Hepatic Bilirubin Uptake in the Isolated Perfused Rat
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ABSTRACT Bilirubin uptake by the liver is a rapid
process of high specificity that has kinetic character-
istics which suggest carrier-mediation. In the circu-
lation, bilirubin is readily bound to albumin, from
which it is extracted by the liver. Although several
studies suggested that it is the small, unbound fraction
of bilirubin which interacts with hepatocytes and is
removed from the circulation, recent experiments
have been interpreted as suggesting that binding to
albumin facilitates ligand uptake. A liver cell surface
receptor for albumin has been postulated. The present
study was designed to examine directly whether al-
bumin facilitates the hepatic uptake of bilirubin and
whether uptake of bilirubin depends on binding to
albumin. Rat liver was perfused with a protein-free
fluorocarbon medium, and single-pass uptake of 1, 10,
or 200 nmol of [*H]bilirubin was determined after in-
jection as an equimolar complex with '**I-albumin,
with '#I-ligandin, or free with only a ['*C]sucrose ref-
erence. Uptake of 10 nmol of [*H]bilirubin was
67.5+3.7% of the dose when injected with '*I-albu-
min, 67.4+6.5% when injected with '**I-ligandin, and
74.9+2.4% when injected with [**Clsucrose (P > 0.1).
At 200 nmol, uptake fell to 46.4+3.1% (**I-albumin)
and 63.3+3.4% (['*Clsucrose) of injected [*H]bilirubin
(P < 0.01), which suggests saturation of the uptake
mechanism. When influx was quantitated by the model
of Goresky, similar results were obtained. When
[*H]bilirubin was injected simultaneously with equi-
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molar '#°I-albumin and a [**C]sucrose reference, there
was no delay in '2°I-albumin transit as compared with
that of [*C]sucrose. This suggested that the off-rate of
albumin from a putative hepatocyte receptor would
have to be very rapid, which is unusual for high af-
finity receptor-ligand interaction. There was no evi-
dence for facilitation of bilirubin uptake by binding
to albumin or for interaction of albumin with a liver
cell surface receptor. These results suggest that the
hepatic bilirubin uptake mechanism is one of high
affinity which can extract bilirubin from circulating
carriers such as albumin, ligandin, or fluorocarbon.

INTRODUCTION

Bilirubin circulates bound to albumin at one high-af-
finity site and two or more lower affinity sites (1, 2).
Bilirubin is rapidly removed from the circulation and
enters the hepatocyte, where it is conjugated with gluc-
uronic acid and excreted into bile (3, 4). Albumin does
not enter the hepatocyte but remains in the circulation
(5-9). Previous studies suggested that the unbound,
rather than the bound, fraction of circulating bilirubin
determines its uptake (10-13); the proposed role of
albumin-binding is to solubilize the relatively hydro-
phobic bilirubin molecule, and thereby prevent non-
specific passage into other tissues, particularly the
brain. A more specific role for albumin binding has
recently been postulated in taurocholate and oleate
uptake by the liver. Luxon and Forker suggested that
release of taurocholate from albumin at the hepatocyte
surface occurs at a faster rate than in the systemic
circulation (14); a cell surface-mediated conforma-
tional change in albumin was postulated which accel-
erates dissociation of the albumin-taurocholate com-
plex. In other studies, Weisiger et al. suggested that
uptake of albumin-bound compounds is mediated by
a receptor for albumin on the liver cell surface
(15, 16).
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Although these studies present the intriguing idea
that hepatic uptake of bilirubin is mediated by a liver
cell surface receptor for albumin, they are indirect and
depend on critical assumptions, both implicit and ex-
plicit, concerning ligand-albumin interaction that in-
clude binding affinity, number of binding sites, and
dissociation rate constants. The present study was de-
signed to determine directly whether albumin facili-
tates the hepatic uptake of bilirubin and whether up-
take of bilirubin depends on binding to albumin. In
these studies, rat liver was perfused with a protein-
free fluorocarbon medium, and uptake of [*H]bilirubin
was determined after injection as an equimolar com-
plex with ?I-albumin, with %I-ligandin, or free with
only a ["*C]sucrose reference. Previous studies have
demonstrated that sucrose remains in the extracellular
space and is not taken up appreciably by the liver
during the course of a single pass (17).

