Blue Light and Bilirubin Excretion
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Each year thousands of newborn
babies with neonatal jaundice are treated
with phototherapy, that is, prolonged ir-
radiation with bright blue or white light
(1). This is done to prevent brain damage
caused by the cytotoxic yellow metabo-
lite 4Z,15Z-bilirubin IXa« (bilirubin).

explain why it apparently causes excre-
tion of unconjugated bilirubin. This
mechanism involves light-induced con-
version of bilirubin to unstable inter-
mediates that can be excreted by the
liver into bile and that can subsequently
revert to natural bilirubin. Although we

Summary. Blue light converts bilirubin in the skin of jaundiced rats to metastable
geometric isomers that are transported in blood and excreted in bile. The same reac-
tion probably occurs in jaundiced babies exposed to light, particularly during treat-
ment with phototherapy. Excretion of unisomerized bilirubin is prevented by intra-
molecular hydrogen bonding, and the pigment has to be metabolized to more polar

derivatives to be excreted efficiently.

Phototherapy works because it reduces
the concentration of bilirubin in the cir-
culation and diminishes the risk that the
pigment will diffuse into the brain where
it can exert its toxic effect. How it works
is not at all clear. The most widely held
notion is that light therapy causes
photooxidation or photodegradation of
bilirubin to other compounds that are
easily excreted (2). However, there is no
reliable, convincing scientific evidence
to back up this view. One fascinating as-
pect of the problem is the observation,
made originally by Ostrow (3), that pho-
totherapy appears to stimulate excretion
of bilirubin by the liver into bile @). This
observation is particularly intriguing be-
cause, normally, bilirubin cannot be ex-
creted significantly by the liver unless it
is first metabolized to so-called con-
jugates with glucuronic acid and other
sugars (5). How, therefore, can light,
shone on the skin, trigger the excretion
of unconjugated bilirubin by the liver?
Several theories have been proposed to
explain this phenomenon, but none has
been verified experimentally, and bio-
chemical intermediates that might be re-
sponsible have not been detected or
identified in vivo. In this article we pro-
pose a mechanism for phototherapy and
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have been unable to isolate and purify
these intermediates, owing to their ther-
mal instability, we have been able to de-
tect and identify them spectroscopically
and by a novel technique in which a rat is
used essentially as a chromatography
unit. Curiously, it has turned out that the
nature and properties of these inter-
mediates provide fresh insight into nor-
mal bilirubin metabolism and indicate why
hepatic conjugation of bilirubin is such a
necessary step in mammalian metabolism.

The Phototherapy Intermediate in vivo

Newborn babies develop hyperbiliru-
binemia, and often jaundice, because
the hepatic system for conjugating and
excreting bilirubin is functionally im-
mature at birth and shortly afterward (5).
Consequently, bilirubin accumulates in
the circulation and extravascular tissues
until the excretory apparatus becomes
fully functional, which usually occurs
within the first week after birth. In our
experimental studies we used homo-
zygous adult male Gunn rats (5, 6).
These animals are congenitally unable to
conjugate bilirubin and have lifelong hy-
perbilirubinemia. Their bile contains no
conjugated bilirubin and only a low con-
centration of unconjugated bilirubin (7).
What human newborns have for but a
brief span, homozygous Gunn rats have
all their lives. These rats are a useful ex-

perimental model and respond to pho-
totherapy in much the same way as jaun-
diced babies; their skin becomes
bleached, plasma bilirubin levels slowly
subside, and there is a prompt excretion
of pigment in bile (3, 8, 9).

