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Abstract--Using the isolated perfused rat liver technique we examined whether the accumulation and 
sinusoidal efflux processes of the organic anion dibromosulfophthalein (DBSP) are dependent on the 
intracellular ATP content, chloride concentration in the perfusion medium as well as temperature of 
the medium and whether they are mediated by the same or by separate carder mechanisms. The net 
sinusoidai efflux rate, being the resultant of sinusoidal efflux and re-uptake, was decreased more than 
50% after lowering the medium temperature from 37 to 26 ° indicating that the efflux process is carder. 
mediated. The uptake rate was decreased only 18% after lowering the medium temperature to 26*. 
Lowering of the hepatic ATP content for more than 80% clearly decreased the DBSP uptake rate but 
not the sinusoidal efflux rate. These observations indicate that these opposing transport steps probably 
are mediated by two separate carriers. Additional evidence for this hypothesis originated from the 
observation that sinusoidal efflux of DBSP was decreased about 30% whereas hepatic uptake of the 
substrate remained unaltered after replacing chloride in the perfusion medium with gluconate. In 
summary, we conclude that uptake and sinusoidal efflux of DBSP are mediated by two separate carder 
systems that are influenced differently by ATP depletion, temperature lowering and presence of CI- 
gradients. 

Uptake of organic anions by the liver is a powerful 
transport process since even very highly albumin 
bound compounds are efficiently removed from the 
general circulation [1,2]. Transport across a 
membrane can in principle occur by passive 
permeation of the lipoid structure or can be carrier- 
mediated. Furthermore, carrier-mediated transport 
can be either passive or active. In the latter case 
transport is indirectly (via ion-gradients) or directly 
(via ATP) coupled to intracellular energization 
(secondary and primary active transport, respect- 
ively). 

Many studies have addressed the nature of the 
hepatic uptake process of organic anions like 
tetrabromosulfophthalein (BSPt) and its dibromo 
analogue dibromosulfophthalein (DBSP). Accumu- 
lating evidence indicates that hepatic transport of 
these diagnostic dyes is carrier-mediated: uptake of 
BSP and DBSP in isolated hepatocytes was shown 
to be saturable [3, 4] and temperature sensitive 
[3,5]. Uptake of both BSP and DBSP into 
hepatocytes is competitively inhibited by ICG [3, 4]. 
In addition, countertransport has been shown for 
BSP in vivo [6] and in isolated hepatocytes [7]. This 

* Corresponding author: H. M. J. Nijssen, Department 
of Pharmacology and Therapeutics, University Center for 
Pharmacy, Groningen University, Antonius Deusinglaan 
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t Abbreviations: BSP, tetrabromosulfophthalein; 
DBSP, dibromosulfophthalein; CCCP, carbonylcyanid 
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HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic 
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latter phenomenon also reflects the bidirectional 
character of the membrane transport. 

As with respect to the energization and ion- 
dependency of the uptake process there is little 
agreement in the current literature. Uptake of BSP 
was not substantially affected by metabolic inhibitors 
like KCN, 2,4-dinitrophenoi and rotenon [4, 7, 8] 
whereas in another study [5] sodium azide and 2- 
deoxyglucose decreased both uptake and efflux of 
the dye in short-term cultured hepatocytes. For 
DBSP uptake, one study showed that dinitrophenol 
or KCN had no effect on uptake, whereas in the 
same study this transport step could be inhibited 
by using carbonylcyanid m-chlorphenylhydrazone 
(CCCP) or antymicin A [3]. Yamazaki et al. [8] 
showed that the ATP depleting agents rotenon, 
carbonylcyanide- p - trifluoromethoxyphenylhydra- 
zone (which is related to CCCP) and sodium azide 
reduced the uptake of DBSP in isolated hepatocytes 
for 60% while surprisingly uptake of BSP was 
unaffected. 

Studies in liver sinusoidal vesicles and short-term 
cultured hepatocytes suggested some relationship of 
BSP uptake to that of chloride by an as yet not 
clarified anion-exchange mechanism or a CI-- 
modulating mechanism [5, 9, 10]. Both uptake and 
excretion of the anion were decreased after CI- 
substitution [5]. 

