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In vivo and in vitro bile pigment metabolism was studied in
embryos, chicks, and mature White Leghorn hens. Biliverdin and
bilirubin pigments were present in bile of embryos from the
earliest stage examined (14 d). Bilirubin accounted for 2.5
11.5% of total bile pigments, with the higher percentages in the
early embryo. Biliverdin was exclusively in unesterified form. In
contrast, bilirubin was almost entirely (>98%) in esterifiedform.
Glucosides consistently predominated over glucuronides and
xylosides (6:3:1). In serum, bilirubin and biliverdin were unde
tectable at all embryonic stages and after hatching. Bilirubin
UDP-glycosyltransferase activities with UDP-glucuronic acid,
UDP-glucose, and UDP-xylose were detectable in chick embryo
liver and averaged 67, 72, and 102%, respectively, of the corre
sponding adult mean values, without significant change through
out development. We conclude that multiple bilirubin esterifica
tion systems mature early in the avian embryo. This is in marked
contrast to the development of bilirubin metabolism in the mam-

In mammals, metabolism of numerous xenobiotics and en
dogenous compounds (e.g. bilirubin) occurs in the liver and is
catalyzed by a family of microsomal UDP-glucuronate f3-glu
curonosyltransferase (acceptor nonspecific), EC 2.4.1.17 (1)
isoenzymes, primarily with UDPGlcUA as sugar donor co
substrate (2). A number of these isoenzymes have been purified
and the primary cDNA sequence of several glucuronyltrans
ferases has been elucidated (3, 4). These individual isoenzymes
display substrate selectivity, are differently affected by classi
cal microsomal enzyme-inducing agents such as phenobarbital,
3-methylcholantrene, and clofibrate, and exhibit a different
pattern of development in the fetal and neonatal periods (2, 5).

Glycosylation of xenobiotics and endogenous metabolites is
often markedly lower in the fetus compared with adults. Inac-
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malian fetus in which detoxication of this potentially toxic
pigment is achieved by placental clearance, and bilirubin ester
ification matures only after delivery. These contrasting develop
mental patterns are consistent with an adaptive response to the
different requirements in the avian embryo and mammalian fetus
for self-protective detoxification of unconjugated bilirubin.
(Pediatr Res 38: 349-355, 1995)

Abbreviations
UDPGlcUA, UDP-glucuronic acid
UDPGlc, UDP-glucose
UDPXyl, UDP-xylose
Chapso, 3-(-cholamido-propyl)dimethylammonio-2-hydroxy-l
propane sulfonate
Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
Azpm, azopyrromethene

tivation and safe elimination of potentially toxic compounds
produced by the mammalian fetus largely depends on transfer
via the placenta and disposal by the mother. For several
UDP-glucuronyltransferase isoenzymes, hepatic conjugation
matures only after birth so that conjugation deficiency occurs
in the neonatal period, resulting in transient accumulation of
potentially toxic metabolites in the body (6). A clinically
important and obvious example of this situation is neonatal
hyperbilirubinemia, which is due to accumulation of unconju
gated bilirubin in tissues and body fluids and occurs in most
mammals including humans. Effective disposal of bilirubin
requires conversion to bilirubin glycosides. Severe unconju
gated hyperbilirubinemia may produce irreversible neurologic
damage. Therefore, induction of bilirubin esterification in the
fetus and newborn is of therapeutic importance.