Weight-matched pairs of rats, usually
littermates, with similar serum bilirubin
levels were treated as follows (/0). One
rat was shaved and depilated over most
of its back and a narrow plastic tube was
inserted into the common bile duct and
led through the abdomen to the outside.
The animal was placed in a restraining
cage, constructed so that most of the
back and sides of the animal:could be ex-
posed to light, and warmed with an in-
frared heating lamp until the rectal tem-
perature of the rat was normal. Then the
rat was irradiated with four 40-watt blue
fluorescent tubes situated about 5 cen-
timeters from the rat parallel to its length
with two above and one on each side. Af-
ter 30 minutes the flow of bile was inter-
rupted by sealing the end of the cannula,
and irradiation was continued for three
more hours. This time course was cho-
sen because preliminary studies had re-
vealed that the excretion of pigment in
bile in response to light reaches a maxi-
mum after about 30 minutes and re-
mained at this level for at least several
hours (/7). The animal was again
anesthetized, removed from the cage,
and laid under a photographic safelight
with its abdomen upward and its back
nestled between two 20-W blue fluores-
cent tubes. As quickly as possible the rat
was exsanguinated through the abdomi-
nal aorta in such a way that the blood
and viscera were exposed only to the
safelight and only the back of the animal
was exposed to the blue light. Serum was
then obtained by centrifuging the clotted
blood in the dark. A second rat was
treated as above, except that it was not
shaved or exposed to the blue lights.
During the 3.5-hour ‘‘phototherapy’’ pe-
riod, this control rat was irradiated with
an infrared heating lamp to maintain
body temperature. Thus, each experi-
ment yielded two serum samples: one
from an irradiated rat, the other from the
unirradiated control. Throughout this ar-
ticle, these samples are referred to as
light serum and dark serum, respective-
ly.

To detect whether phototherapy inter-
mediates were present in light serum,
samples of light and dark serum were in-
jected intravenously in sequence into a
third homozygous Gunn rat kept in the
dark. This third rat, the ‘‘chromatogra-
phy’’ rat, was fitted with a catheter in the
femoral vein and an indwelling biliary
cannula, and then placed in a restraining
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cage. The biliary cannula was connected
to the flow cell of a spectrophotometric
detector set at 470 nanometers (9) so that
changes in the absorbance of bile with
respect to time could be recorded contin-
uously. During the experiment a replace-
ment mixture of bile salts and lipids (9)
was infused into the femoral vein to main-
tain constant bile flow and prevent the
bile from becoming depleted of bile salts
and lipids. Our expectation was that pho-
totherapy intermediates present in the
injected light serum would be taken up
rapidly by the liver in the recipient rat
and excreted concentrated and protein-
free in bile, making them easier to detect
and identify.

When dark serum (2 milliliters) was in-
jected into the chromatography rat there
was little or no detectable increase in the
absorbance of bile at 470 nm (Fig. 1). In
contrast, when light serum (2 ml) was
injected or when the chromatography
rat was irradiated briefly with blue
light there followed a pronounced peak

on the absorbance recorder. Bile sam-
ples corresponding to these peaks were
collected in ice-cooled tubes in the dark,
and pigments were extracted quan-
titatively from them and analyzed (/2).
The main pigment in the extracts of bile
collected after injecting light serum and
in the extracts of bile collected after irra-
diation of the rat was identified by thin-
layer chromatography (/3), high-per-
formance liquid chromatography (/4),
and absorption spectrophotometry as
47 ,15Z-bilirubin IX«a, the naturally oc-
curring isomer of bilirubin (/5, /6). The
same compound also was present in ex-
tracts of control bile and in extracts of
bile collected after injecting dark serum,
but the amounts were relatively small
(Fig. 1).

The results indicate that phototherapy
generates a substance that either stimu-
lates excretion of unconjugated bilirubin
by the liver or that is itself excreted by
the liver and converted to bilirubin in
bile or during its extraction from bile.

This substance is not bilirubin itself,
since large quantities of that were pres-
ent in both light and dark serums, but it
could, of course, be an isomer of the nat-
ural pigment.

We used a similar method to detect the
intermediate in serum from irradiated
Gunn rats that had not been manipulated
surgically. Shaved, homozygous Gunn
rats were irradiated for 3.5 hours in re-
straining cages, and serum was collected
as described above. Control rats were
simply kept in restraining cages under an
infrared lamp for 3.5 hours before serum
was collected from them. Serum samples
(3 ml) from irradiated and nonirradiated
rats were injected, in the dark, into a
homozygous Gunn rat as described ear-
lier, and the biliary output of pigment at
470 nm was monitored at a sensitive, ex-
panded absorbance scale setting [0.08
absorbance (A) units, full-scale deflec-
tion]. Invariably, the peak obtained after
injecting serum from the irradiated rat
was substantially larger than that ob-
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Fig. 1. Detection of phototherapy intermediates in vivo. Light and
dark serum samples were obtained from irradiated and unirradiated
bile-blocked homozygous Gunn rats, respectively. These samples
were . injected (arrows) via the femoral vein into restrained homozy-
gous Gunn rats kept in the dark, and the absorbance of their bile
was monitored continuously at 470 nm with the use of a flow cell
(0.5 mm, path length; 2 ul, capacity) at a detector setting of 0.32 ab-
sorbance units, full-scale deflection. Data from two separate experi-
ments (a and b) are shown. In (b) the chromatography rat had been
shaved along the center of its back and at the point indicated was
irradiated for 15 minutes with a horizontal light fixture containing
eight 20-W Westinghouse Special Blue fluorescent tubes located
15 cm above the rat. In each experiment bile samples were
collected at 30-minute intervals from the flow-cell effluent (i) be-
fore any injections had been made, (ii) after each injection, and
(iii) (lower experiment only) after irradiation of the rat, with allowance

