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Essential differences are demonstrated between bilirubin binding to rat serum
proteins and to albumin in human serum. Acidimetric titration of rat serum with
and without added bilirubin shows that binding of bilirubin acid in the range of
pH from 6.8 to 8.8 takes place with release of less than one hydrogen ion per mol-
ecule of bound bilirubin. With human serum, two hydrogen ions are released, in-
dicating binding of bilirubin dianion. The binding equilibrium of N-[4-[(4-ami-
nophenyl)-sulfonyl]phenyl]-acetamide (MADDS) to rat serum albumin is influ-
enced slightly by cobinding of bilirubin whereas MADDS and bilirubin bind
competitively to human serum albumin. Finally, the rate of oxidation of bilirubin
with hydrogen peroxide and peroxidase is decreased moderately by addition of
rat serum albumin and strongly by the human protein, indicating that biliribin in
its complex with rat serum albumin is subject to oxidation while the complex with
human serum albumin is protected. These differences should be considered when
rats are used as a model in experimental studies aiming at prevention of bilirubin

encephalopathy in human neonates.

Bilirubin, a dicarboxylic acid, circulates in hu-
man blood plasma where it is bound to serum al-
bumin. In the complex with human albumin, bili-
rubin is present as the dianion and the binding af-
finity is independent of pH in a range from 7 to
9. If a sulfonamide, which binds competititively
with bilirubin, is added to the plasma, or if pH is
decreased, conditions become favourable for
precipitation of bilirubin acid which is slightly
soluble in water. The solubility of bilirubin acid
in water at 37°C is about 10’° M.? The first stoi-
chiometric binding constant for the bilirubin di-
anion to human serum albumin at 37°C at0.15M
ionic strength is 6X10’ M™'.> The mean pK, for
the two carboxyl groups is 4.4.* From these data
it is possible to calculate when conditions favour
precipitation of bilirubin acid and when dissolu-
tion of the precipitated acid can take place.
Quantitative agreement of these calculations with
clinical observations of bilirubin deposition in the
brain of newborn infants after giving a sulfona-
mide’ or in acidotic newborns,*’ and the fact that
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such precipitation does not take place in the
healthy newborn with a normal plasma pH’ have
suggested that yellow staining of certain areas of
the brain (kernicterus) in human infants can be
explained by simple precipitation of bilirubin
acid.?

What appears to be a different process, trans-
fer of the entire bilirubin-albumin complex into
the brain, has been observed in rats after dis-
ruption of the blood-brain barrier by hyperos-
mosis® or by increased carbon dioxide tension.’
The possible role of this mechanism in human
kernicterus is difficult to evaluate at present.

Rats have further been used in experiments
with bilirubin transfer from blood to brain, in-
duced by sulfonamides'®! and it has been sug-
gested that screening of drugs for bilirubin dis-
placing properties could be undertaken in
rats.'>” Measurement of free bilirubin concen-
tration in blood plasma of rats has further been
attempted, using peroxidase rate determination.
Such determinations are made on the presump-
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tion that bound bilirubin is protected from oxida-
tion; the rate of the peroxidase process is consid-
ered proportional to the free equilibrium concen-
tration of bilirubin dianion.!*"

In all these cases it is important to know
whether the bilirubin dianion is bound to rat al-
bumin as it is to the human protein, whether bili-
rubin competes with binding of the same sub-
stances, and whether bilirubin is protected from
peroxidase oxidation when bound to rat albumin,
as it is in the complex with human protein. We
undertook a few experiments to elucidate this
question.

Materials and Methods

Human serum albumin was obtained from AB
KABI, Stockholm, Sweden, and was defatted
with charcoal in acid solution.” Rat serum was
obtained from Wistar rats. Rat serum albumin
was prepared by fractionating rat serum on a Se-
phacryl S-300 column using a sodium borate
buffer pH 8.4 and then dialyzing against water
before freeze drying. Bilirubin was from Sigma,
Saint Louis, USA, and was purified as described
by McDonagh and Assisi.'

Acidimetric titrations were carried out at
25.0°C in a carbon dioxide free atmosphere, us-
ing a glass electrode No. G-2040B and a refer-
ence calomel cell No. K102-K connected to a salt
bridge No. K102-B from Radiometer, Copenha-
gen, Denmark. The reference electrode as well
as the titration vessel were kept at 25°C during a
period of at least 24 h prior to and during titra-
tion. Readings of pH were made to three digits
after the decimal point. Low-carbonate sodium
hydroxide solution was prepared by dissolving
100 g of sodium hydroxide in 100 ml of warm
water and leaving the solution for precipitation of
sodium carbonate. Titration was carried out with
2 M hydrochloric acid from an “Agla” microm-
eter syringe from Wellcome Reagents Ltd., Dart-
ford, England, allowing a definition of a 500 ul
volume to 0.02 pl. The burette barrel was pro-
tected from temperature fluctuations and the en-
tire titration setup was confined to a soft-iron
plate cabinet to prevent electric noise.

