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A B S T R AC T To investigate the origin and metabo-
lism of the intermediates that occur in blood during
phototherapy of neonatal jaundice, serum from irradi-
ated homozygous Gunn rats was injected intravenously
into other homozygous Gunn rats fitted with bile
fistulas, and the excretion of pigment in the bile of the
recipient rats was studied. In some experiments the
donor rats were labeled with ['4C]bilirubin; in others
the recipient rats were labeled. Injection of donor
serum from irradiated rats caused a transient burst of
pigment excretion in the bile of the recipient rats.
However, simultaneous bursts of pigment and '4C
excretion were observed only when the donor rat was
labeled and the recipient rat was not, and not when the
donor rat was unlabeled and the recipient rat was
labeled. In addition, there was simultaneous transient
enhanced excretion of pigment and label when labeled
recipient rats were exposed briefly to blue light. We
conclude that (a) the phototherapy intermediates pre-
viously detected spectroscopically in serum are formed
from bilirubin and are excreted in bile independently
of bilirubin; (b) the enhanced excretion of pigment
in bile during phototherapy is not caused by complex
formation between bilirubin and photoproducts, or by
liver damage produced by photoproducts or light.

INTRODUCTION

When rats with hereditary unconjugated hyperbili-
rubinemia (Gunn rats) are exposed to blue or broad-
spectrum white light there is an apparent increase
in the amount of unconjugated bilirubin excreted from
the liver into bile (1). A similar effect occurs in
jaundiced babies (2) and is believed to be crucially
important for the successful treatment of neonatal
jaundice by phototherapy. Several theories have been
proposed to explain this effect. It has been suggested,
for example, that photoproducts formed in peripheral
tissues from bilirubin or other metabolites might inter-
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act with unreacted bilirubin to form reversible com-
plexes that can be excreted by the liver (complex
hypothesis) (3-5). Another suggestion is that light
or photoproducts might damage the liver, making it in
some way leaky and allowing unconjugated bilirubin
to be excreted more readily into bile (leaky hypothesis)
(1, 2, 4-7). A third, more recent, proposal is that light
converts bilirubin in peripheral tissues to less stable
configurational isomers that are readily excretable
by the liver and that revert spontaneously to the
normal isomer in bile or during analysis ofthe bile (isomer
hypothesis) (For leading references see McDonagh
et al. [8]).

Werecently reported evidence that strongly supports
the isomer hypothesis (8). We showed that unstable
substances that behave like synthetic bilirubin photo-
isomers occur in the blood of jaundiced rats during
irradiation with blue light. The concentration of these
substances in serum was low, but increased when the
bile duct was obstructed. When injected intravenously
into recipient jaundiced rats in the dark, these sub-
stances caused a pronounced increase in hepatic bile-
pigment excretion. Not surprisingly, similar substances
also appear to be generated in vivo during photo-
therapy of jaundiced human neonates (9, 10). Thus far,
however, there is no direct evidence that these
therapeutically important intermediates, which occur
in the circulation during phototherapy, are actually
derived from bilirubin, or that they are the molecular
precursors of the increased amount of unconjugated
pigment that is excreted in bile. Furthermore, although
our recent studies strongly supported the isomer
hypothesis, they did not rule out other possible
mechanisms, particularly the complex and leaky hy-
potheses noted above. To address these points, we
have repeated our earlier studies using jaundiced Gunn
rats whose endogenous bilirubin was uniformly labeled
with [14C]bilirubin. Two series of experiments were
done. In one, serum from irradiated unlabeled donor
rats was injected in the dark into labeled recipient rats.
In the other, serum from irradiated labeled donor rats
was injected into unlabeled recipient rats. In both
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series, the excretion of pigment and radioactivity in
the bile of the recipient rats was measured.

The results provide the first direct proof that the
intermediates detectable in vivo in the circulation
during light exposure are derived from bilirubin and
that these interrnediates themselves are excreted by
the liver into bile. Moreover, the results specifically
exclude the complex and leaky hypotheses and indicate
that the apparent excretion of unconjugated bilirubin
during phototherapy is not due to a direct effect of light
on the liver.