METHODS

Perfusion of isolated livers. Male Sprague-Dawley rats
(225-325 g) were obtained from Charles River Breeding
Laboratories, Inc., Wilmington, MA. After pentobarbital
anesthesia (4 mg/100 g body wt i.p.), the portal vein and
inferior vena cava were rapidly catheterized. The liver was
perfused in situ in a temperature-controlled cabinet at 37°C
with 10% fluorocarbon (Fluosol-43, Alpha Therapeutics
Corp., Santa Ana, CA) in Krebs-Henseleit buffer containing
0.1% glucose. Viability of the liver was assessed by gross
appearance and perfusate flow, perfusion pressure, aspartate
amino-transferase release into perfusate, and hepatic O, con-
sumption.

[®H]Bilirubin (sp act, 100 or 33 mCi/mmol) was prepared
from dog bile after intravenous administration of delta [*H]-
aminolevulinic acid (18) (Schwarz/Mann Div., Beckon Dick-
inson Immunodiagnostics, Orangeburg, NY; 60.2 Ci/mmol).
Ligandin was purified to homogeneity as previously de-
scribed (19) and iodinated with Na '*I by a chloramine T
method followed by Sephadex G-25 chromatography (20).
125].albumin (bovine serum albumin [BSA]) and [**CJsucrose
were purchased from New England Nuclear, Boston, MA.
BSA, fraction V, was obtained from Sigma Chemical Co.,
St. Louis, MO.

Multiple indicator dilution studies. Studies were per-
formed at any of three bilirubin concentrations: 1, 10, or
200 nmol/0.16 ml injection. [*H]Bilirubin (~1 uCi) was dis-
solved in 0.05 ml of hot 0.05 N NaOH, and then 0.05 ml of
Krebs-Henseleit buffer was added. In studies of high dose
bilirubin uptake, the specific activity was diluted approxi-
mately 10-fold with unlabeled bilirubin (Sigma Chemical
Co.). An appropriate mixture of radioactive (}**I-labeled)
and nonradioactive protein was added so that the ratio of
bilirubin/protein was 1:1. Alternatively, in protein-free
studies, [*C]sucrose was added as a nontransported refer-
ence. After a 30-min stabilization period of perfusion, a 0.16-
ml bolus of [*H]bilirubin (0.5-1.0 uCi) and reference (0.2—
0.4 uCi) was injected into the portal vein. All perfusate was
collected from the hepatic vein in vials at 1-2-s intervals for
40 s. The content of *C and ®H in samples was determined
in a liquid scintillation counter (model SL40, Intertechnique,
Dover, NJ) after addition of 10 ml of Hydrofluor (National
Diagnostics, Inc., Advanced Applications Institute Inc., So-

merville, NJ). Content of **1 was determined in a Packard
gamma counter (Packard Instrument Co., Inc., Downers
Grove, IL). Appropriate crossover and quench corrections
were made.

To ascertain that bilirubin remained bound to albumin in
the presence of fluorocarbon, circular dichroism was per-
formed using a Cary model 60 spectropolarimeter (Varian
Associates, Instrument Division, Palo Alto, CA) with a 6,000
CD attachment (1). The temperature of the cell compart-
ment was 25°C and a cell of 1-mm path length was used.
The ellipticity pattern of a solution of 140 uM bovine al-
bumin and 70 uM bilirubin in Krebs-Henseleit buffer was
determined at wavelengths between 350 and 550 nm. One-
half of the volume contained in the cuvette was removed
and an equal volume of 10% fluorocarbon solution was added
and mixed. The ellipticity pattern was again determined.

Analysis of indicator diyution curves. Data were ana-
lyzed by the flow-limited diffusion model of Goresky (6, 21-
23). This is defined by the equation:

Cbﬂi(t) = e"‘"C,,;(t) + e“"‘*"‘"

i (kikot' )"t — )" !

dt.
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In this equation, Cy;(2) is the concentration of [*H]bilirubin
in the effluent at time ¢, C.¢(t) is the concentration of its
nontransported reference (!#°I-albumin, '**I-ligandin, or
[**Clsucrose), k, is the apparent influx rate constant, k; is the
efflux rate constant, and k; is the sequestration rate constant.
Experimental data were computer-fit to this equation to
obtain k,, k;, and k; by using the least squares method of
grids as previously described (22, 23). The coefficient of vari-

ation of the fit was quantitated as

Z“: (log exp; — log calc)?/(n — 3)

’

(1/n) 2 log exp,

where n is the total number of data points, exp, is the ex-
perimentally observed value at point i, and calc, is the cor-
responding calculated value.