Investigations on induction and development of in vivo

conjugation are complicated in mammalian test models by
interference of maternal factors and by difficult access to the
fetus. To circumvent these difficulties, several investigators
have used the embryonated egg as a model system (2, 7).
Hepatic UDP-glucuronyltransferase activity toward various
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phenolic substrates increases from virtually undetectable to 
adult values in chick embryo liver and kidney on hatching at 21 
d (8). Relatively few results are available on bilirubin esteri- 
fication in the avian embryo. There is circumstantial evidence 
for developmental changes in bilirubin esterification similar to 
the pattern found in mammals. Transient hyperbilirubinemia in 
the posthatching period (9) and absence of bilirubin UDP- 
glucuronyltransferase activity in chick liver microsomes (10) 
have been reported. On the other hand, there is evidence for in 
vivn and irz vitro formation of bilirubin glucosides, xylosides, 
and glucuronides by adult chickens (11-13). These data and 
the findings that precocious development in vivo of UDP- 
glucuronyltransferase can be elicited and marked enzyme in- 
duction be obtained by injection of phenobarbital or infusion of 
certain hormones into embryonated eggs (8, 14) prompted us to 
evaluate the developing chick embryo as a model system for 
studies on ontogenicladaptive aspects of bile pigment metab- 
olism and modalities for treatment of unconjugated hyperbili- 
rubinemia. 

A major deficiency of the previous studies on development 
of bilc pigment metabolism (9, 13, 15) in avian species is that 
nonspecific and insensitive analytical tools were used for de- 
termination of in vivo and in vitro esterification of the pig- 
ments. Therefore, it was necessary to reinvestigate the compo- 
sition of bile pigments in serum and bile and the bilirubin 
UDP-glycosyltransferase activities in the embryonic chick 
liver throughout its development using advanced methodology 
for identification of bile pigments and assay of enzymic ester- 
ification of bilirubin (16, 17). 

METHODS 

Chemicals and test pigments. All solvents and reagents 
were analytical grade. Bilirubin, UDPGlcUA, UDPGlc, UDP- 
Xyl, bovine serum albumin, Cohn fraction V, Hepes, NAD+, 
and glucaro-1,4-lactone were from Sigma Chemical Co. (St. 
Louis, MO). Chapso was obtained from Bio-Rad Laboratories 
(Richmond, CA). Ethyl anthranilate and pentan-2-one were 
from Eastman Kodak Co. (Rochester, NY). HPLC-grade chlo- 
roform (pentene stabilized, or 0.75% C,H,OH preserved) was 
from Fisher Scientific (Fair Lawn, NJ). Glass plates precoated 
with silica gel (576310025 from Merck, Darmstadt, Germany) 
were used for thin-layer chromatography. 

The following reference con~pounds were prepared as re- 
ported previously: bilirubin C-8 monomethyl ester, bilirubin 
C-12 monomethyl ester, bilirubin dimethyl ester, and xantho- 
bilirubic acid monomethyl ester (18); bilirubin-IXP, 1x7, and 
-1X6 in their unesterified form, monomethyl ester form, and 
dimethyl ester form (19); bilirubin-IIIa and -XIIIa (20); and 
the dimethyl esters of biliverdin-IXa, -IXP, -IXy, and 1x6 
(18). The monomethyl ester and unesterified forms of the latter 
four verdin isomers were prepared by partial saponification 
(18), and were isolated by thin-layer chromatography using 
chloroform/methanol/water (40:9:1, vollvol) as solvent system. 
Isolated pigments were eluted from silica with methanol. In 
agreement with the recommendations of the IUPAC/IUB Com- 
mission on Biochemical Nomenclature, the names bilirubin 

and biliverdin represent, respectively, bilirubin-IXa and bili- 
verdin-IXa (1). 

Animals and collection of serum, bile, and liver tissue 
specimens. White Leghorn chickens (4-7 mo of age), chicks, 
and fertilized eggs were used. Body fluids and liver tissue 
specimens were collected at 14 and 18 d of embryonal age, 
immediately after hatching ("d On), and 1 , 3 , 4 , 5 ,  7, 10, 14, and 
18 d after hatching, and from adult animals. Chicks and 
chickens were fasted overnight before collection of samples. 
Blood for preparation of serum was obtained from adult ani- 
mals by brachial venipuncture, from chicks by heart puncture, 
and from embryos by venisection of a chorioallantoic blood 
vessel. 

Individual gallbladder bilc specimens were obtained from 
adult animals at laparotomy, by direct puncture and aspiration 
of bile. In embryos and chicks, the gallbladder was removed 
after ligature of the ductus cysticus, and the contents of five to 
seven gallbladders from animals identical in age were pooled. 
After collection of blood and bile, liver tissue was excised, 
weighed, and minced with a razor blade. Liver homogenate 
(25%, wtlvol) was prepared in ice-cold 0.25 M sucrose con- 
taining 1 mM EDTA in 5 n1M TrisIHCl buffer, pH 7.4. 