Following uptake into the hepatocytes organic 
compounds can be metabolized and excreted into 
the bile or back into the blood stream. The transport 
of some organic anions into the bile canalieulus 
is very likely carrier-mediated. This has been 
demonstrated in interaction studies in oivo and was 

1997 



1998 H. M. J. NIJSSEN et al. 

confirmed in studies using canalieular membrane 
vesicles [11-14]. The c'analicular excretion of (D)BSP 
and dinitrophenyl-glutathione was shown to be ATP 
dependent [3, 5, 15, 16]. So far, only limited studies 
have addressed the nature of the sinusoidal efflux 
process for organic anions [16-19]. Carrier-mediated 
transport for glutathione, harmol-sulfate and di- 
nitrophenyl-glutathione was inferred from studies by 
Ookhtens et al. [18], de Vries et al. [17] and Oude 
Elferink et al. [16]. Due to its relatively high 
hydrophilicity and the presence of at least two 
strongly acidic functional groups in the molecule, 
carrier-mediated sinusoidal efflux of DBSP is very 
likely. 

The aim of the present study was to elucidate the 
nature of the hepatic sinusoidal efflux of the organic 
anion DBSPwith respect to temperature dependency, 
energization of the overall sinusoidal efflux process 
and the dependency on chloride, and to compare it 
with the uptake process in order to find out whether 
uptake and efflux are mediated by the same or by 
separate carder mechanisms. 

MATERIALS AND METHODS 

Animals 

Male Wistar rats weighing from 231 to 278 g were 
kept in a controlled environment with a 12-hr dark- 
light cycle. The animals were fasted overnight before 
surgery. 

Chemicals 

3,6-Dibromosulfophthalein (DBSP) was obtained 
from Societ6 d'Etudes et de Recherches Biologiques 
(Paris, France). BSA was from Organon Teknika 
(Boxtel, The Netherlands). Dextran T-70 (DT-70), 
mean molecular weight 70 kDa, was from Pharmacia 
(Uppsala, Sweden). All other chemicals were of 
analytical grade and obtained from commercial 
s o u r c e s .  

Isolated perfused rat liver 

The surgical technique and design of the perfusion 
apparatus used in these studies was essentially the 
same as described previously* [20]. 

Temperature dependency. In the perfusion experi- 
ments which were used to study the temperature 
dependency of the net sinusoidal efflux we preloaded 
isolated perfused rat livers with DBSP. Livers were 
perfused single pass using periusion medium 
containing no BSA but 2% (w/v) DT-70 in order to 
partly restore colloid-osmotic pressure. After a 
stabilization period of 30 rain, livers were preloaded 
with 26.7/zmol DBSP per kg body weight by infusing 
the dye into the portal vein tubing as a solution of 
0.797mM in Krebs--Henseleit containing 10raM 
HEPES, pH 7.4 at a rate of 0.94 mL/min. At the 
end of this period medium was rapidly changed 
to Krebs--Henseleit bicarbonate buffer having a 
temperature of 26 ° or 37 ° (control experiments) and 
containing l l . l m M  D(+)-glucose, 1.95% DT-70 
(w/v) and 7.5/~M BSA. We measured the net 

* Nijssen HMJ, Pijning T, Meijer DKF and Groothuis 
GMM, Influence of albumin on the net sinusoidal efflux 
of the organic anion dibromosulfophthalein from rat liver. 
Hepatology, submitted. 

sinusoidal efflux rate in perfusate at regular intervals 
during the 45 min efflux period. Experiments that 
were used to study the temperature dependency of 
the uptake process were performed as described for 
ATP dependency control experiments except that 
the temperature of the perfusion medium during 
DBSP infusion was 26 °. 