Bilirubin, 2.0 pmol, was dissolved in a
measured surplus of sodium hydroxide solution,

t Abbreviation: MADDS, N-[{4-[(4-aminophenyl)-sul-
fonyl]phenyl]-acetamide.
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rat or human serum was added to obtain an al-
bumin concentration approximately equal to that
of bilirubin, 100 uM, and acidimetric titration
was carried out with 2 M hydrochloric acid. The
experiments were repeated without addition of
bilirubin. The difference in the amounts of hy-
drochloric acid used in two experiments with and
without bilirubin, divided by the amount of bili-
rubin, was then plotted as a function of pH.

Binding of MADDS was studied by a previ-
ously described microdialysis technique.” A
small amount of “C-MADDSH, final concentra-
tion 3 uM, is added to a buffered albumin solu-
tion with pH 7.4 and dialyzed against an identical
solution without MADDS. The radioactivity is
measured on both sides of the membrane after 10
min dialysis at 37.0°C. Equilibrium between the
two compartments is not established during this
time and the rate of dialysis is taken as a measure
of the free concentration of MADDS in binding
equilibrium with albumin.

The rate of oxidation of bilirubin in buffered
albumin solutions with hydrogen peroxide and
horse radish peroxidase was studied as previously
described.’ All experiments were performed at
37.0°C in a 60 mM sodium phosphate buffer, pH
7.4.

Results

In Fig. 1a the number of acid protons dissociated
from bilirubin when present in rat serum is plot-
ted as a function of pH. It is noted that bilirubin,
in an interval of pH from 6.8 to 8.8, dissociates
less than one proton. In each of two experiments
the average throughout this range of pH was 0.2
and 0.6 H* dissociated from each bilirubin mole-
cule. Bilirubin was thus present predominantly as
the acid.

The results using human serum, are pictured in
Fig. 1b. The average number of dissociated pro-
tons was in this case 1.7 and 1.9 in two experi-
ments, when measured in the pH interval from
6.8 to 8.8. Bilirubin was present predominantly
as the dianion. When titration was continued to
lower pH, bilirubin was partially converted to the
acid.

Fig. 2 indicates that MADDS, added to rat se-
rum, is bound with rather low affinity, when
compared to the affinity for human surum. Addi-
tion of bilirubin causes little change of MADDS
binding to rat serum whereas a considerable de-
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Fig. 1. Acidimetric titration was made on serum
diluted to approximately 100 puM albumin, with and
without added bilirubin acid, 100 pM. The ordinate is
the difference of amounts of hydrochloric acid used
in the two experiments, divided by the amount of
bilirubin, a) with rat serum, b) with human serum.

crease of MADDS binding is seen when bilirubin
is added to human serum.

Further experiments with purified rat and hu-
man serum albumins (isolated as described for
rat serum albumin in Methods) have shown that
the differences of MADDS binding affinity, illus-
trated in Fig. 2, are due to different affinities of
MADDS for the two proteins. It has further been
confirmed that MADDS-bilirubin competition
fails with the purified rat protein. Defatting as
described by Chen® of both protein species does
not alter these results.

It has previously been found that one molecule
of MADDS binds to human serum albumin,
competing with one molecule of bilirubin, and
this has been utilized in a practical method for es-
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timating the bilirubin binding properties of infant
sera.'” The MADDS method obviously cannot be
used for this purpose in rat experiments, due to a
difference of binding mechanisms.

Fig. 3 illustrates that rat serum albumin has a
limited effect on the rate of peroxidase oxidation
of bilirubin while a marked inhibition is seen with
the human protein. Oxidaton rates of bilirubin in
a buffered solution with a two- to eight-fold mo-
lar surplus of albumin were measured. Initial oxi-
dation rates were plotted as a function of the re-
ciprocal of the albumin minus bilirubin concen-
trations. Under these circumstances the free
equilibrium concentration of bilirubin is approx-
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Fig. 2. Non-equilibrium dialysis of “C-MADDS, 3 puM,
added to serum on the left side of a cellophane. An
identical serum sample was present on the right side.
Ratios of radioactivity, left/right side, were measured
after 10 min of dialysis (ordinates). Varying
concentrations of bilirubin (abscissa) were added on
both sides of the membrane. Experiments with
human serum, O, indicate tight binding of MADDS
and marked competition with binding of bilirubin. In
rat serum, OJ, binding of MADDS occurs with lower
affinity, as indicated by faster dialysis, and is less
influenced by biliburin.
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Fig. 3. Oxidation rates (ordinates) for bilirubin with
hydrogen peroxide and peroxidase, measured with
varying molar surplus of serum albumin, O, human
serum albumin; O, rat serum albumin. The
peroxidase concentration was 24 nM in experiments
with the human protein, and 6 nM with rat serum
albumin. The bilirubin concentration was constant,
15 uM, throughout.