Rat bile enriched with added unconjugatcd bilirubin (18) 
was used as a source of reference pigments for HPLC analysis 
of bilirubins (see below). Azopyrromethenes prepared by trcat- 
ment of dog gallbladder bile with diazotized 0-ethyl anthrani- 
late were employed as reference material for structural analysis 
of bilirubins in the avian body fluids (19). 

Determination and structural analysis of bilirubins. Spe- 
cific measurement of unesterified bilirubin and its di-esterified 
and two isomeric (C-8 and C-12) mono-esterified sugar con- 
jugates was done with the alkaline methanolysis procedure 
combined with normal-phase HPLC (20). For each develop- 
mental stage, the identity of the bilirubin ester peaks, in at least 
one chromatogram, was verified by taking a duplicate sample 
through the alkaline methanolysis procedure, except that meth- 
anol replaced the KOHImethanol reagent. In this "sample 
blank," transesterification does not occur, and peaks corre- 
sponding to methyl esters derived from sugar conjugates do not 
appear in the chromatogram. Because an unknown pigment 
partially co-eluted (slightly ahead) of unesterified bilirubin in 
most chromatograms from avian bile, accurate measurement of 
this minor bilirubin fraction was impossible. This interference 
led to overestimation of the unconjugated pigment and hence 
of total bilirubin values. However, the latter error was neglige- 
able (<2% error for total bilirubin values) because the uncon- 
jugated bilirubin fraction, even when overestimated and uncor- 
rected, invariably accounted for less than 2% of the total 
bilirubins in the chromatograms. 

Bilirubins in the avian specimcns were converted to ethyl 
anthranilate azoderivatives to identify the nature of the conju- 
gating sugar moieties in the esterified bilirubins and to detect 
p ,  y, and 6 isomers of bilirubin-IX (21). Chemical and chro- 
matographic methods for preparation and analysis of these 
azopigments and nomenclature used to denote the various 
azopyrromethenes are as previously reported (19). The method 
of Novros et al. (22) was used for measurement of total 
bilirubins by a diazo-method. 
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Determination and structural analysis of biliverdins. Bili- 
verdin in serum and bile was assayed by HPLC with a What- 
man Partisil 5 CCSIC, column (23). This method also permits 
separation of the four isomers (a,  p, y, 6) of biliverdin-IX. The 
four isomers were used as chromatographic references, and the 
assay was calibrated with standards of biliverdin dissolved in 
methanol. Results of the chromatographic method were within 
10% of the values found with the standard spectrophotometric 
method (24) when the two assays were applied in parallel to 10 
different chicken bile specimens. The alkaline rnethanolysis 
procedure (18) was used to test for the presence of sugar 
conjugates of verdins in bile. Biliverdin monomethyl esters and 
biliverdin dimethyl ester were searched for in the reaction 
mixture by thin-layer chromatography with chloroform/ 
methanol/water (40:9:1; vol/vol) as solvent system, using iso- 
lated monomethyl esters and dimethyl esters of biliverdin-IXa, 
IXP, -IXy, and -1X6, and the unesterified form of the four 
isomers as chromatographic references. 