being made for the hold-up time of the apparatus. In (a) the serum bilirubin concentrations in the light serum, dark serum, and chroma-
tography rat were 0.11, 0.11, and 0.13 mM, respectively, and the quantities of bilirubin isolated from the bile samples were 0.9 ug (be-
fore injection), 5.6 ug (after injection of light serum), and 0.8 ug (after injection of dark serum). In (b), serum bilirubin concentrations were 0.11
mM (dark serum), 0.09 mM (light serum), and 0.12 mM (chromatography rat), and the quantities of bilirubin isolated from the bile were 1.5 ug
(before injection), 1.2 ug (after injecting dark serum), 2.6 ug (after injecting light serum), and 6.2 ug (after irradiation).
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Fig. 2. Absorbance and absorbance difference spectra of dark and
light serum samples before (a and b) and after (c and d) incubation at
37°C for 15 hours. The double-humped curves are absorbance spectra.
For the absorbance difference spectra serum was placed in both refer-
ence and sample cuvettes (1-millimeter path length), and the baseline
was obtained. The sample cuvette was then irradiated with blue light
(Westinghouse Special Blue 20-W) and spectra were recorded at 5-
second intervals up to a total irradiation time of 30 seconds (a and b)
or 25 seconds (c and d). Absorbance spectra were determined with air
as the reference.
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tained after injecting serum from the
control rat. This result was independent
of the sequence of injection and the
serum bilirubin concentrations of the
irradiated and control animals, as mea-
sured by a diazo procedure (/5). Thus,
serum from irradiated jaundiced Gunn
rats that have not had prior surgery
seems to contain detectable amounts of
an excretable intermediate not present in
control serum from unirradiated rats. But
the concentration of this intermediate is
low, much lower than in serum from
irradiated bile-blocked rats.

Light and dark serums from bile-
blocked rats were not distinguishable on
the basis of their absorption spectra,
which had overlapping peaks at 417 and
454 nm, due to oxyhemoglobin and bili-
rubin, respectively. But their response to
blue light and to heat was remarkably
different, as revealed by absorbance dif-
ference spectrophotometry (Fig. 2).
Dark serum showed a rapid loss of ab-
sorbance at 459 to 461 nm on brief irra-
diation as previously reported (/7) (Fig.
2a). In contrast, light serum was almost
unaffected by similar irradiation, an in-
dication that the sample was at a pho-
tostationary state (Fig. 2b). This singular
difference between light and dark serums
was not due to unavoidable differences
between samples in the concentration of
bilirubin or hemoglobin. We observed it
consistently in more than a dozen experi-
ments, regardless of whether the light
serum or the dark serum had the highest
bilirubin or hemoglobin concentration. A
further distinction between the light and
dark serums was revealed by incubating
the samples in the dark at 37°C for 15
hours. This caused only a small decrease
in the concentration of bilirubin and he-
moglobin in each sample. Incubating the
dark serum had little effect on its photo-
reactivity (Fig. 2, a and c). Incubating
the light serum had a marked effect (Fig.
2, b and d). Serum that had formerly
been at a photostationary equilibrium
and insensitive to brief irradiation now
showed a loss of absorbance in the dif-
ference spectrum at 459 nm when ex-
posed briefly to blue light (Fig. 2d).