A T P  dependency. Isolated perfused rat livers were 
used to examine the ATP dependency of both 
hepatic uptake and sinusoidal efflux of DBSP. 
Hepatic uptake: After stabilizing livers for 30 min 
with Krebs-Henseleit bicarbonate buffer containing 
2% DT-70 (w/v) and no albumin, ATP was depleted 
by perfusing livers single pass for 15 rain with 
medium containing 11.1 mM D(-- )-fructose, 2% DT- 
70 (w/v) and 10/~M CCCP (an uncoupler of the 
oxidative phosphorylation) or 10 rain with the same 
medium without CCCP. In the control experiments 
CCCP was omitted from the perfusion medium and 
fructose was replaced by D(+)-glucose. Subsequent 
to the depletion period we determined the uptake 
of DBSP by measuring the initial extraction of DBSP 
infused at a final medium concentration of 
24.0-+ 1.50/~M (mean-+ SD, N = 8). Perfusate 
sampled from 20 to 30 sec after initiation of the 
DBSP infusion was used to determine the initial 
extraction (which is a measure for uptake). In all 
experiments, including the control experiments, bile 
duct was ligated after stabilizing the livers because 
during ATP depletion bile flow strongly decreases. 
Sinusoidal efflux: The ATP dependency of the 
sinusoidal efflux was studied after preloading rat 
livers as described for the temperature dependency 
studies of the net sinusoidal efflux process. 
Subsequently, the bile duct was ligated and ATP 
was depleted as was done in the uptake experiments. 
We previously showed* that sinusoidal efflux can be 
studied best at high albumin concentration in the 
per/usion medium. Under this condition re-uptake 
of ligand excreted into the medium is relatively low 
due to very high protein binding. Therefore, we 
measured initial sinusoidal efflux rate for 10 sec in 
perfusate containing 600 ~M BSA. The ATP content 
in liver was determined directly after perfusate 
sampling as described under analytical procedures. 

Chloride dependency. Similarly as for ATP 
dependency, we used separate experimental settings 
in order to study the chloride dependency of both 
the hepatic uptake and sinusoidal efflux of DBSP. 
Initial extraction: Initial extraction was measured 
after a 30 min stabilization period and a subsequent 
2 min chloride depletion period during which time 
livers were perfused with medium in which all 
chloride salts were replaced by the corresponding 
gluconate salts. Gluconate salts were used as it has 
been described previously that this substitution did 
not alter oxygen consumption, perfusion pressure or 
enzyme release whereas the reduction in bile flow 
and membrane potential was reversible [19]. 
Perfusate sampled from 20 to 30 sec after subsequent 
initiation of the DBSP infusion was used to determine 
the initial extraction. Sinusoidal efflux: Sinusoidal 
efflux was measured in perfusate containing 600/~M 
BSA after preloading livers with DBSP (as described 
for the ATP dependency studies) and subsequent 
chloride depletion as described above. In both 
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Fig. 1. Typical curve of the net sinusoidal efflux rate of 
DBSP after preloading and subsequent single pass perfusion 
with medium having a temperature of 26* (0). Bars in 
control experiments [37* (O)] denote SD of four experiments 

(only shown when exceeding size of symbols). 

procedures chloride in perfusate was measured as 
described under analytical procedures. 

In all perfusion experiments described so far, flow 
rate was established at 3.5 mL/min/g  liver at a 
pressure of 7-15 c m  H 2 0 .  The pH of the perfusion 
medium was maintained between 7.35 and 7.48 by 
slightly altering the pCO2. DBSP was determined as 
described below. 

Analytical procedures 
Perfusate samples were assayed for DBSP by 

adding 3.5% (v/v) 2 N NaOH, 126 mM Na2EDTA 
and measuring absorption at 575 nm on a Philips PU 
8700 spectrophotometer. 

ATP was extracted from liver pieces excised and 
snap-frozen in liquid nitrogen directly after perfusate 
sampling. ATP was extracted using a solution of 7% 
perchloric acid and 40% ethanol (v/v) and was 
determined fluorimetrically as previously described 
[21]. Measurements of ATP were carded out with 
both internal and external standards. 

Chloride concentration in perfusate samples was 
determined potentiometrically [22]. 

RESULTS 

We measured the net sinusoidal efflux rate after 
preloading the liver with DBSP and subsequent 
lowering of the perfusion medium temperature. The 
net sinusoidal efflux rate is the resultant of actual 
sinusoidal efflux and subsequent re-uptake of ligand 
secreted into the sinusoids. Figure 1 shows a typical 
curve of the net sinusoidal efflux rate using perfusion 
medium having a temperature of 26*. 

