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(1) The effects of unconjugated bilirubin on the accumulation of p-aminohippurate, kinetics of p-aminohip- 
purate uptake, the efflux of pre-accumulated p-aminohippurate and water and electrolyte distribution were 
investigated in the rat kidney cortical slice. (2) The addition of unconjugated bilirubin to the incubation 
medium decreased the 60 min slice-to-medium concentration ratio of p-aminohippurate. (3) The decrease in 
p-aminohippurate accumulation by unconjugated bilirubin was found to be more pronounced by increasing 
the concentration of pigment in the medium. (4) The rate of uptake of p-aminohippurate as a function of 
p-aminohippurate concentration differed in aerobiosis and anaerobiosis, and unconjugated bilirubin de- 
creased only the uptake of p-aminohippurate in aerobic conditions. (5) The efflux of pre-accumulated 
p-aminohippurate decreased when unconjugated bilirubin concentration in the medium was low (10-20 I~M) 
but the efflux increased when the concentration of pigment was much higher (100 I~M). (6) The addition of 
unconjugated bilirubin to the medium (40-100 I~M) increased intracellular sodium and total tissue water 
content, and decreased intracellular potassium and oxygen consumption of tissue. However the slices 
incubated with low concentration of pigment (20 I~M) did not exhibit significative changes in cellular 
functional parameters. (7) These findings suggest that unconjugated bilirubin impairs p-aminohippurate 
transport by a complex mechanism that might involve binding of pigment to sites necessary for anion 
transport, although effects related to pigment toxicity or to its oxidative decomposition are not excluded. 

Introduction 

It is known that p-aminohippurate is actively 
transported into the cells of the renal proximal 
tubule across the peritubular membrane with a 
subsequent translocation to the lumen down its 
concentrations gradient [1,2]. In some species p- 
aminohippurate transport process in renal cortical 
tissue is influenced by pH changes [3,4], and by 
some inorganic ions [5,6] and organic substances 
[7-9]. Unconjugated bilirubin, a degradation or 
catabolic product of hemoproteins, exhibits toxic 
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effects on several tissues interfering with 
mitochondrial reactions [10,11] and with the activ- 
ity of some enzymes [12-14]. Furthermore, uncon- 
jugated bilirubin interacts with biological mem- 
branes [15,16], and may be responsible for the 
impairment of transport processes [17-19]. In this 
connection we reported the interaction of uncon- 
jugated bilirubin with peritubular cell membranes 
of isolated rat kidney interfering with the trans- 
port mechanism of p-aminohippurate [20,21]. 
Therefore the aim of this study was to get more 
insight into the mechanism involved in the effect 
of unconjugated bilirubin on renal p-aminohip- 
purate transport by using the slice technique. 
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Methods 

Animals. Male Wistar rats weighing 300-350 g 
were used as kidney donors for all studies. Animals 
were allowed free access to a standard diet and tap 
water until used. 

Slices and medium preparation. The animals were 
anaesthetized with sodium pentobarbital (50 
mg/kg  body wt.) and the kidneys, exsanguinated 
by tying the aorta, were promptly removed and 
placed in cold saline solution (pH 7.4). Renal 
cortical slices were obtained freehand (approx. 0.5 
mm thickness), and then placed in ice-cold saline 
solution until they were used for incubation. Un- 
less otherwise stated, all incubations were carried 
out at 27°C in a Dubnoff metabolic shaker under 
95% Oz/5% CO2 atmosphere. The tissues under- 
went a 20-min equilibration period in flasks con- 
taining 4 ml of a Krebs-Ringer solution before the 
addition of the test compounds. Each incubation 
flask contained five pieces of tissue (total 82 + 2 
mg wet wt./flask) randomly selected from the 
storage vessel. The bathing medium consisted of 
Krebs-Ringer solution enriched with glucose (10 
mM), sodium lactate (10 mM), sodium acetate (10 
mM) and sodium pyruvate (10 mM), pH 7.4 [22]. 
When using unconjugated bilirubin, this was pre- 
viously dissolved in 0.1 M NaOH and albumin 
solution being the molar ratio of unconjugated 
bilirubin to albumin of 20:1. The amount of 
albumin was suitable to disperse unconjugated 
bilirubin through non specific adsorption in order 
to inhibit a rapid aggregation and precipitation of 
unconjugated bilirubin, although it was mostly in 
a diffusible form [23]. The final concentration of 
unconjugated bilirubin in the medium oscillated 
between 20 and 100/~M. 