To reveal the intermediate (or inter-
mediates) more clearly, samples of light
and dark serums were washed in the
dark with chloroform and then with pe-
troleum ether (/8). This procedure re-
moved most of the bilirubin and left clear
aqueous solutions. The effect of light on
these solutions was then examined by
difference spectrophotometry with the
use of a sensitive absorbance scale.
Again, there was a pronounced dif-
ference between the dark and light sam-
ples (Fig. 3). The dark sample (Fig. 3a)
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Fig. 3. Absorbance difference spectra ob-
tained on irradiating (a) washed dark.serum,
(b) washed light serum, (c) photobilirubin in
serum, and (d) a washed solution of photobili-
rubin in serum. Spectra were recorded as irra-
diated minus nonirradiated. Numbers on the
curves are cumulative irradiation times in sec-
onds. Difference spectra were run in 1-mm (a,
b, and ¢) or 5-mm (c) path length cuvettes,
and a Westinghouse Special Blue 20-W tube
was used for irradiation. The trough near 417
nm in (a) and (b) is an anomaly in the base-
line.

showed a loss of absorbance centered at
about 450 nm, which was probably
largely due to photooxygenation of trace
amounts of bilirubin still present. The
light sample (Fig. 3b) showed a distinct
increase in absorbance centered at 462
nm close to where endogenous bilirubin
in serum from the Gunn rat absorbs. The
absorbance increased to a maximum af-
ter 10 to 15 seconds and then decreased
on longer irradiation. The final washed
solution from the light serum sample was
unstable even in the dark and the well-
defined peak shown in Fig. 3b was only
detectable when the extractions were
performed quickly and the spectra were
obtained without delay.

These observations demonstrate the
difference in photochemical reactivity
between dark and light serums, a dif-
ference that is not readily apparent from
their absorption spectra. This difference
was abolished by irradiating the dark
serum in vitro. When dark serum from
the unirradiated rat was irradiated in a
quartz cuvette of 1-cm path length be-
tween two 20-W blue lights for 10 min-
utes (which was not long enough to pho-

tooxidize more than 7 percent of the bili-
rubin), it became qualitatively similar to
the light serum from the irradiated rat.
The dark serum then showed no further
significant change by difference spec-
troscopy on brief irradiation (5 to 30 sec-
onds). After extraction with chloroform
and petroleum ether and subsequent ir-
radiation, the dark serum no longer
showed a loss of absorbance in the dif-
ference spectrum as it had done original-
ly (Fig. 3a), but yielded an increase in ab-
sorbance of 463 nm like that previously
observed with the serum from the irra-
diated rat.

These spectroscopic measurements
support the main finding of the in vivo
study—namely, that serum from the irra-
diated rats contains a substance not pres-
ent in serum from unirradiated control
animals. Taken together, the spectro-
scopic observations suggest that light
converts bilirubin in vivo and in vitro to
a substance with a very similar absorp-
tion band. This new substance is stable
in serum at 4°C but slowly reverts to bili-
rubin at 37°C, it is less lipophilic than bil-
irubin since it is not extractable from
serum with chloroform, and it regener-
ates bilirubin on brief irradiation.

Identity of the Intermediate

Irradiation of bilirubin in organic
solvents produces a photoequilibrium
mixture containing bilirubin and a mate-
rial we have named photobilirubin (/9).
In aerobic solutions, this reaction is
much faster than the competing pho-
tooxygenation reaction of bilirubin and is
readily detectable by absorbance dif-
ference spectrophotometry (/9). Pho-
tobilirubin is itself a mixture of com-
pounds. It is believed to contain 4Z,15E-
bilirubin IX«, 4F,15Z-bilirubin IX«, and
4FE 15E-bilirubin IXa (Fig. 4), all of
which are geometric isomers of the natu-
rally occurring, more thermodynami-
cally stable 4Z,15Z isomer. The visible
absorption bands of all four isomers
overlap, and, at photoequilibrium under
blue light, the composition of the mix-
ture is 4Z,15Z >>> 4E,15Z = 4Z ,15E
>> 4FE 15E (19). Although linear rep-
resentations of these structures are simi-
lar, their three-dimensional structures
probably are different. The natural iso-
mer exists predominatly as the intra-
molecularly hydrogen-bonded structures
5 and 6 (Fig. 5) (20-22) which accounts
for its lipophilicity. Molecular models
show that such extensive hydrogen-
bonding is sterically impossible for the
three other isomers (for example, see
structure 7 in Fig. 5). Consequently the
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components of photobilirubin are more
polar and more hydrophilic than the nat-
ural isomer (/9). In addition, photobiliru-
bin, being thermodynamically less stable
than bilirubin, reverts readily to bilirubin
when warmed or irradiated in solution
19).