Assay of bilirubin UDP-glycosyltransferase activities. En- 
zymic formation of esterified bilirubins was assayed with the 
0-ethyl anthranilate method (17) as described elsewhere (25). 
To ensure measurement of total transferase activities, homo- 
genate was pretreated with the detergent Chapso to fully 
disrupt the microsomal vesicles (26). Preliminary experiments 
showed that activation of bilirubin UDP-glucuronyltransferase 
in hen homogenate was 7-fold and 6-fold when, respectively, 
Chapso and digitonin (17) were used as detergent. Incubation 
mixtures (total volume: 2.0 ml) consisted of the following 
components (final concentrations are in parentheses): 500 pl  of 
a 25% liver homogenate (7.5-12.5 mg of proteinlml of total 
incubation mixture), Hepes buffer (pH 7.7, 140 mM), MgC12 
(6.25 mM), NAD+ (10 mM), glucaro-1,4-lactone (1 mM), 
Chapso (4 mM), bilirubin and albumin (100 and 50 pM, 
respectively), and UDP-sugar cosubstrate (5 mM). Bilirubin 
was dissolved in 0.05 M NaOH containing 1 mM EDTA and 
then mixed with albumin dissolved in water. Except for UDP- 
sugar, all components of the incubation mixture were com- 
bined at O°C, and the solution was blanketed with an argon 
atmosphere. For thermal equilibration, the mixture was prein- 
cubated for 5 min in a shaking water bath at 37°C. The 
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glycosidation reaction was started by addition of UDP-sugar 
dissolved in Hepes buffer (100 p l  for each 2.0 ml of total 
incubation mixture) and incubation at 37OC was continued for 
up to 20 min. Aliquots (500 p1) were withdrawn from the 
incubation mixture 5, 10, and 20 min after adding cosubstrate. 
Each portion was transferred to 1 ml of ice-cold glycine-HC1 
buffer (0.4 M HCl; pH 2.4) and kept in melting ice. Coupling 
of esterified bilirubins was performed at 2S°C as described 
elsewhere (17). Product formation progress curves were linear 
for 20 min under the selected incubation conditions. Blanks 
prepared by replacement of the cosubstrate solution by Hepes 
buffer were not used because esterified bilirubins (predomi- 
nantly bilirubin glucosides) were formed during the pre-assay 
thermal equilibration period. Sufficient endogenous UDP-sugar 
appeared to be present in avian liver homogenate to produce 
significant esterification in the absence of added cosubstrate. 
Enzymic activities are expressed as pmoles esterified bilirubin/ 
min/mg of protein. 

At each tested developmental stage, verification of the na- 
ture of the enzymically formed esterified bilirubins was per- 
formed by structural analysis of the azoderivatives extracted 
from the incubation mixture. The underivatized azopyr- 
romethenes were subjected to thin-layer chromatography for 
isolation of the a,, a,, and 6 azopigment fractions. The identity 
of these bands (respectively, xyloside, glucoside, glucuronide) 
was confirmed by thin-layer chromatography of the acetylated 
(for a,, a,) or methylated and acetylated (for 6) derivatives 
with respect to appropriate reference pigments. Protein was 
measured with the method of Lowry et al. (27) using bovine 
serum albumin as calibration standard. 

RESULTS 

Composition of bile pigments in bile and serum. Concen- 
trations of biliverdin and bilirubins in gallbladder bile at 
various developmental stages are shown in Figure 1. Total 
bilirubin measured by HPLC accounted for 2.5-11.5% of total 
biliary bile pigment. Highest ratios of bilirubins to biliverdin 
were observed in embryonal bile. Values for total bilirubin in 
bile assayed by a conventional diazo-method were 2-7-fold 
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Figure 1. Concentrations of biliverdin and bilirubins in bilc of chick embryos, chicks, and adult hens. Panel A shows the concentrations of total bilirubin, 
calculated by summation of the individual fractions: unesterified bilirubin, di-esterified bilirubin, and the two isomeric (C-8 and C-12) mono-esterified bilirubins. 
Panel B depicts the biliverdin concentrations. Panel C shows the total bilirubinitotal bile pigment ratio. "Total bile pigment" refers to the sum of biliverdin and 
total bilirubin. 
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higher than the total bilirubin concentrations assayed by 
HPLC. Why such large discrepancies occurred remains unre- 
solved. Because the HPLC method is highly specific and 
sensitive, and is well validated analytically (18,20), we believe 
that the HPLC results are accurate, and that the observed 
discrepancies reflect the presence in bile of diazo-positive 
material that does not correspond with authentic rubin pigment. 