METHODS

Adult male homozygous Gunn rats, bred at the University
of California, San Francisco, were used. They were labeled
by intravenous injection of [14C]bilirubin (40-125 ,ug [2.0
x 105-3.0 x 106 dpm] dissolved in 1 ml Sprague-Dawley rat
serum, Simonsen Labs., Gilroy, Calif.) 15-24 h before use.
Serum from irradiated homozygous Gunn rats (referred to in
the figures as 'light serum') was obtained as described (8).
Briefly, restrained shaved rats with cannulated bile ducts were
irradiated with 40-W Westinghouse Special Blue tubes (West-
inghouse Electric Corp., Pittsburgh, Pa.) for 3.5 h, with the bile
flow interrupted during the last 3 h of irradiation by blocking
the cannula. The animals were then exsanguinated, and serum
was collected under a safelight. Control animals were treated
similarly, except that they were not shaved and were exposed
only to an infrared heating lamp during the 3.5-h phototherapy
period. (Serum from these animals is referred to as 'dark serum'
in the figures.) Serum samples (2 ml) were stored overnight at
40C before being injected intravenously into recipient homo-
zygous Gunn rats in the dark. The recipient rats were kept in
restraining cages in a darkroom and infused intravenously
at 2 ml/h with a bile-salt-lipid-replacement mixture con-
taining sodium cholate, lecithin, taurine, and cholesterol (11).
An infrared lamp was used as necessary to maintain body
temperature, and 20-W Westinghouse Special Blue lights
placed -5 cm above the animal were used for visible-light
irradiation periods. Pigment excretion by recipient rats was
monitored photometrically at 470 nmusing a flow cell (0.5-mm
pathlength, 2-,ul vol) connected by a short cannula to the bile
duct (8, 11). Effluent bile from the flow cell was collected
continuously at 5-min intervals directly into tared counting
vials in a fraction collector. The vials were reweighed to
determine the bile flow rate, and the contents were prepared
for scintillation counting as follows: protosol/ethanol (1:2
[vollvol], 1 ml) was added, and the mixture was incubated
in a shaking water bath at 600C for 1 h. The mixture was
cooled and 30%(vol/vol) hydrogen peroxide (0.5 ml) was added
in drops. After 30 min, Biofluor (15 ml) and 0.5 M HCI (0.5
ml) were added in sequence with vigorous mixing, and the
samples were counted twice for 10 min each. Background
counts (-14 cpm/5 min interval of bile) were determined
using aliquots of bile (100-150 ul) from unlabeled homozy-
gous Gunn rats. Excretion of radioactivity is given in the
figures as counts per minute above background, expressed
per gram of bile excreted. The 14C excretion curves were not
corrected for the hold-up time (6-10 min) caused by the
length of connecting tube between the flow cell and the
fraction collector. All observations reported were confirmed
by duplicate experiments in separate animals, which gave
similar results. For the 40-W light fixture the spectral ir-
radiance per nanometer at 450 nm, measured at the level
of the rat's back, was 40 J/m2 per s, corresponding to an in-

cident photon flux of 9.1 x 1019 quanta/m2 per s; for the 20-W
light fixture the corresponding values were 27 J/m2 per s and
6.1 x 1019 quanta/m2 per s. Light intensity measurements
were made with a calibrated leveled spectroradiometer
(model 111D, United Detector Technology, Inc., Santa
Monica, Calif.).

Crvstalline ['4C]bilirubin (0.51-2.5 x 104 dpm/Ig sp act)
was prepared biosynthetically (12) from 5-amino-[4-'4C]levu-
linic acid (New England Nuclear, Boston, Mass.). Solutions
of ['4C]bilirubin for intravenous injection were prepared by
dissolving 100-310 ,±g of the solid in 0.1 M NaOH(0.3 ml)
and mixing this solution without delay with 2.2 ml rat serum.
Serum bilirubin concentrations were measured by diazotiza-
tion (12). Biofluor and Protosol were obtained from New
England Nuclear.

RESULTS

When serum from an unirradiated, unlabeled, bile-
obstructed Gunn rat was injected in the dark into a
Gunn rat labeled with [14C]bilirubin, there was a very
slight and transient increase in pigment excretion and
no detectable increase in 14C excretion in the bile of
the recipient rat (Figs. 1 and 2). When serum from an
irradiated, unlabeled bile-obstructed Gunn rat was in-
jected into the same recipient rat in the dark, there was
a marked transient increase in pigment excretion in the
bile of the recipient rat, but no corresponding increase
in 14C excretion (Figs. 1 and 2). Yet, when the labeled
recipient rat was irradiated briefly with blue light,
there was an increase in pigment excretion in the bile,
and a corresponding increase in 14C excretion (Fig. 2),
as anticipated.

In a corollary of the above experiments, an unlabeled
Gunn rat was first irradiated briefly with blue light, and
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FIGURE 1 Biliary excretion of pigment and 14C by a homozy-
gous Gunn rat labeled with [14C]bilirubin. The Gunn rat was
labeled by intravenous injection of [14C]bilirubin. Approxi-
mately 15 h later its bile duct was connected to a flow cell and
the absorbance of bile at 470 nm was monitored photo-
metrically. Effluent bile from the flow cell was collected at
5 min intervals, weighed, and counted. At the points indicated
the rat was injected intravenously with serum (2 ml) from
donor homozygous Gunn rats. 'Light serum' was obtained
from a Gunn rat that had been irradiated with blue light for
3 h with its bile duct occluded; 'dark serum' was from an
unirradiated control. The serum bilirubin concentrations in
the light and dark serums were 5.4 and 5.1 mg/100 ml,
respectively. The mean bile flow rate of the recipient rat
during the experiment was 1.7±0.28 ml/h SD.
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FIGURE 2 Biliary excretion of pigment and 14C by a homozygous Gunn rat labeled with [14C]-
bilirubin. The general procedure was the same as in Fig. 1. 1.73 h after injection of the light serum,