Photobilirubin, therefore, is an obvi-
ous candidate for the unidentified inter-
mediate in the serum of the irradiated
rats (23). To ascertain whether this is so,
we prepared photobilirubin from biliru-
bin and dissolved it in rat serum (24); the
effect of light on this solution was then
examined by difference spectroscopy be-
fore and after extraction with chloroform
and petroleum ether (/8). In both cases,
there was a rapid increase in absorbance,
which reached a photostationary state
after about 30 seconds (Fig. 3, ¢ and d).
The maximum of this increased absorp-
tion band was at 462 nm, the same posi-
tion as the peak observed with washed
light serum from irradiated rats (Fig. 3b)
and washed irradiated dark serum from
unirradiated control rats. This indicates
that photobilirubin is the unstable inter-
mediate present in the serum from irra-
diated rats (25). Consistent with this, we
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Fig. 4. The four configurational isomers of bil-
irubin IX«. Structure 1 is 4Z,15Z- (the natu-
rally occurring most stable isomer); 2 is
4E,15Z-; 3 is 4Z,15E-; and 4 is 4E,15E- .
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have also found that photobilirubin binds
to serum albumin, is stable in serum for
at least 48 hours at 4°C in the dark but
undergoes about 50 percent reversion to
bilirubin after 15.5 hours at 40°C, and is
rapidly excreted in bile when injected in-
travenously into Gunn rats, yielding bili-
rubin on extraction (26). We estimate
that the concentration of photobilirubin
in the serum from the irradiated bile-
blocked rats was of the order of 12 uM.
Unfortunately, we have been unable so
far to separate photobilirubin from the
serum and identify it unambiguously ow-
ing to its thermal reconversion to biliru-
bin during isolation and purification.

Mechanism of Phototherapy

We propose the following mechanism
for the apparent excretion of bilirubin
during phototherapy (Fig. 6). Photo-
chemical excitation of bilirubin near the
skin surface yields an excited state spe-
cies that decays to ground-state bilirubin
or, after isomerization, to ground-state
photobilirubin. Both of these substances
can migrate through the plasma mem-
brane into the blood, where they become
bound to albumin, and both are extract-
ed from blood into hepatocytes. When
the bilirubin conjugating system is not
functioning, only the more polar water-
solvated photobilirubin, which does not
require conjugation for excretion, passes
onward and outward into bile.

The first step in this process is forma-

tion of photobilirubin, which is a revers-
ible unimolecular reaction (as opposed to
the irreversible bimolecular reactions
that are sometimes invoked to explain
phototherapy). We do not know the mul-
tiplicity of the excited-state bilirubin spe-
cies involved in this reaction, but a sin-
glet mechanism is most likely in view of
(i) the low triplet yield of bilirubin in so-
lution and (ii) recent studies of model
systems (27). The reaction probably oc-
curs mainly in extravascular tissue near
the skin surface since exogenous pho-
tobilirubin, given intravenously, is ex-
creted in bile sooner than endogenous
photobilirubin generated by irradiating
the animal. Thus, when light serum or
solutions of photobilirubin in serum were
injected intravenously into a Gunn rat in
the dark, the rise in pigment concentra-
tion in bile began almost at once, where-
as when the same rat was irradiated
there was a delay and the rise was not
detected until about 3 to 5 minutes after
the light was turned on (9). This delay
suggests that photobilirubin is largely
formed extravascularly and then shifts to
the circulation, in consistence with pre-
vious observations on the bleaching of
skin during phototherapy (28-30).

The second step in the mechanism,
therefore, is movement of photobiliru-
bin from peripheral extravascular tissues
to blood. Most likely this is simply a
passive diffusion-controlled process. It
seems to be bidirectional and quite rapid
because the circulating isomeric pig-
ments in irradiated obstructed rats

Fig. 5. Simplified two-dimensional representations of bilirubin IXa conformers. Enantiomeric
(mirror image) structures 5 and 6 are the preferred syn, syn conformers of bilirubin (4Z,15Z-

bilirubin IXa), 7 is a syn, syn conformer of 4E,15Z-bilirubin IXa, and 8 is an anti, syn

‘e

non-

preferred’’ conformer of bilirubin (4Z,15Z-bilirubin IXa).
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reached photoequilibrium concentra-
tions within 3.5 hours.