Effect of unconjugated bilirubin on p-aminohip- 
purate accumulation in kidney slices. After the com- 
pletion of the equilibration period the slices were 
transferred to flasks containing 4 ml of fresh 
Krebs-Ringer solution containing p-aminohip- 
purate (7. 10 -5 M), and then incubated for 60 
min. Then the slices were removed from the in- 
cubation medium, blotted dried on filter paper, 
weighed, placed in 1 ml of distilled water, and 
throughly homogenized, l-ml aliquots of the in- 
cubation medium were obtained, and from this 
point homogenates and media were treated identi- 

cally. 10% trichloroacetic acid (1.5 ml) and dis- 
tilled water (2.5 ml) were added to each sample, 
allowed to stand for 30 min, and then centrifuged 
[24]. p-Aminohippurate concentration was de- 
termined in the supernatans. Data were expressed 
as the slice-to-medium concentration ratio S/M,  
where S equals mg of p-aminohippurate per g of 
wet tissue, and M mg of p-aminohippurate per ml 
of medium. Percent of change in S / M  ratio of the 
slice incubated in the presence of unconjugated 
bilirubin was calculated for each experiment, as 
compared with controls incubated without uncon- 
jugated bilirubin. 

Effect of unconjugated bilirubin on the kinetics of 
p-aminohippurate uptake. Following the equilibra- 
tion period, the slices were transferred to flasks 
containing 4 ml of fresk medium and p-aminohip- 
purate. The rate of p-aminohippurate uptake by 
renal cortical slices was determined during a 15 
min incubation at various p-aminohippurate con- 
centrations (50-2000/~M). In other set of experi- 
ments p-aminohippurate uptake was analyzed in 
the presence of unconjugated bilirubin. At the end 
of the incubation the slices were treated as above 
described. Duplicate flasks for each experimental 
point were incubated in a medium containing in- 
ulin (4 mg/ml)  for estimation of the extracellular 
water. The concentration of p-aminohippurate in 
the tissue was calculated by simple substraction of 
extracellularp-aminohippurate calculated from the 
inulin space. The apparent kinetic parameters ( K  m 

and Vma X) were derived from conventional Eadie- 
Hofstee plots [25]. Kinetics studies were also car- 
ried out under a gas phase of 100% N 2 to de- 
termine p-aminohippurate uptake and the effect of 
unconjugated bilirubin in the absence of oxygen. 

Effect of unconjugated bilirubin on p-aminohip- 
purate efflux from tissue. The efflux of p-aminohip- 
purate from renal cortical tissue was determined 
by using slices preloaded with p-amino[14C]hip- 
purate (spec. act. 40.7 mCi/mmol) .  The slices were 
preincubated for 60 min at 25°C in 95% 02/5% 
CO 2 atmosphere, in a medium containing p- 
aminohippurate (7 .10  .3 M). The slices were re- 
moved, rinsed and transferred at 30-s intervals 
through a series of flasks containing 3 ml of p- 
aminohippurate-free fresh Krebs-Ringer solution, 
at 25°C in a 95% 02/5% CO z atmosphere. The 
quantity of compound collected from each runout 
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flask was plotted against runout time and the 
efflux rate constant was calculated. To determine 
the effect of unconjugated bilirubin on the efflux 
ofp-aminohippurate, the runout continued through 
flasks containing unconjugated bilirubin. 