It is obvious that the net sinusoidal efflux rate 
is considerably lowered compared to control 
experiments in which the efflux medium temperature 
was 37". All triple replicate experiments performed 
showed a pronounced decrease in net sinusoidal 
efflux rate after lowering the medium temperature, 
the inhibition ranging from 52 to 82%. In addition 

to a decrease in net sinusoidal efflux rate, the biliary 
excretion rate was decreased also (data not shown). 

The observed difference in the net sinusoidal 
efflux rate between 26 ° and 37 ° is neither due to a 
difference in liver load of DBSP at the beginning of 
the efflux period as compared to the control 
experiments, nor is it due to a temperature induced 
decrease in medium flow as this was held constant. 
Uptake experiments performed at 26 ° showed that 
the initial extraction ratio of DBSP is only moderately 
decreased from 0.985-+ 0.014 at 37 ° (mean-+ SD, 
N = 3) to 0.819 +- 0.024 (mean +- SD, N = 2). 

We studied the energization of both the uptake 
and the efflux process of DBSP. After depleting the 
liver ATP content using CCCP (an uncoupler of the 
oxidative phosphorylation) the effect on both the 
initial extraction and the initial sinusoidal efflux rate 
of DBSP was determined. In both experimental 
settings the ATP content was decreased more than 
80% (Table 1). 

This severe lowering of the liver ATP content had 
a pronounced effect on DBSP uptake rate as the 
initial extraction was lowered 49.5% (Table 1). In 
contrast, the initial sinusoidal efflux rate of the 
substrate was not decreased and in fact was increased 
by 27% as compared to the control value (Table 1). 

This ATP dependency of the uptake process was 
confirmed depleting cellular ATP with fructose. The 
initial extraction ratio was slightly but significantly 
(P < 0.05) decreased from 0 .985 -  0.014 for the 
control (mean +- SD, N = 3) to 0.909 -+ 0.008 after 
depletion (mean +-SD, N = 2). The ATP content 
was decreased to 0.520 - 0.010 #mol/g liver 
(mean - SD, N = 2). 

To further study possible differences in the uptake 
and efflux process we examined the influence of 
chloride replacement in the perfusion medium on 
both transport steps. All chloride salts in the 
perfusion medium were replaced by the cor- 
responding gluconate salts. Cl- concentration in the 
control perfusion medium was 1 2 6 - 0 . 5 7 m M  
(mean+-SD, N = 3 )  and was decreased to 
5.7 -+ 0.58 mM (mean -+ SD, N = 3) in the "chloride- 
free" perfusate. Despite a more than 22-fold 
reduction in chloride concentration no effect on the 
initial extraction of DBSP was observed. The initial 
sinusoidal efflux rate however, showed a dependency 
on chloride as it was significantly lowered to 69.5% 
of the control rate (Table 2). 

We estimated the intracellular chloride con- 
centration at the end of the Cl- depletion period by 
collecting all perfusate during this period and 
measuring the total chloride concentration. In 
addition, we measured the chloride concentration in 
perfusate samples after starting the "chloride-free" 
perfusion period and just prior to measuring the 
initial extraction (at 2 min 20 see). These data 
indicated that little, if any, chloride was still present 
intracellularly after the "chloride-free" perfusion. 

DISCUSSION 

In this study we examined some mechanistic 
aspects of basolateral transport of the organic anion 
dibromosulfophthalein (DBSP). We investigated the 
dependency of both hepatic uptake and sinusoidal 
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Table 1. ATP dependency of uptake and sinusoidal efflux of DBSP 

Uptake Sinusoidal efflux 

Initial extraction ATP content Rate constant ATP content 
(fraction of dose) (%) (#mol/g liver) (x 10 -3 min -~) (%) (/Jmol/g liver) 

Control 0.985 ± 0.014 100 0.570 -+ 0.051 71.6 -+ 3.0 100 0.570 -+ 0.019 
ATP depleted 

(with CCCP) 0.497 ± 0.011" 50.5 0.041 ± 0.007* 90.9 ± 5.3* 127 0.115 -+ 0.041" 

Data are mean -+ SD of three experiments. Values are expressed as absolute values or as percentage of control (%). 
* Statistically different from control (P < 0.05). 