The third step in the overall process is
rapid hepatic removal of photobilirubin
from the circulation. This was demon-
strated by the prompt excretion of pig-
ment after intravenous injection of light
serum or photobilirubin into Gunn rats in
the dark, and by the increase in circulat-
ing photobilitubin in bile-blocked Gunn
rats compared to normal Gunn rats when
both were irradiated in the same way.

The last step in the mechanism is se-
cretion of photobilirubin from the he-
patocyte into the biliary canaliculus.
This step does not require enzymatic
conjugation since the main pigment iso-
lated from bile of irradiated Gunn rats, or
Gunn rats injected with photobilirubin
(26), was unconjugated bilirubin and the
methods used to isolate it were mild (12)
and would not have hydrolyzed pigment
conjugates.

At present we do not know whether
photobilirubin reverts to bilirubin once it
has been excreted into bile. However,
the instability of the pigment in protein-
free aqueous solutions (79, 26) suggests
that reversion will occur soon after it has
passed through the canalicular mem-
brane. This point could have some clini-
cal relevance in view of the suggestion
that the reversion product, bilirubin,
causes diarrhea by inhibiting intestinal
lactase (37). Bilirubin might also be reab-
sorbed into the circulation from the in-
testine (32), which would reduce the
overall efficiency of its removal. In sum-
mary, we propose that phototherapy of
unconjugated hyperbilirubinemia causes
bilirubin to be transported from skin to
bile. The departed bilirubin is replaced in
the skin by bilirubin from the blood, re-
sulting in a decrease in the concentration
of circulating bilirubin.

The initial effectiveness of photother-
apy will depend on several factors.
These include the wavelength and in-
tensity of the light, the surface area ex-
posed, and the rates at which photobili-
rubin is removed from the skin and the
blood (33). At low light intensities, for-
mation of photobilirubin probably is the
rate-limiting step. But, at relatively high
intensities, formation of photobilirubin
could exceed its rate of removal permit-
ting rapid formation of a photostationary
equilibrium between bilirubin and pho-
tobilirubin. If this occurred, the system
would be unaffected by a further in-
crease in the light intensity. Therefore,
there may be an optimal maximum light
intensity for phototherapy beyond which
there will be no increase in the photo-
therapeutic effect. Whether this intensity
is within safe or practical limits is not
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known. In contrast, there is no reason to
believe that there is a lower light in-
tensity limit for photobilirubin forma-
tion. Photobilirubin will be formed, not
only in treated infants, but also in all
jaundiced infants insofar as they are ex-
posed to visible light. Since physiologic
jaundice of the newborn is very com-
mon, photobilirubin may be considered
to be, in a sense, a normal metabolite.

- The proposed mechanism accoutits
satisfactorily for the apparent biliary ex-
cretion of bilirubin during phototherapy,
but it does not completely explain all of
the effects of the treatment on bilirubin
metabolism. During phototherapy, sub-
stances derived from bilirubin (but not
identical or isomeric with it) are excreted
in bile and urine (3). The nature of these
is obscure. Usually they are assumed to
be photooxidation or photodegradation
products of bilirubin. However, they
could also include secondary products
formed by thermal degradation of pho-
tobilirubin in vivo or artifacts formed
during the analysis of bile and urine in
vitro. In view of the known photoreac-
tivity of bilirubin (34), it is hard to imag-
ine that photooxidation would not occur
at all during phototherapy. Indeed, it is a
likely source of the dipyrrolic propentdy-
opent-like compounds that are excreted,
during treatment, in urine (3, 28, 35).
Nevertheless, there is no experimental
evidence that photooxidation of bilirubin
plays a major role, and the rather limited
quantitative data that are available (3, 8)
point to unbound biliary excretion of in-
tact bilirubin as the dominant process.
Therefore, we suggest that the scheme
shown in Fig. 6 represents the most im-
portant mechanism underlying photothe-
rapy and the main contributor to the clin-
ical response of lowered serum bilirubin
(36). 1t can no longer be held that pho-
todegradation of bilirubin alone is re-
sponsible for the effect of phototherapy
or that light simply accelerates the
breakdown of bilirubin by mechanisms
similar to those normally operative in pa-
tients with the Crigler-Najjar syndrome
and in Gunn rats (37).