Effect of unconjugated bilirubin on cellular func- 
tional parameters. In the last series of experiments, 
the effect of unconjugated bilirubin on inulin space, 
tissue water content, intracellular Na + and K + 
concentration, and tissue respiration were studied. 
Slices were incubated for 60 min in 4 ml of a 
medium containing inulin (4 mg/ml) and various 
concentrations of unconjugated bilirubin (0-100 
/~M). Following incubation, the slices were blotted 
and weighed and then homogenized for determina- 
tion of the inulin space. Duplicate series of slices 
were dried following incubation during 24 h at 
100°C for determination of total water content of 
tissue. The dried tissue was then extracted in 0.1 M 
HNO 3 for 48 h and analyzed for electrolytes. Val- 
ues were corrected for extracellular water esti- 
mated for each experiment, and expressed as 
mequiv./1 of intracellular water [26]. The oxygen 
consumption of slices was measured in a Warburg 
respirometer (Braun, Melsungen, F.R.G.), prior 
saturation with oxygen of the incubation medium. 
The data were given as the initial rate of oxygen 
consumption (/d O2/h per mg wet tissue). 

Analytical methods. Determination of inulin in 
homogenates and media was performed by the 
method of Roe et al. [27]. p-Aminohippurate con- 
centration was measured by Brun's technique 
modified as described [28]. Electrolyte concentra- 
tion was determined by flame photometry. Radio- 
activity was measured in low potassium counting 

vials containing 200 /~1 of sample, 2 ml of Hy- 
amine 10X in methanol (1 M), and 15 ml of scin- 
tillation fluid (2.2 M diphenyloxazole and 0.31 
mM 1,4-bis-2-(5-phenyloxazolyl)benzene in dry 
toluene). Measurement of radioactivity was carried 
out in a liquid scintillation spectrometer (Packard 
Instr. Co., U.S.A.) and with [14C]benzoic acid as 
internal standard. Counting efficiency ranged from 
70 to 80%. 

Chemicals. All chemicals were of highest grade 
commercially available. Inulin, p-aminohippurate, 
crystalline unconjugated bilirubin, and Hyamine 
10X were purchased from Sigma Chemical Co., 
U.S.A. [14C]Benzoic acid was from Packard Instr. 
Co., U.S.A. and p-amino[14C]hippurate from New 
England Nuclear, U.S.A. 

Statistics. Values were the mean _+ S.E. The re- 
sults for each experiment represent the average of 
triplicate determinations. The significance of dif- 
ferences was determined using Student's t-test. Re- 
gression lines were calculated by the method of 
least squares. 

Results 

Effect of unconjugated bilirubin on the accumulation 
of p-aminohippurate in renal cortical slices 

The accumulation of p-aminohippurate esti- 
mated as S / M  ratio decreased significantly with 
the increase of unconjugated bilirubin in the 
medium as shown in Table I. 

Effect of unconjugated bilirubin on the kinetics of 
p-aminohippurate uptake 

The kinetics of p-aminohippurate uptake as a 

TABLE I 

EFFECT OF U N C O N J U G A T E D  BILIRUBIN (UB) ON p-AMINOHIPPURATE ACCUMULATION BY RENAL CORTICAL 
SLICES 

n, number of experiments, n.s., not significantly different. 

Experimental group S/M ratio a % n P 

decrease 

Controls 3.07 + 0.10 - 25 
+ UB (20 ItM) 2.575:0.27 16.3 5 
+ UB (40 ~tM) 2.075:0.07 32.6 3 
+ UB (100 ~M) 1.81 5:0.06 41.0 3 

n . s .  