For all developmental stages tested, monomethyl esters and 
dimethyl esters of biliverdin-IXa, -IXP, -IXy, and -1X6 were 
undetectable in thin-layer chromatograms of pigment extracted 
from bile and subjected to alkaline methanolysis. A single 
biliverdin band migrating with the unesterified reference pig- 
ments biliverdin-IXa, -IXP, -IXy, and 1x6 (these four isomers 
were not separated by thin-layer chromatography) was ob- 
served in all chromatograms. Analysis of bile by HPLC was 
performed to determine the isomeric composition of this un- 
esterified biliverdin band. Virtually all biliverdin corresponded 
with biliverdin-IXa, with only trace amounts (less than 5% of 
total biliverdin) of the P, y, and 6 isomers. 

Absence of significant amounts of bilirubin-IXP, -IXy, or 
-1X6 was confirmed by thin-layer chromatography of the 0 -  
ethyl anthranilate azoderivatives prepared from bile. The so- 
called a,', a,, fix, and y fractions, which correspond with the 
azoderivatives from the non-a isomers of bilirubin-IX (19), 
were undetectable in these chromatograms. 

Analysis of bile by alkaline methanolysis and normal-phase 
HPLC showed that the biliary bilirubins consisted almost 
exclusively of esterified pigments, with only a trace amount 
(<2% of total rubins) of unconjugated bilirubin. Di-esterified 
bilirubin was predominant in all bile specimens including 
samples from 14- and 18-d-old embryos (Fig. 2A). Approxi- 
mately one quarter of the esterified pigment was in mono- 
esterified form, with a mean C-8/C-12 isomer ratio of 0.7 (Fig. 
2B). The proportions of mono-esters to di-esters and of C-8 
isomer to C-12 isomer tended to be higher in embryos. 

Further characterization of the esterified bilirubins, particu- 
larly with respect to their conjugating moiety, was performed 
on 0-ethyl anthranilate azo derivatives. Chromatography of 
azopyrromethenes extracted from bile after coupling with dia- 
zotized 0-ethyl anthranilate demonstrated the presence of a,, 

a,, and 6 azopigment fractions in all specimens, including 
those collected from 14- and 18-d-old embryos. The isolated 
azopigment fractions were acetylated (for a,, and a,) or 
methylated and then acetylated (for 6), and the resulting deri- 
vatized azopyrromethenes were analyzed by thin-layer chro- 
matography. Pigments obtained from a,, a?,  and 6 fractions 
migrated as correspondingly derivatized authentic Azpm(Xyl), 
Azpm(Glc), and Azpm(GlcU), respectively. Collectively, these 
findings confirmed that bilirubin glucosides, glucuronides, and 
xylosides were present in bile throughout development, with 
glucosides constituting 50-80% of total esterified bilirubin 
(Fig. 3). 

The positional I-, 2-, 3-, and 4-0-acyl isomers of bilirubin 
glucuronide in bile were also determined. The latter three 
non-glycosidic isomers are characteristically present in stag- 
nant bile as seen in cholestasis (28). Separation of the four 
positional isomers by thin-layer chromatography after conver- 
sion of Azpm(G1cU) to its methylated derivative demonstrated 
that at all developmental stages, biliary bilirubin glucuronides 
had almost exclusively (>96%) the 1-0-acyl isomeric struc- 
ture. 

Neither biliverdin nor esterified bilirubins were detectable in 
serum at any developmental stage. The detection limit of our 
HPLC assays was 0.4 p M  for biliverdin, 0.03 p M  for mono- 
esterified bilirubins, and 0.06 p M  for di-esterified bilirubin (for 
a sample volume of 200 p1 serum). Similarly, unconjugated 
bilirubin was undetectable (i.e. < 0.4 pM) in serum from 
embryos, chicks, and adult chickens. 

When serum was assayed by a standard diazo-method, a 
small amount of diazo-positivity was observed in some sam- 
ples, giving calculated total bilirubin values ranging from 0 to 
7 pM. In view of the undetectability of unconjugated or 
esterified bilirubins by the distinctly more sensitive and spe- 
cific HPLC methods, it is unlikely that this diazo-positivity 
corresponded with rubin pigment. 