Removal of bilirubin from the perfusate does not neces-
sarily imply that it is metabolized and excreted normally by
the hepatocyte. For this reason, biliary excretion of [*H]-
bilirubin was determined in perfused liver in which biliary
catheters were placed. After injection of 10 nmol of
[*H]bilirubin/'**I-albumin (1:1) or 10 nmol of [*H]bilirubin
and [**C]sucrose, bile was collected in tared vials at 10-min
intervals for 1 h and radioactivity was determined.

Data were also analyzed in a model-independent fashion
by calculating the total amount of bilirubin removed by the
liver in a single 40-s pass as a percentage of that injected.
Spaces of distribution of [**C]sucrose and '?*I-albumin were
calculated as the product of flow and mean transit time (7).

RESULTS

In all experiments, perfused livers remained viable
during the course of the study as judged by constant
perfusate flow (1.9+0.2 ml/min per g liver;
mean+SEM), perfusion pressure (13x1.2 cm H,0),
perfusate pH (7.44%0.01), and arteriovenous Po, dif-
ference (399+8 mmHg). Hepatic oxygen consumption
was 1.48+0.08 umol/g per min. During the course of

Bilirubin Uptake and Albumin Binding 719



TABLE I
Perfused Liver Uptake of [°H|Bilirubin after Injection as an Equimolar Complex with '*I-Albumin
or '®I-Ligandin or Free with a ['“C]Sucrose Reference

Coefficient of

[*H}Bilirubin No. of [*H)Bilirubin Influx Efflux Sequestration variation of

injected Injected reference studies uptake (k) (ks) (ks) computer fit
nmol % of injected st x 107t s x 107t st x 107t x 107*

1 '31-Albumin (1:1) 3 71.7+6.5 12.9*1.5 3.5+0.9 7.6+0.9 1.82+0.13

1 ["C]Sucrose 8 69.4+2.5 15.1+1.9 4.5+0.4 7.0+0.6 1.54+0.09

10 '31-Albumin (1:1) 12 67.5+3.7 11.9%1.0° 2.5+0.4 8.2+0.6 1.59+0.26

10 '”I-Ligandin (1:1) 5 67.4+6.5 15.7+3.6 5.1+0.7 6.8+1.2 1.98+0.19

10 [**C]Sucrose 13 74.9+2.4 19.8+1.6 3.1+0.3 7.5+0.3 1.51+0.10

200 1%1-Albumin (1:1) 3 46.4+3.11§ 8.5+1.31 1.740.3 6.5+0.2 1.21+0.09

200 [**C]Sucrose 5 63.3+3.4° 13.5+1.0° 2.9+0.2 8.2+0.5 1.46+0.10

° P < 0.01 compared with ["*C]sucrose/10 nmol [*H]bilirubin.
1 P < 0.02 compared with ["*C]sucrose/200 nmol [*H]bilirubin.
§ P < 0.01 compared with '®I-albumin/10 nmol [*H]bilirubin.

perfusion, aspartate aminotransferase activity in per-
fusate did not rise and averaged 16.6+3.5 Karmen
units/ml. In 18 studies, recovery of *I-albumin was
95.6+1.0% of the injected dose. In 26 studies, recovery
of ["*C]sucrose was 97.3+1.4%. In five studies, recovery
of *]-ligandin was 91+4.3%.

Results of studies of hepatic [*H]bilirubin transport
are summarized in Table I. At none of the three bil-
irubin concentrations was binding to albumin asso-
ciated with enhanced total hepatic uptake or influx of
[*H)bilirubin (Figs. 1 and 2). [*H]Bilirubin injected
bound to '*’I-ligandin was removed from perfusate as
well as [*H]bilirubin injected bound to !?*I-albumin
(P > 0.2), which suggests that there is no carrier-pro-
tein specificity for bilirubin uptake. At the highest
bilirubin concentration (200 nmol/injection), net up-
take of [*H]bilirubin injected as a complex with !25]-
albumin was reduced as compared to results at lower
concentrations (P < 0.02). Although influx also tended
to be lower, results were not statistically significant
(P =0.15). Net uptake and influx of 200 nmol of
[*H]bilirubin injected unbound to protein was also sig-
nificantly lower than that at 10 nmol (P < 0.01). At
each of the three bilirubin concentrations studied, ef-
flux and sequestration rates were comparable, except
for significantly increased efflux when [*H]bilirubin
was administered bound to '**I-ligandin (P < 0.005).

