA)
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and 28.1 ± 0.8 ml/min (MEB, P = 0.002). CLH was lower than CLin for both substrates because
vin was calculated by [Cin - (Cout - Cef)] • QH (Table 1).

BOPTA and MEB hepatocyte accumulation was best described by a hinge function (Fig.
3C). This function defined a first line L1 for time below T0 and a second line L2 for time higher
than T0, while ensuring that the two lines intersected at T0. The first and high accumulation
phase lasted less than 5 min. T0 occurred at 4.3 ± 1.0 min (BOPTA) and 3.9 ± 1.4 min (MEB)
after the start of substrate perfusion (P = 0.54, Table 2). Before T0, the L1 slope characterises

µM/min (MEB, P = 0.004). After T0, the accumulation rates decreased and the L2 slopes were
much lower than L1 slopes (BOPTA: 10 ± 3 µM/min and MEB: 24 ± 6 µM/min). Concomitant
entry and efflux from hepatocytes were responsible for the low L2 slopes. The hinge from L1 to L2
was smooth. A steady increase in biliary excretion and basolateral efflux rates explained the
smoothness (Fig. 3C). Five min after the start of substrate perfusion, bile concentrations were
higher than 2,000 µM in both groups (Fig. 3D).

Concentration ratios (R) between liver compartments
The MEB concentration ratio between hepatocytes and extracellular space (RHC/EC) at T0
was higher than BOPTA RHC/EC (33 ± 19 vs. 4 ± 2, respectively) (Table 1, P = 0.002). The bile to
hepatocyte concentration ratio (Rbile/HC) was slightly higher for MEB (45 ± 12) than BOPTA (31 ±
6, P = 0.03). In contrast, the concentration ratio between sinusoids and hepatocytes (RHV/HC) was
more than an order of magnitude higher for BOPTA than MEB. Finally, the maximal
concentration ratio between bile and extracellular space (Rbile/EC), which was measured at the
end of the perfusion period, was approximately an order of magnitude higher for MEB than
BOPTA (Table 1).

Decay profile of hepatocyte concentrations and efflux clearance values
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During the decay period, hepatocyte concentrations were best described by a two-phase
decay (Fig. 4A), consisting of two components working simultaneously and defined by rate
constants kfast,HC and kslow,HC (min-1) with initial Y values (Y0,fast and Y0,slow). BOPTA kfast,HC (0.25 ±
0.19 min-1) and MEB kfast,HC (0.21 ± 0.02 min-1) were not significantly different (P = 0.39). BOPTA
kslow,HC (0.044 ± 0.007 min-1) was higher than MEB kslow,HC (0.016 ± 0.004 min-1, P = 0.004).
BOPTA and MEB clearance from hepatocytes to bile canaliculi (CLbile) was determined
by the slope of the linear regression between vbile (Y-axis) and CHC (X-axis) (Fig. 5A and 5B).

0.009). For both substrates, CLbile measured during the rinse and perfusion periods was similar.
BOPTA and MEB basolateral efflux clearance (CLef) was measured during the rinse period by
the slope of the linear regression between vef (Y-axis) and CHC (X-axis) (Fig. 5C and 5D).
BOPTA CLef (0.18 ± 0.03 mlHC/min was significantly higher than MEB CLef (0.01 ± 0.01 mlHC/min,
P = 0.002).
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Discussion
The PRL includes a gamma counter that mimics an imaging system to measure liver
concentrations. With this technique, we are able to differentiate in situ concentrations that
govern transporter function from concentrations detected by the counter. Thus, at the end of the
accumulation period, MEB in situ concentrations in bile canaliculi (Cbile) are 97,017 ± 11,289 µM
while the concentrations detected by the counter (CBC) are 417 ± 49 µM or Cbile • 0.0043. The
extracellular concentrations facing Oatps are measured by DTPA pre-perfusion. Hepatocyte

correction is applied to obtain the in situ CHC which is the concentration facing Mrp2 and Mrp3.
The

liver

ER

influences

the

compartmental

distribution

of

substrates.