< 0.01 
< 0.001 

a Data are mean values + S.E. 
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Fig. 1. Rate of uptake of p-aminohippurate (PAH) by rat renal cortical slices in the absence (A) and presence (B) of unconjugated 
bilirubin (100 IxM). The results from incubations under 95% 02/5% CO 2 (e) and under 100% N 2 (1) were expressed as mean-+ S.E. 
The number of experiments is indicated in the parentheses. Dotted lines represent the points (©) resulting from the substraction 
between the values corresponding to the nonlinear uptake curve and the interpolated ones on the linear uptake curve (fitted by the 
least-squares method using a TEXAS, T159). The insets show Eadie-Hofstee plots of the data. Dotted lines indicate the values 
resulting from the substraction. 

function of p-aminohippurate concentration in the 
absence or presence of unconjugated bilirubin were 
examined under either 95% 02/5% CO z or 100% 
N 2. The rate of uptake under aerobic condition 
was nonlinear and higher than the linear uptake of 
p-aminohippurate in anaerobic condition. As 

TABLE II 

EFFECT OF UNCONJUGATED BILIRUBIN (UB) ON THE 
KINETICS OF p-AMINOHIPPURATE EFFLUX 

Runout rate constants (k~) are given as mean -+ S.E. n, number 
of experiments. 

Experimental group k~ (s - I  ) (×  103) n P 

Controls 2.3_+0.1 4 - 
+ UB (10-20 IXM) 0.8_+0.2 2 < 0.01 
+ UB (100 ~,M) 5,1 + 1.0 3 < 0.01 

shown in Fig. 1 addition of unconjugated bilirubin 
to the assay medium inhibited only the uptake of 
p-aminohippurate  in aerobic conditions. Fig. 1 also 
shows the resulting points obtained when the lin- 
ear component  was substracted from the non lin- 
ear function. The points approached a stable value 
which was decreased by the presence of uncon- 
jugated bilirubin in the medium. Eadie-Hofstee 
plots of the data represented in the insert of Figs. 
1A and 1B indicated an apparent g m of about 29 
~tM in the presence of unconjugated bilirubin (100 
~tM) and 23 ftM in the absence of pigment. Con- 
versely the Vma X was lower in the experiments with 
the addition of unconjugated bilirubin (0.07 
~tmol/15 min per g of tissue) as compared with 
controls without unconjugated bilirubin (0.17 
~tmol/15 min per g of tissue). A similar effect 
although less marked was produced by lower un- 
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Fig. 2. Typical data of runout of p-aminohippurate from rat renal cortical slices in the absence and presence of unconjugated bilirubin 
(UB). Slices were preloaded with p-amino[t4C]hippurate for 60 min, rinsed and transferred through a series of flasks containing no 
p-aminohippurate at 30-s intervals. Arrow indicates point where efflux into the medium containing unconjugated bilirubin was begun. 
(A) unconjugated bilirubin 100 p.M. c, = 2775 (dpm/ml)  e -°'°~2 s-'-t, c,(UB)= 4093 (dpm/ml)  e -°'°°3 s - < t  K = K(UB) (P  < 0.05). 
(B) Unconjugated bilirubin 10 p.M. c t = 1364 (dpm/ml)  e -°'°°3 s - ' . ,  ct (UB)= 565 (dpm/ml)  e - ° ° ° l  ~- ~', K = K(UB) (P < 0.01). 

TABLE III 

EFFECT OF UNCONJUGATED BILIRUBIN (UB) ON CELLULAR FUNCTIONAL PARAMETERS 

Data are mean value + S.E., n.s., not significantly different. There were no significant differences in summed concentrations of 
intracellular Na + and K ÷ among the four groups when considering the slices in which both cations were determined. Q 02, oxygen 
consumption. The number of experiments is indicated in the parentheses. 