Table 2. Chloride dependency of uptake and sinusoidal efflux of DBSP 

Uptake Sinusoidal efflux 

Initial extraction 
(fraction of dose) (% of control) 

Rate constant 
(× 10 -3 min -~) (% of control) 

Control 0.985 ± 0.014 (3) 100 71.70 -+ 3.01 (3) 100 
CI- depleted 0.991 ± 0.001 (4) 101 49.87 - 6.69* (4) 69.5 

Data are mean --- SD of the number in parentheses. 
* Statistically different from control (P < 0.05). 
Rate constant is defined as fraction of initial liver load excreted per minute. 

efflux of DBSP on intracellular ATP content, 
chloride concentration in the perfusion medium as 
well as medium temperature in the isolated perfused 
rat liver and examined whether uptake and efflux 
are mediated by the same or by separate carder  
mechanisms. 

Temperature dependency 

Net sinusoidal efflux rate as measured in perfusate 
is, as was shown before*, the resultant of sinusoidal 
efflux and subsequent partial re-uptake of ligand. 
Our results show that this net sinusoidal efflux is 
strongly temperature dependent.  Various authors 
have shown that hepatic uptake of DBSP [3, 17] and 
that of the structurally related compound BSP 
[5, 7, 23-25] is very likely carrier-mediated. Blom et 
al. [3] showed a temperature dependency of initial 
uptake of DBSP in isolated rat hepatocytes. 

The fact that the net sinusoidal efflux is largely 
lowered indicates that the actual sinusoidal efflux 
process is strongly temperature dependent.  Fur- 
thermore, the present experiments show that DBSP 
uptake by the perfused rat liver is clearly temperature 
dependent confirming the observations in isolated 
hepatocytes [3]. This decrease is probably not due 
to a decreased ATP content as it was shown in 
isolated hepatocytest  that after lowering the 
temperature of the incubation medium to 26 ° ATP 
content is not reduced. 

* Nijssen HMJ, Pijning T, Meijer DKF and Groothuis 
GMM, Influence of albumin on the net sinusoidal efflux 
of the organic anion dibromosulfophthalein from rat liver. 
Hepatology, submitted. 

t Steen H, personal communication. 

A TP dependency 

We determined the ATP dependency of both 
uptake and sinusoidal efflux and found that only the 
initial extraction of DBSP and not the sinusoidal 
efflux rate is reduced after ATP depletion (Table 
1). Additional experiments clearly showed that the 
initial extraction is decreased too after depleting 
cellular ATP with fructose, although to a lesser 
extent than after depleting with CCCP. This is in 
line with observations showing the depletion by 
fructose only is not as high as it is using fructose 
combined with CCCP [26]. For  uptake of BSP [5] 
and DBSP [3, 8] in isolated hepatocytes using several 
metabolic inhibitors, ATP dependency was observed. 
However, other studies showed an ATP inde- 
pendency for uptake of BSP [4, 7]. 

o-n t h e A T P  dependency of cellular efflux of 
(D)BSP published so far cannot discriminate between 
sinusoidal efflux and biliary excretion as these 
experiments were performed using isolated or 
cultured hepatocytes in which excretion via both 
processes occurs into the same medium. Therefore,  
until now, no data are available with regard to the 
influence of ATP depletion on the sinusoidal efflux 
process of organic anions per se. In the perfusion 
set-up we are able to discriminate kinetically between 
the processes of uptake, sinusoidal efflux and biliary 
excretion. The present results indicate that sinusoidal 
efflux of DBSP at least under the conditions tested, 
is not dependent  on intracellular ATP. In the light 
of the above-mentioned effect of ATP depletion on 
the hepatic uptake process it is likely that the 
moderate increase found in the net sinusoidal efflux 
rate upon ATP depletion is due to a reduction in 
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re-uptake. As described before,* perfusing preloaded 
livers with medium containing 4% BSA is a tool for 
studying the sinusoidal efflux process per se with 
minor interference by re-uptake of ligand effluxed 
into the sinusoids. In the presence of 4% BSA in 
the perfusion medium the initial extraction by uptake 
of DBSP is approximately 10%. This means that 
under the present conditions a modest part of the 
ligand effluxing into the sinusoid undergoes re- 
uptake during liver passage. The lowering of re- 
uptake by ATP depletion therefore at least partly 
explains the observed increase in the net sinusoidal 
efflux rate. 