Extracellular

concentrations do not contribute appreciably to MEB liver concentrations, which rely mainly on
hepatocytes and bile canaliculi. In contrast, all three compartments contribute to BOPTA liver
concentrations.
Besides compartmental distribution, the PRL assesses BOPTA and MEB transport
across hepatocytes by calculating concentration ratios between compartments. BOPTA and
MEB Oatp transport was quantified by several parameters such as the hepatocyte to
extracellular concentration ratio (RHC/EC) at T0, before efflux out of cells impacts CHC. RHC/EC was
higher than the commonly available liver to portal vein ratio because CEC concentrations were
lower than portal vein concentrations. The value of T0 (~4 min) was similar for BOPTA and MEB.
Typically, the time when the substrate efflux out starts to impact CHC is independent of the liver
extraction ratio. Five min after the start of the perfusion, BOPTA and MEB bile concentrations
were measurable. Another way to assess BOPTA and MEB influx into hepatocytes is to
compare the L1 slope given by the equation that describes the accumulation profile. Similar to
RHC/EC, the MEB L1 slope was much higher than the BOPTA L1 slope, as anticipated by the high
ER of MEB. When time is > T0, the hepatocyte accumulation rate (L2 slope) is much lower than
the L1 slope because BOPTA and MEB efflux out of cells. The hepatic (CLH) and influx (CLin)
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clearances were quantified at the end of the perfusion period. At that time, steady state was not
reached and vin remained higher than vbile + vef. To calculate vin, we must estimate Cef during
the perfusion period. We assume that CLef is similar during the perfusion and rinse periods. CLH
and CLin were much higher for MEB than BOPTA.
To quantify BOPTA and MEB Mrp2 transport, we measured the bile to hepatocyte
concentration ratio (Rbile/HC), which is independent of substrate entry into hepatocytes. Rbile/HC is
the slope of the relationship between Cbile and CHC and was quantified during the entire protocol.

associated with water transport (choleresis), while MEB is not. The increased water content in
bile canaliculi decreased BOPTA concentrations and underestimated its transport by Mrp2. This
water permeability linked to Mrp2 results from the trafficking and insertion of aquaporin-8containing vesicles into the canalicular membrane (Marinelli et al., 2019; Marrone et al., 2021).
The BOPTA-induced choleresis is concentration-dependent and is not observed in livers lacking
Mrp2 (Millet et al., 2011). Similar results were published with benzylpenicillin (Ito et al., 2004). In
contrast, BOPTA and MEB clearance from hepatocytes to bile canaliculi (CLbile, mlHC/min) was
independent of bile volume. CLbile was calculated as the slope of the linear regression between
vbile and CHC. BOPTA CLbile was approximately 2 times higher than MEB CLbile.

The BOPTA and MEB hepatic vein to hepatocyte concentration ratio (RHV/HC) was
calculated during the rinse period. The ratio is independent of substrate influx. RHV/HC is much
lower than Rbile/HC for both substrates and MEB RHV/HC is more than 10 times lower than BOPTA
RHV/HC. BOPTA and MEB basolateral clearance (CLef, mlHC/min), a measure of Mrp3 transport,
was estimated from the slope of the linear regression between vef and CHC. MEB CLef was more
than 10 times lower than BOPTA CLef. Thus, MEB is not extensively transported by Mrp3. In
contrast, BOPTA efflux by Mrp3 back to sinusoids contributes significantly to the decrease in
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hepatocyte concentrations. Such results were previously published (Ghibellini et al., 2008;
Bonnaventure et al., 2019).
BOPTA and MEB Mrp3 and Mrp2 transport was also quantified by a two-phase decay
with a plateau constrained to 0 because BOPTA and MEB have to leave hepatocytes.
Physiologically, this may represent two groups of hepatocytes (with low and high concentrations)
working simultaneously and defined by rate constants kfast,HC and kslow,HC (min-1) (Two phase
decay, 2021). We hypothesise that hepatocytes with high concentrations might be located in the

2018) (Akanuma et al., 2019). Interestingly, kfast,HC was similar for BOPTA and MEB. However,
questions remain on the interpretation of these parameters related to the decrease in hepatocyte
concentrations.
The PRL is an interesting model to quantify the compartmental distribution of substrates,
the concentration ratios between liver compartments, and hepatocyte influx and efflux clearance
values. We clearly show that MEB has a higher Oatp-mediated CLin than BOPTA but CLbilemediated by Mrp2 is higher for BOPTA than MEB. MEB is not transported appreciably by Mrp3,
while BOPTA transport back to sinusoids contributes to the decrease in hepatocyte
concentrations. Besides the classical concept of plasma concentration decay, cellular
concentrations are important to investigate when transporter-dependent drugs target
hepatocytes. Low concentrations on cellular targets may impair therapeutic effects, while
excessive hepatocyte concentrations may induce cellular toxicity. We show how the
interpretation of hepatocyte concentrations is complex because it relies on three independent
processes involved in hepatobiliary disposition: basolateral uptake, basolateral efflux, and biliary
excretion, which are dependent on membrane transporters. With this in situ model, we showed
previously how rifampicin modified BOPTA and MEB hepatocyte concentrations by modifying
clearance parameters (Bonnaventure et al., 2019).
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The concentration ratios we quantify are different from the classical liver to plasma
concentration ratio (Riccardi et al., 2017; Riede et al., 2017; Guo et al., 2018). We used the
hepatocyte to extracellular space ratio because concentrations facing the basolateral membrane
of hepatocytes where Oatps reside, are the extracellular concentrations. The space of Disse
intertwines between sinusoids and the basolateral membrane. Moreover, the time of
measurement is important, especially for influx parameters that are measured before T0 (defined
as the time when substrate efflux impacts hepatocyte concentrations).