Ellipticity peaks of albumin-bilirubin at 405 and 475
nm were within 15% of that predicted by 50% dilution
with fluorocarbon. Bilirubin in fluorocarbon did not
generate ellipticity. These results suggested that the
albumin-bilirubin complex remained intact in fluo-
rocarbon. The space of distribution of [**C]sucrose in
the studies, as presented in Table I, was 0.35+0.013
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ml/g liver. This was significantly greater (P < 0.002)
than the space of distribution of !?°I-albumin
(0.30+£0.008 ml/g liver). In two studies, 10 nmol of
[*H]bilirubin was injected with equimolar '*I-albumin
to which [**CJsucrose was added as a second reference
(Fig. 3). There was no delay in '*I-albumin transit
time as compared with that of ['*C]sucrose. The nor-
malized outflow curve of '*I-albumin was slightly
ahead of that of [Clsucrose, as might be expected
because of its higher molecular weight, which results
in a smaller space of distribution (17).

Biliary excretion of 10 nmol of [*H]bilirubin was
identical after injection with equimolar '%’I-albumin
or with a [**C]sucrose reference. At 60 min after in-
jection, 70.5+4.6% and 69.5+3.2% of [*H]bilirubin re-
moved by the liver was recovered in bile, respectively.

DISCUSSION

Bilirubin uptake by the liver is a rapid process of high
specificity that has kinetic characteristics which sug-
gest carrier-mediation (3, 5). The nature of the carrier
is unknown, although several candidates have been
identified and purified from rat liver cell plasma mem-
brane preparations (24-26).

In the circulation, bilirubin is readily bound to al-
bumin, from which it is extracted by the liver (5-7,
22, 23). Several studies with bilirubin and bromo-
sulphthalein (BSP)! suggested that it is the small, un-
bound fraction which interacts with hepatocytes, re-

! Abbreviation used in this paper: BSP, bromosulph-
thalein.
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FIGURE 1 Typical outflow dilution curves for '**I-albumin
(@) and [*H]bilirubin (O) when injected as an equimolar
complex into fluorocarbon-perfused rat liver. Each point rep-
resents the percent of injected radioactivity collected in a
vial at the indicated time. In this experiment, recovery of
125].albumin was 103% and of [*H]bilirubin 47% of the re-
spective injected dose.

sulting in its removal from the circulation. Brauer and
Pessotti (27) determined that, with increased concen-
tration of BSA, BSP uptake by rat liver slices is re-
duced. In hypoalbuminemic patients (13), there is a
reciprocal relationship between plasma albumin con-
centrations and hepatic BSP uptake. Similarly, in iso-
lated perfused rat liver, influx of dibromosulphthalein
is enhanced when albumin concentrations are reduced
(28). Using an ultracentrifugation method to estimate
free bilirubin, Barnhart and Clarenburg suggested that
a single clearance constant for free bilirubin was suf-
ficient to describe hepatic bilirubin uptake and found
that constant to be independent of the circulating al-
bumin level (10, 11).

This concept has recently been challenged. Luxon
and Forker studied taurocholate uptake by isolated rat
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FIGURE2 Typical outflow dilution curve for ['*C]sucrose
(®) and [*H]bilirubin (O) in fluorocarbon-perfused rat liver.
Each point represents the percent of injected radioactivity
collected in a vial at the indicated time. Similar to results
with '®I-bilirubin, recovery of ['*Clsucrose was 107% and
of [*H]bilirubin 39% of the respective injected dose.