In our experiments ATP was depleted using 
CCCP, a compound that uncouples oxidative 
phosphorylation in mitochondria through dissipation 
of the proton gradient across the inner mitochondrial 
membrane. It is in principle possible that due to this 
ATP depletion with CCCP the inside to outside 
proton gradient across the plasma membrane is also 
dissipated and/or  that the membrane potential is 
influenced. Steen et al. [27] showed that the proton 
gradient in isolated hepatocytes was not altered after 
addition of CCCP. It was demonstrated by 
microelectrode techniques that 15 min after addition 
of 10 #M CCCP the plasma membrane potential is 
not altered in isolated hepatocytes.? Uptake of 
DBSP in isolated hepatocytes was earlier shown to 
be independent of membrane potential [3]. 

Our experiments show that hepatic uptake rather 
than sinusoidal efflux of DBSP is ATP dependent. 
We therefore conclude that uptake and sinusoidal 
efflux of the compound is probably mediated by two 
separate carriers. 

Chloride dependency 

We observed a significant reduction of the initial 
sinusoidal efflux rate after depleting the perfusion 
medium of chloride (Table 2). Wolkoff et al. [5] 
have previously discussed the existence of a C1-/ 
organic anion exchange mechanism for basolateral 
BSP and bilirubin transport. More recently [10] the 
influence of chloride was described in terms of 
modulating the affinity of organic anions for the 
carrier without a coupling of CI- transport or CI- 
gradients. Our observation that sinusoidal effiux 
rather than initial extraction is reduced after 
depletion of chloride in the medium is consistent 
with the existence of a C1-/organic anion exchange 
mechanism in the case of the efflux process or 
alternatively could be explained by a modulating 
influence of C1- at the inner side of the membrane 
since perfusion with chloride-free medium also 
reduced intracellular chloride concentration. 

In contrast to the sinusoidal efflux process, the 
initial extraction of DBSP was not reduced after 
depletion of chloride in the medium indicating that 
the uptake process for DBSP is not modulated by 
the inorganic ion. This may add to other observations 
[8] that uptake mechanisms of BSP and DBSP are 

* Nijssen HMJ, Pigning T, Meijer DKF and Groothuis 
GMM, Influence of albumin on the net sinusoidal efflux 
of the organic anion dibromosuifophthalein from rat liver. 
Hepatology, submitted. 

t Steen H, personal communication. 
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dissimilar. As mentioned in the results, the 
intracellular chloride concentration after perfusion 
with CI- substituted medium is expected to be very 
low due to passive leakage of the inorganic anion 
across the membrane. Active transport mechanisms 
of CI- across the plasma membrane have not been 
described and the presence of an inwardly directed 
CI- gradient across the basolateral plasma membrane 
under basal conditions is due to the negative (inside 
to outside) membrane potential [28]. 

On the basis of the differential effect of CI- 
substitution we conclude that uptake of DBSP occurs 
by a mechanism dissimilar to that for the sinusoidal 
efflux process and also that CI- plays no major role 
in modulating the hepatic uptake of DBSP in contrast 
to that of BSP [5, 10]. However, our results do 
strengthen the conclusion that hepatic uptake and 
sinusoidal efflux of DBSP are mediated by two 
separate carders. Additional evidence for this 
hypothesis originates from preliminary experiments 
showing that antibodies directed against bili- 
translocase, the putative carder protein for organic 
anions like BSP clearly inhibited sinusoidal efflux of 
DBSP in isolated perfused rat livers whereas 
pharmacokinetic analysis indicated that uptake of 
DBSP was not decreased. 

In conclusion, we observed a marked temperature 
dependency of the sinusoidal efflux process while 
the liver to plasma transport of DBSP is ATP 
independent but partially chloride dependent. In 
contrast, hepatic uptake of DBSP was shown to be 
at least partly ATP dependent and independent on 
a chloride gradient. We conclude that uptake and 
sinusoidal efflux of DBSP both occur via membrane 
carrier translocating mechanisms but that these 
transport steps are mediated by two separate carrier 
systems. 
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