hepatocytes because perfused solutions do not contain protein. The hepatic artery is not
perfused. BOPTA and MEB are not metabolised in hepatocytes. Both substrates have a low
protein binding in cells and bile that do not interfere with the concentrations and the transfer
rates measured (Cavagna et al., 1997; Ghibellini et al., 2008). An important assumption is that
the region of interest measured by the counter is representative of the entire liver. Because our
main interest was to measure hepatocyte concentrations, we did not determine the volume of
distribution of hepatocytes and bile canaliculi. We used values published in the literature. It is
clear that changing these volume ratios modifies the pharmacokinetic parameters. If the volume
of hepatocytes to liver is lower, CHC100% would increase while CLbile and CLef would decrease.
In conclusion, our ex-vivo model quantifies substrate compartmental distribution and
transport across hepatocyte membranes and provides an additional understanding of drug
distribution in the liver.
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Figure legends

Fig. 1. A. Perfused rat liver (PRL). Livers were perfused with a nonrecirculating system. Liver
flow rate (QH) was 30 ml/min. Portal concentrations (Cin) were constant during substrate
perfusion: 200 µM (BOPTA) and 64 µM (MEB). Hepatic vein concentrations (C out) were
collected. Bile concentrations (Cbile) and bile flow rate (Qbile) were measured in the common bile
duct. A gamma counter placed over a right liver lobe recorded liver concentrations (Cliver). B.

Henseleit bicarbonate (KHB) solution + 200 µM [153Gd]DTPA, KHB, KHB + 200 µM
[153Gd]BOPTA, and KHB. During BOPTA perfusion, DTPA concentrations were reported (***). C.
BOPTA and MEB transport by Oatp, Mrp2, and Mrp3. Hepatocyte influx rate (vin); Bile excretion
rate (vbile); Basolateral efflux rates back to sinusoids (vef). Cout included substrates that did not
enter into hepatocytes (black points) and those that entered and returned to sinusoids (brown
asterisks). Substrates eliminated into bile canaliculi (red points). Extracellular concentration
(CEC).

Fig. 2. A. BOPTA and MEB liver extraction ratios. B. Bile flow rates (Q bile) measured during
BOPTA and MEB perfusion. C. Compartmental distribution of BOPTA in normal livers (n = 6)
perfused with Krebs-Henseleit bicarbonate solution (KHB) + 200 µM [153Gd]BOPTA (45-75 min)
D. Compartmental distribution of MEB in normal livers (n = 6) perfused with KHB + 64 µM
[99mTc]MEB (45-75 min). Liver concentrations (black symbols) were measured by a gamma
counter. Concentrations in extracellular compartment (red symbols) were measured during the
previous DTPA perfusion. Concentrations that originate from the bile canaliculi (blue symbols)
and from hepatocyte volume (green symbols) were calculated.
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Fig. 3. BOPTA (A) and MEB (B) hepatocyte influx rate (vin, left Y-axis, black circles) and bile
excretion rate (vbile) plus basolateral efflux rate (vef) (right Y-axis, open circles) during
accumulation period (45-75 min). Normal livers (n = 12) were perfused with Krebs-Henseleit
bicarbonate solution (KHB) + 200 µM [153Gd]BOPTA or KHB + 64 µM [99mTc]MEB. Difference
between vin and vbile + vef (grey area). C. Accumulation of BOPTA and MEB hepatocyte
concentrations (from 45 to 75 min of the experimental protocol). Accumulation was best
described by a hinge function (red curve) defined by 2 lines with a gentle connection between

concentrations. D. Bile concentrations measured 5 min after the start of substrate perfusion
(time 50 min of the experimental protocol).

Fig. 4. A. BOPTA and MEB hepatocyte concentrations during the decay period (75 - 105 min)
when livers were perfused with Krebs-Henseleit bicarbonate solution (rinse period). The decline
in concentrations was best described by a two-phase decay (red curves). B. BOPTA and MEB
bile concentration decay.