Bilirubin Conjugation
The photometabolism of bilirubin in

jaundiced rats provides new insight on
the metabolism of bile pigments in nor-

PBR — PBR —o™BR

Fig. 6. The mechanism of bili-
rubin excretion during pho-
totherapy of neonatal jaun-
dice. (BR, 4Z,15Z-bilirubin

Bile IXa; PBR, photobilirubin).

mal animals. In normal mammals and
those, such as the Gunn rat, with defec-
tive conjugating systems small amounts
of unconjugated bilirubin are excreted by
the liver into bile (7, 38). However, this
pathway is inadequate to cope with the
load of bilirubin that has to be shifted,
and in normal mammals most of the bili-
rubin is metabolized to conjugates,
which are excreted more readily (5). In
contrast, biliverdin IXa (10;23-didehy-
drobilirubin IXa), the end product of
héme catabolism in many nonmammali-
an vertebrates, is excreted efficiently
without conjugation (39). It has never
been adequately explained why, on the
one hand, bilirubin is the only naturally
occurring bile pigment that requires con-
jugation for efficient excretion, or, on the
other, why some bilirubin is excreted in
bile in unconjugated form.

Recent physicochemical studies have
established that bilirubin and its dicar-
boxylate anion are alone among natural
bile pigments in their ability to form
ridge-tile-shaped structurés containing
multiple intramolecular hydrogen bonds
(20, 21). Solutions of the pigment contain
rapidly equilibrating equimolar quan-
tities of two nonidentical enantiomeric
(mirror image) hydrogen-bonded con-
formers represented by 5 and 6 (Fig. 5)
(22). The preponderance of these two
conformers in solution accounts for the
curious lipophilicity of the pigment and
the insensitivity of its ultraviolet-visible
spectra to solvent effects (/5). We have
presented evidence in this article that
photobilirubin, which contains predomi-
nantly 4E,15Z and 4Z,15E isomers (/9),
is excreted readily in unconjugated form.
This demonstrates that configurational
isomerization of bilirubin at the C-5 or C-
15 bridge, which disrupts the usual hy-
drogen-bonded system and makes the
tetrapyrrole more soluble in water, is
sufficient to make it readily excretable,
as predicted by theory (20, 40). It also
provides direct evidence that it is the in-
tramolecular hydrogen-bonding and con-
sequent lipophilicity of the natural iso-
mer that inhibit its excretion from the
hepatocyte into bile, as postulated ¢/,
42). Since bilirubin cannot be excreted
efficiently by the renal route either (¢3),
further metabolism becomes obligatory
for its disposal. This explains the need
for conjugation, but does not explain
why some bilirubin is excreted in uncon-
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jugated form. That may be explained as
follows. Although the free bilirubin in
the hepatocyte probably exists pre-
dominantly as the enantiomeric pair 5
and 6 (or the corresponding dianions)
other conformers must be present, albeit
in low concentrations. Some of these,
such as 8, will not be internally hydro-
gen-bonded to the same degree as 5§ and
6. Consequently they will be more hy-
drophilic, more like the configurational
isomers in photobilirubin, and presum-
ably more readily excretable than the
preferred conformers of the natural iso-
mer. (Consider, for example, the similar-
ity between 7, a conformer of 4F,15Z-bil-
irubin IX«, and 8, a conformer of 4Z,15Z-
bilirubin IXa.) We suggest that the ex-
cretion of unconjugated bilirubin in bile
is due to excretion of these less hydro-
gen-bonded, nonpreferred conformers of
bilirubin across the canalicular mem-
brane. According to this hypothesis, free
unbound bilirubin in the hepatocyte ex-
ists as a mixture of rapidly equilibrating
nonpolar (lipophilic) and polar (amphi-
philic) forms. Only the latter are taken
up at the bile canaliculus and excreted in
bile. Since their steady-state concentra-
tion is extremely low, excretion of biliru-
bin by this route is inefficient @4). How-
ever, augmented excretion of uncon-
jugated bilirubin would be expected
whenever the total concentration of un-
bound bilirubin in the hepatocyte is in-
creased, as found experimentally “5).
Poor excretability and the need for con-
jugation are thereéfore the consequence
of certain structural features of bilirubin,
namely an sp? carbon at C-10, separating
two Z-configuration dipyrrylmethenes,
and two propionic acid side chains at C-8
and C-12. Not surprisingly, other pig-
ments that share these features (such as
mesobilirubin IXa) also require con-
jugation for excretion (4/), whereas pig-
ments that do not—for example, 4Z,15E-
bilirubin IXe, bilirubin IXg 42), and bili-
verdin IXa (39) are readily excreted
without conjugation.
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International Politics and
Science: Frank Press in Venezuela