¥
i
8
sk |l
A
52 LY
>
8; o} YA \
25 1/\
Zq ! \Q\
53 \
2 5: a e\a
\, s
" o
\,, 934,
Nag, :og&e:s_o
!n I 1 \‘-l‘-‘_"f“- 9e0:9
O 5 10 15 20 25 30 35

SECONDS

FIGURE3 Outflow dilution curves for '*I-albumin (@),
[**CJsucrose (O), and [*H]bilirubin (A) when injected simul-
taneously into a fluorocarbon-pertused rat liver. Each point
represents the percent of injected radioactivity collected in
a vial at the indicated time. There is no delay in transit of
125].albumin as compared with ['*C]sucrose. In this study,
recovery of !'#*I-albumin was 104%; [**Clsucrose, 103%; and
[*H]bilirubin, 46%.

liver perfused with buffer containing 0.5 or 5% BSA
(14). They determined free ligand by equilibrium di-
alysis of perfusate. Increasing albumin from 0.5 to
5.0% was sufficient to reduce the concentration of free
taurocholate fivefold, but this also resulted in only a
twofold reduction in hepatic uptake. On the basis of
these studies, they postulated that albumin interacts
with the hepatocyte surface and accelerates the release
of taurocholate, which facilitates its subsequent up-
take. In other studies, Weisiger et al. investigated the
influence of BSA on transport by the isolated rat liver
perfused with fluorocarbon after perfusion with al-
bumin-containing buffer (16). At a fixed albumin con-
centration, oleate uptake does not saturate, whereas
uptake of a 1:1 molar complex of oleate and albumin
is saturable, despite a nearly constant concentration
of free oleate. They postulated a liver cell surface re-
ceptor for albumin which “catalyzes” the uptake of
albumin-bound oleate. Similar conclusions were
reached in studies of hepatic uptake of bilirubin and
BSP (15).

The results of the present study indicated that he-
patic uptake of bilirubin over a 200-fold range of
concentration does not require binding to albumin.
Uptake of [*H]bilirubin that was injected bound to '*I-
ligandin was as rapid as that injected bound to '*°I-
albumin. Ligandin is normally an intracellular protein
that binds bilirubin with high affinity and is distinct
from albumin (19). These findings do not preclude in-
teraction of the bilirubin-carrier complex with the
liver cell, but suggest that there is no carrier-protein
specificity for bilirubin uptake.

Weisiger et al. (15) reported saturation of uptake
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only when ligand is bound to albumin. Their studies
were performed during constant infusion of ligand at
steady state net uptake (16); the highest bilirubin con-
centration that they studied was 100 gM (15). Our
single-pulse studies revealed reduced influx and net
extraction of both albumin-bound and free bilirubin
injected at 200 nmol/0.16 ml as compared with results
at lower doses. This suggested that, at the highest con-
centration of bilirubin we studied (1.25 mM), uptake
of bilirubin was saturable whether or not it is bound
to albumin.

Because disappearance of bilirubin from perfusate
does not imply that uptake into the hepatocyte has
occurred, we studied biliary excretion of [*H]bilirubin.
These studies revealed that bilirubin was excreted into
bile at the same rate, whether it was injected bound
to albumin or free. These studies provided no basis for
hypothesizing facilitation by albumin of hepatic bili-
rubin uptake. That there is no evidence for interaction
of albumin with a liver cell surface receptor is revealed
by other studies. The space of distribution of
[**Clsucrose was significantly greater than that of '*I-
albumin. When !?»*I-albumin/[®*H]bilirubin (1:1 molar
ratio) was injected with [**CJsucrose, there was no de-
lay in albumin transit. These findings suggested a rapid
off-rate of albumin from its putative hepatocyte re-
ceptor, which is unusual for high affinity receptor-li-
gand interaction. These results conflict with studies of
Weisiger et al., (16) in which they suggested high ca-
pacity (107 binding sites/cell) binding of albumin to
isolated hepatocytes. Although it is possible in our stud-
ies that fluorocarbon interfered with the interaction
of albumin and its receptor, this seems unlikely; similar
results have been reported in livers perfused with stan-
dard albumin-containing perfusate (17).

The data in the present study revealed that albumin-
binding was not necessary for the rapid uptake, me-
tabolism, and biliary excretion of bilirubin by the liver.
There was no facilitation of bilirubin uptake by al-
bumin-binding over a 200-fold concentration range.
An alternative hypothesis proposed by Weisiger et al.
(16) is the presence of high-affinity, low-capacity and
low-affinity, high-capacity bilirubin binding sites on
the liver cell surface. Our data also suggested that the
hepatic bilirubin uptake mechanism is one of high
affinity for this ligand, and that it has the ability to
extract it nonspecifically from circulating carriers such
as albumin, ligandin, or fluorocarbon.
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