Fig. 5. BOPTA (A) and MEB (B) clearances from hepatocytes to bile canaliculi (CLbile, mlHC/min).
CLbile was the slope of the linear regression between vbile and CHC during the accumulation and
decay periods. BOPTA (C) and MEB (D) basolateral efflux clearances (CLef, mlHC/min). CLef was
the slope of linear regression between vef and CHC during the rinse period.
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Table 1. Concentrations, transfer rates, and clearance values
Imaging substrates
Concentrations [µM]

BOPTA

MEB

P

64
5±2
2,486 ± 362
32 ± 7
2,036 ± 389
2,610 ± 498
417 ± 49
97,017 ± 11,289

0.002
0.002
0.004
0.002
0.002
0.002
0.002

464 ± 80
561 ± 81
390 ± 84
97 ± 7

1,797 ± 61
1,819 ± 54
990 ± 166
22 ± 8

0.002
0.002
0.002
0.002

2.3 ± 0.4
2.8 ± 0.4

27.8 ± 0.9
28.1 ± 0.8

0.002
0.002

0.89 ± 0.25

0.47 ± 0.15

0.009

0.01 ± 0.01
0.5 ± 0.1

0.002
0.004

33 ± 19
45 ± 12
0.0003 ± 0.0001
3218 ± 1109

0.002
0.03
0.002
0.002

End of perfusion period

End of perfusion period
v
v in
vbile
[nmol/min)(nmol/min)
v
ef

(nmol/min)
Clearance parameters
[nmol/min]
End
of perfusion period
CLH [mlKHB/min]
CLin [mlKHB/min]
Perfusion and rinse periods

CLbile [mlHC/min]
Rinse period

CLef [mlHC/min]
0.18 ± 0.03
CLbile + CLef
1.1 ± 0.3
[mlHC/min]
Concentration ratios (R)
RHC/EC
4±2
Rbile/HC
31 ± 6
RHV/HC
0.006 ± 0.001
Rbile/EC
299 ± 111

Concentrations in portal vein (Cin), hepatic veins (Cout), extracellular space (CEC), bile
(Cbile), and liver (Cliver). Concentrations measured by the counter in hepatocytes (CHC78%)
and bile canaliculi (CBC). CHC100% is CHC78% multiplied by 100/78. Substrate removal rate
from sinusoids (v), hepatocyte influx rate (vin), bile excretion rate (vbile), and efflux rate
back into sinusoids (vef). Hepatocyte to extracellular concentration ratio (RHC/EC) were
measured at T0 in the absence of hepatocyte efflux. Bile to hepatocyte concentration ratio
(Rbile/HC) was the slope of the relationship between CHC (X-axis) and Cbile (Y-axis) during
the perfusion and rinse periods. Hepatic vein to hepatocyte concentration ratio (RHV/HC)
was the slope of the relationship between CHC (X-axis) and Cef (Y-axis) during the rinse
period. Bile to extracellular concentration ratio (Rbile/EC) was the maximal ability of
transporters to concentrate substrates from the EC to bile compartment at the end of the
perfusion period. CLH (hepatic clearance), CLin (hepatocyte influx clearance), CLef
(basolateral clearance) and CLbile (clearance from hepatocytes to bile canaliculi) were
expressed in mlKHB/min or mlHC/min. Hepatocyte (HC) and Krebs-Henseleit Bicarbonate
solution (KHB).
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200
Cout
185 ± 3
Cliver
574 ± 88
CEC
62 ± 20
CHC78%
441 ± 78
CHC100%
566 ± 99
CBC
72 ± 9
Cbile
16,791 ± 2,085
Transfer rates [nmol/min]
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Table 2. BOPTA and MEB hepatocyte accumulation and decay
BOPTA

MEB

P

4.3 ± 1.0
70 ± 15
10 ± 3

3.9 ± 1.4
425 ± 82
24 ± 6

0.54
0.004
0.004

588 ± 89
327 ± 61
0.25 ± 0.19
3.2 ± 1.6
235 ± 55
0.044 ± 0.007
16 ± 3
6.4 ± 3.4

2731 ± 499
1723 ± 328
0.21 ± 0.02
3.3 ± 0.3
1008 ± 308
0.016 ± 0.004
48 ± 17
14.5 ± 4.5

0.002
0.004
0.39
0.66
0.004
0.004
0.004
0.02

Hepatocyte accumulation was best described by a hinge function that included a first
line L1 for time below T0 and a second line L2 for time higher than T0. T0 was the time
when the two lines would intersect if there were no curve connecting them. Before T0,
L1 slope characterised BOPTA and MEB influx by Oatps. After T0, accumulation rates
decreased due to concomitant entry and efflux from hepatocytes. During decay,
hepatocyte concentrations were best described with a two-phase decay model. The
model was the sum of 2 components working simultaneously and defined by rate
constants kfast,HC and kslow,HC and starting Y values (Y0,fast and Y0,slow). For each liver, Y0
is Y0,fast + Y0,slow.
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Imaging substrates
Accumulation
T0 [min]
L1 slope [µM/min]
L2 slope [µM/min]
Decay
Y0 [µM]
Y0,fast [µM]
kfast [min-1]
T1/2fast [min]
Y0,slow [µM]
kslow [min-1]
T1/2slow [min]
Rate constant ratio
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