imately inversely proportional to the albumin
surplus. A straight line through the origin is thus
expected if the rate of oxidation is proportional
to the free bilirubin concentration. A positive in-
tercept with the ordinate axis shows the rate of
oxidation of bound bilirubin. Fig. 3 illustrates
that the oxidation rate for bilirubin bound to hu-
man serum albumin is negligible; only the free bi-
lirubin is oxidized. With rat serum albumin, the
rate of oxidation of bound bilirubin is consider-
able. In a solution containing 15 uM bilirubin and
30 uM rat serum albumin, corresponding to the
extreme right of the graph, more than half of the
oxidation concerns bound bilirubin. At 400 uM,
albumin, as found in rat serum, with low bilirubin
concentrations, practically only bound bilirubin
would be oxidized.

Discussion

It has previously been shown that one molecule
of bilirubin in neutral and slightly alkaline solu-
tions is bound to human serum albumin as a di-
anion.’ The chromophores of the bound dianion
are probably internalized in the albumin mole-
cule.” The fact that bound bilirubin is resistant to
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oxidation with peroxidase may be due to inter-
nalization. The presence of two negatively
charged carboxylate groups in the bound mole-
cule may also contribute to a low oxidation rate.
It is difficult to evaluate the latter effect since the
carboxylate groups may be located at a distance
from the aromatic chromophores where oxida-
tion takes place. Peroxidase oxidation of biliru-
bin, bound to rat serum albumin, proceeds much
faster, as shown in the present paper. This may
be explained alternatively by lack of internal-
ization or by the absence of negatively charged
carboxylate groups.

A buffered solution of human serum albumin
and bilirubin will contain free bilirubin dianion in
a certain equilibrium concentration and further a
very small amount of bilirubin acid with both car-
boxyl groups in the protonated form. If the equi-
librium concentration of bilirubin acid is larger
than the solubility, precipitation of bilirubin acid
is thermodynamically possible; precipitation may
take place, or the solution may remain in a super-
saturated state. Supersaturation is often seen in
actual experiments in vitro.

When precipitation of bilirubin acid takes
place in the presence of a phospholipid mem-
brane, as in vivo where blood plasma is in intim-
ate contact with cell surfaces, the process occurs
promptly and proceeds with formation of biliru-
bin acid aggregates which have a somewhat
higher solubility than crystalline bilirubin acid.”
It seems possible to explain deposition of biliru-
bin in the brain of newborn infants as a result of
this process.” It is then theoretically expected
that the deposition can be induced by occupation
of albumin in blood plasma by a competitively
bound sulfonamide. Transfer of bilirubin to the
brain would also be expected to occur at lower
plasma bilirubin concentrations if the binding af-
finity of the albumin is reduced. We would finally
expect that a low plasma pH would increase the
risk of bilirubin deposition. All three expecta-
tions are fulfilled by clinical experience; giving
sulfonamides may precipitate kernicterus;? in-
fants with reduced bilirubin binding properties of
serum albumin, as seen in respiratory distress
syndrome or in severe infections, constitute a
particular risk group showing signs of bilirubin
damage at lower plasma bilirubin concentrations
than other infants;** and acidosis increases the
risk.?

A theory of simple bilirubin acid precipitation



is thus supported qualitatively by these observa-
tions and is further substantiated by calculations
based upon the solubility, the acid dissociation
constants of the two carboxyls, and the binding
affinity of bilirubin to albumin, indicating that
precipitation of bilirubin does in fact take place
in cases where it is theoretically expected.” The
above theory has been developed on the basis of
in vitro measurements and clinical observations
in human neonates. In rat experiments it has
been found that sulfonamides displace bilirubin
from blood to brain;!®"'** however, acidosis does
not promote bilirubin deposition,’ attempted
measurements of free bilirubin concentrations by
means of the peroxidase technique do not give
the expected results,’ and a different mechanism
of bilirubin transfer, involving the entire bili-
rubin-albumin complex, has been found.®® These
observations are understood when it is consid-
ered that binding of bilirubin to rat serum al-
bumin occurs by a different mechanism, deviat-
ing from the simple binding of bilirubin dianion
to human albumin.

It should further be noted that the binding af-
finity for bilirubin to rat serum albumin remains
unknown. Generally, binding of drugs to rat se-
rum albumin has not been studied in detail and
the present findings illustrate that binding com-
petition of drugs with bilirubin may follow differ-
ent patterns from those seen with the human pro-
tein. It is consequently not possible to use the rat
as an animal model in studies of drug or acidosis
induced bilirubin encephalopathy of the human
neonate.
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