Marcel Roche and Luis A. Ordonez

Frank Press, the noted North Ameri-
can geophysicist who acts as science and
technology adviser to President Carter,
visited Venezuela on a special mission
from 7 to 10 October 1979. After Vene-
zuela, his mission would take him to Bra-
zil and Peru. Press was accompanied by
a selected group of 30 well-known scien-
tists and technologists, among whom
were Benjamin Huberman, associate di-
rector of the President’s Science and
Technology Office; Richard D. Atkinson,
director of the National Science Founda-
tion; Robert Frosch, administrator of the
National Aeronautics and Space Ad-
ministration; Peter Bell, at the Depart-
ment of Health, Education, and Welfare;
Ray Chamberlain, president of Colorado
State University; and Alexander Heard,
chancellor of Vanderbuilt University.

During their stay, members of the
North American science and technology
committee visited Luis Herrera Campins,
president of the republic, and several
ministers, as well as a number of Vene-
zuelan institutions, such as the Vene-
zuelan Technological Petroleum Insti-
tute, the National Dermatological Cen-
ter, the steel plant at Puerto Ordaz, and
the Instituto Venezolano de Investiga-
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ciones Cientificas. It was regretted by
many that the Venezuelan Association
for the Advancement of Science, found-
ed 29 years ago on British and American
models and representing the scientific
community, was not paid a visit.

Attitudes Toward North American

Influence

The importance of Press’s visit is en-
hanced by the fact that over the last 25
years or so there has been a significant
growth of Venezuelan research—in sci-
ence and, to a lesser extent, tech-
nology —so that the country is today bet-
ter able to profit from foreign help in sci-
ence and technology. In addition, the
present President, Luis Herrera Cam-
pins, of the Social Christian Party, ap-
pointed in March a state minister for sci-
ence and technology, Raimundo Vil-
legas, an active biophysicist and recog-
nized member of the scientific commu-
nity who was trained at Harvard under
A. K. Solomon. Finally, Venezuela’s
6th National Plan, which for the first
time includes science and technology as
a separate sector, is being prepared un-
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On the other hand, although nearly
everyone in Venezuela recognizes the
global worth of North American science
and technology and their impact on eco-
nomic, social, and cultural aspects of
U.S. life, there are grave doubts—at
least among many in the academic com-
munity—about both the motivation and
the efficiency of U.S. help. Previous. ef-
forts, such as President Kennedy’s Al-
liance for Progress and, on a lesser scale,
President Eisenhower’s Atoms for
Peace, are judged to have had little effect
on the country’s science and technology,
much less on its social and human devel-
opment. The influence of multinational
corporations on the development of en-
dogenous science (and especially, tech-
nology) is thought to have been negative.
For example, the oil companies obvious-
ly did bring economic benefits, from the
1920’s on, but they did little to encourage
local research, preferring to perform it in
their home environment. Qil is by far
Venezuela’s chief natural resource (pro-
viding around 92 percent of its foreign in-
come). With a few exceptions, such as
Universidad del Zulia in Maracaibo, near
the oil fields, there was little research on
oil by Venezuelans until 1972, when the
petroleum and chemistry group of Insti-
tuto Venezolano de Investigaciones
Cientificas was organized. The Vene-
zuelan Technological Petroleum Insti-
tute began functioning only in July 1976,
1 year after the industry had been nation-
alized on 29 August 1975. It is not im-
plied, of course, that the oil companies
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1980, pp. 45-48.
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