Parameters Controls + UB (20 p.M) + UB (40 p.M) + UB (100 p.M) 

Total tissue water 80.1 +0.9 80.0 +0.01 82.4 + 0.6 85.6 +0.9 
(% of wet wt.) (10) (3) (10) (6) 

n.s. n.s. P < 0.01 
Inulin space 0.30 + 0.01 0.29 + 0.02 0.31 + 0.07 0.27 + 0.0 I 

(ml /g  wet wt.) (28) (5) (6) (5) 
n.s. n.s. P < 0.01 

Intracellular Na + 50.52 _+ 2.87 47.38 _+ 7.4 102.86 _+ 14.5 92.0 _+ 5.1 
(mequiv./1 HzO ) (17) (8) (10) (5) 

n.s. P < 0.01 P < 0.01 
Intracellular K + 65.55 _+ 1.8 65.02 +_ 4.0 44.29 _+ 2.5 33.64 _+ 2.06 

(mequiv./1 H20 ) (25) (8) (10) (9) 
n.s. P < 0.05 P < 0.001 

Q 02 1.29 _+ 0.05 Undetermined 0.98 _+ 0.11 1.02 _+ 0.04 
(p.1/h per mg wet wt.) (4) (4) (4) 

P < 0.05 P < 0.02 
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conjugated bilirubin concentrations in the medium 
with Vma x values of 0.09 ~tmol/15 min per g (un- 
conjugated bilirubin concentration 40 ~M) and 
0.13 ~tmol/15 min per g (unconjugated bilirubin 
concentration 20 ~tM). Thus, the effect of uncon- 
jugated bilirubin on p-aminohippurate uptake was 
to decrease the Vma x of the uptake without signifi- 
cantly affecting the apparent Km. 

Effect of unconjugated bilirubin on the efflux of 
pre-accumulated p-aminohippurate 

The efflux rate constant in the absence of un- 
conjugated bilirubin had a value of 0.0023 s-1 as 
can be seen in Table II. When the slices were 
transferred to a medium containing unconjugated 
bilirubin, the efflux rate constant was decreased at 
low unconjugated bilirubin concentration in the 
medium but it was increased when unconjugated 
bilirubin concentration was high. Fig. 2 represents 
typical data of runout in the absence and presence 
of unconjugated bilirubin in the medium. 

Effect of unconjugated bilirubin on general cell func- 
tion and viability 

Table III shows that the slices incubated in a 
medium of low unconjugated bilirubin concentra- 
t ion (20 ~tM) did not exhibit significant change in 
cell function. When unconjugated bilirubin con- 
centration in the medium increased, cell function 
and viability were impaired as shown by increased 
intracellular sodium and total tissue water content 
and decreased intracellular potassium and oxygen 
consumption of tissue. 

Discussion 

The active step in tubular secretion of organic 
anions in the mammalian kidney is considered to 
be situated at the peritubular membrane leading to 
intracellular accumulation and further diffusion 
into the luminal fluid [ 1,2]. It has been pointed out 
that tubular lumina are collapsed in slices of renal 
cortical tissue [29], and that transport events ob- 
served in this preparation reflect preponderantly 
processes localized at the antiluminal cell phase 
[30,31]. Therefore accumulation of p-aminohip- 
purate by slices reflects the rate of active transport 
from medium to cell and passive efflux from cell 
to medium localized at the peritubular cell mem- 
brane. 

In previous investigations we observed that un- 
conjugated bilirubin which circulated within the 
peritubular capillaries of an isolated rat kidney 
preparation interacted with pericapillary mem- 
branes and impaired the urinary excretion of p- 
aminohippurate [20,21]. In this study we used re- 
nal cortical slices because they seemed approp- 
priate to give insight into the mechanism responsi- 
ble for the effect of unconjugated bilirubin on 
p-aminohippurate transport at the peritubular site. 