the recipient rat was irradiated for 35 min with blue light. The serum bilirubin concentrations
of the dark (unirradiated) and light (irradiated) serums were 4.4 and 5.1 mg/100 ml, respectively,
and the mean bile flow rate of the recipient rat during the experiment was 1.7±0.42 ml/h SD. The
delay between the 14C peak and the absorbance peak is due to the brief hold-up time (6-10 min) of
the apparatus.

the resulting increase in pigment excretion was re-

corded (Fig. 3). The rat was then injected with serum

from an unirradiated bile-obstructed rat that had been
prelabeled with [14C]bilirubin. This led to slight
transient increases in both 14C and pigment excretion
by the recipient rat. Finally, the recipient rat was in-
jected with serum from an irradiated, prelabeled bile-
obstructed rat; there was a marked transient increase
in both 14C and pigment excretion in the bile of the
recipient rat.

DISCUSSION

Markedly enhanced pigment excretion by the recipient
rats in the dark occurred only after injection of serum

from irradiated rats, as previously reported (8). The
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peak of pigment excretion was accompanied by a con-

gruent excretion of radioactivity only when the donor
rat was prelabeled with [14C]bilirubin, and not when
the recipient rat was prelabeled. Therefore the photo-
therapy intermediates in the serum from the irradiated
rats, which have previously been characterized by
absorbance-difference spectroscopy (8), are formed
from bilirubin and are themselves excreted in bile.
Since there was no detectable increase in 14C ex-

cretion when labeled recipient rats were injected with
serum from irradiated unlabeled donor rats, it is evi-
dent that the intermediates are excreted independently
of endogenous bilirubin and that they do not dis-
place endogenous bilirubin from the plasma or liver
into the bile. In addition, the experiments show that
there is no need to invoke a phototoxic effect of light on
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FIGURE 3 Biliary excretion of pigment and 14C by an unlabeled homozygous Gunn rat. Pigment
and 14C excretion were measured as in Fig. 1. The rat was irradiated for 15 min with blue light
and subsequently injected with serum samples (2 ml) obtained, as in Fig. 1, from irradiated (light
serum) and unirradiated (dark serum) homozygous Gunn rats that had been labeled previously
by injection of ['4C]bilirubin. The ['4C]bilirubin concentrations of the dark and light serum were

6.1 and 5.1 mg/100 ml, respectively, and the mean bile flow rate of the recipient rat during the
experiment was 1.4 ±0.20 ml/h SD. The delay between the 14C and absorbance peaks is due to the
brief hold-up time (6-10 min) of the apparatus.
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the liver as a cause of the enhanced pigment excretion
during phototherapy, and they show that circulating
photoproducts do not make the liver leaky to uncon-
jugated bilirubin. This last conclusion is consistent
with earlier reports that phototherapy does not alter the
permeability of the liver to Evans blue, albumin,
bile salts, phospholipids, and cholesterol (4, 5), or
influence disappearance of bromosulfophthalein from
the plasma (13).

Inasmuch as injection of serum from irradiated
unlabeled rats did not augment the excretion of 14C
in rats prelabeled with [14C]bilirubin, it is apparent
that photoproducts in the serum do not form excretable
complexes with bilirubin. The complex hypothesis
had previously been ruled out by Ostrow and co-
workers (4, 5) on the basis of experiments in which
extracts of bile from irradiated Gunn rats were in-
jected into donor rats. However, their conclusion was
based on the implicit and probably erroneous as-
sumption that phototherapy intermediates in the cir-
culation remain unaltered during their passage through
the liver and subsequent extraction from bile. This
methodological flaw was avoided in the present work
by injecting unadulterated serum obtained directly
from light-exposed animals.

Wedo not know the reason for the slight transient
increase in pigment and isotope excretion observed
when unlabeled recipient rats were injected with
serum from unirradiated labeled donors (Fig. 3). Most
likely it was caused by small amounts of excretable
colored derivatives of bilirubin in the donor serum.
Such derivatives occur normally in Gunn rat bile (14)
and they may have accumulated in the blood of the
donor rats when the bile flow was restricted.

The present studies provide no new information
on the identity of the yellow intermediates that are
detectable spectroscopically in the serum of irradiated
Gunn rats. However, the results are consistent with
previous evidence that the intermediates are geometric
isomers of bilirubin (8) and with the theory that
photoisomerization of bilirubin plays an important role
in phototherapy of neonatal jaundice.
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