The results described in this paper showed that 
S / M  ratio for p-aminohippurate, indicative of its 
steady state accumulation, was diminished by un- 
conjugated bilirubin. The decrease of p-aminohip- 
purate accumulation might be due to: (1) a de- 
crease in the active transport of p-aminohippurate, 
(2) an increase in the passive efflux of p-aminohip- 
purate, (3) a combination of the two. The data also 
indicated that the change produced by uncon- 
jugated bilirubin was different at low (~< 20 ~tM) 
and high ( >/40 ~tM) concentrations of pigment. At 
low concentrations of pigment the changes 
produced on p-aminohippurate transport were a 
diminished Vma x with the apparent K m remaining 
constant, and a decrease in the efflux rate con- 
stant. The mentioned effects were in accordance 
with data obtained in the isolated rat kidney [21]. 
Since no modifications in total water content and 
ionic distribution could be detected in the pres- 
ence of low unconjugated bilirubin concentrations, 
we can assume that cellular metabolism determin- 
ing p-aminohippurate transport was unaffected. 
However it is possible that unconjugated bilirubin 
binding to sites necessary for p-aminohippurate 
transport could depress its translocation by 
noncompetitive inhibition [32]. The effect of high 
unconjugated bilirubin concentration in the 
medium might be due to an additional mechanism 
also involved. In this connection it was seen that 
p-aminohippurate accumulation by renal cortical 
tissue was inversely related to the magnitude of the 
membrane potential [33]. As unconjugated biliru- 
bin may behave as an organic anion in biological 
buffer [34] it seems possible that membrane poten- 
tial changed by pigment diffusion into cell. More- 
over unconjugated bilirubin entering the cell might 
produce unbinding of p-aminohippurate from an 
intracellular protein [35], thus enhancing its rate of 
efflux as observed with other inhibitors of p- 



aminohippurate transport [6]. 
The Eadie-Hofstee plots of the kinetic data 

indicated the existence of at least two different 
components of p-aminohippurate transport in re- 
nal cortical slices. Although such a phenomenom 
was not observed by some authors [3,5-7], it was 
also described by other investigators and ex- 
plained as due to geometry problems in slices 
[2,28,31], or to the existence of two different func- 
tional components [36-38]. Our data were in 
agreement with the last point of view since only 
one component apparently was involved in the 
uptake of p-aminohippurate by the slices in- 
cubated in anaerobiosis. Therefore we can assume 
that the kinetics of p-aminohippurate uptake by 
renal cortical tissue may involve at least two com- 
ponents namely aerobic and anaerobic. The aerobic 
component followed simple Michaelis-Menten 
kinetics with a high affinity for p-aminohippurate, 
and may be inhibited by unconjugated bilirubin in 
a non competitive manner, whereas the anaerobic 
component seemed not to be affected by uncon- 
jugated bilirubin. Nevertheless, the mechanism 
postulated for unconjugated bilirubin inhibitory 
effect on p-aminohippurate transport, particularly 
in the presence of high unconjugated bilirubin 
concentrations, might be well attributed to the 
extensively studied pigment toxicity [ 10,12,14]. Im- 
paired functional cell parameters seen in Table III 
were in agreement with unconjugated bilirubin 
toxic effects on membrane systems [17,18], and 
with the view that unconjugated bilirubin may 
exert effects on the physico-chemical state of 
membranous phospholipids [14,39]. 

Whatever would be the explanation for the 
results described in this paper, the lack of effect of 
unconjugated bilirubin on p-aminohippurate up- 
take in anaerobic conditions remains intriguing. In 
this regard it is not possible to discard that uncon- 
jugated bilirubin promoted lipid peroxidation of 
rat renal cortical slices in the presence of oxygen 
as described for some compounds that produced 
impairment of tubular cell function and di- 
minished accumulation of p-aminohippurate by 
tissue [40]. In this sense the oxidative decomposi- 
tion of unconjugated bilirubin in albumin-free 
solution that may be prevented by exclusion of 
oxygen [41] might produce degradation products 
or free radicals [42] responsible of the effect on 
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membrane components. Further resolution awaits 
more information regarding the nature of the 
anaerobic component of p-aminohippurate trans- 
port in rat renal cortical slices, and about the 
chemical structure of unconjugated bilirubin under 
aerobic and anaerobic conditions of tissue incuba- 
tion. 
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