Development of hepatic bilirubin UDP-glycosyltransferase 
activities. Bilirubin UDP-glycosyltransferase activities mea- 
sured at various developmental stages with the cosubstrates 
UDPGlc, UDPGlcUA, and UDPXyl are shown in Figure 4. In 
agreement with the in vivo findings, esterification of bilirubin 
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Figure 2. Composition of esterified bilirubins in bile during development. In panel A, di-esterified bilirubin is shown as  a percentage of total esterified pigment. 
Punel B gives the C-8IC-12 isomer ratio of the mono-esterified bilirubin fraction. 
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Figure 3. Conlposition of sugar moieties of esterified bilirubins in bile during 
development. The relative amounts (as percentages of total conjugating 
groups) of Glc, Xyl, and GlcU moieties are shown by, respectively, thc open, 
dotted, and hatched parts of the bars. 

was found in 14- and 18-d-old embryos and no major devel- 
opmental changes occurred in any of the three measured 
UDP-glycosyltransferase-specific activities or in the ratio of 
any transferase activity over total conjugation capacity (Fig. 4). 
In 14- and 18-d-old embryos, specific activity of each trans- 
ferase was comparable or only slightly lower than in adult 
animals (about 67, 72, and 102% of adult values, respectively, 
for bilirubin UDP-glucuronyl, UDP-glucosyl, and UDP- 
xylosyltransferase). Highest specific activities were observed 
soon after hatching, between d 1 and 2, the lowest at d 14. 

Total conjugating capacity (sum of three enzymic activities), 
as shown in Figure 4 0 ,  averaged 84% of the adult value in 14- 
and 18-d-old embryos and peaked 1 d after hatching (79.9 t- 
15.9 pmol of bilirubin/min/mg of protein). Among the three 
enzymic activities, UDP-xylosyltransferase and UDP- 
glucuronyltransferase consistently accounted for, respectively, 
the highest (41-50%) and lowest (18-28%) contribution to 
total conjugating capacity throughout development (Fig. 4E). 

DISCUSSION 

The present study was made possible by the application of 
new and improved methods for analysis of bile pigments, 
which had not been available in the hitherto reported studies. 
These procedures included sensitive structural tests on esteri- 
fied bilirubins and specific, sensitive HPLC methods for deter- 
mination of bilirubins and biliverdins. Using these new exper- 
imental tools, we have demonstrated that hepatic bilirubin 
esterification is unquestionably present in the avian embryo. 
Quite unexpectedly, we found that no major changes in the in 
vivo and in vitro patterns of bilirubin esterification could be 
detected during the observed period of embryonic development 
and after hatching. At all stages, bile contained bilirubin 
glucuronides, xylosides, and predominantly glucosides. These 
in vivo results were confirmed in vitro by the demonstration of 
bilirubin UDP-glycosyltransferase activity in liver homoge- 
nates using the three corresponding UDP-sugar co-substrates, 
UDPGlcUA, UDPXyl, and UDPGlc. 

A number of our findings require comment in light of the 
sometimes conflicting results published by others. The obser- 
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Figure 4. Development of hepatic bilirubin UD:P-glycosyltransferase activi- 
ties. Panels A, B, and C show the transferase activities in liver homogenates 
toward, respectively, UDPGlcUA, UDPGlc, and UDPXyl. The assays were 
performed on homogenates made from individual livers in the case of adult 
hens, and from pooled livers obtained from animals with identical age in the 
case of embryos and chicks. Panel D shows total bilirubin-conjugating activ- 
ity, i.e. the sum of the activities towards the three tested UDP-sugar co- 
substrates. Results given are values from individual enzymic assays; the bars 
show means, with indication of + 1 SD values. Panel E depicts the contribution 
of each of the three bilirubin UDP-glycosyltransferase activities (0, with 
UDPXyl; e, with UDPGlc; a, with UDPGlcUA) to total conjugating activity. 

vation that biliverdin amounts to over 90% of the biliary 
excreted bile pigment is in agreement with an earlier report 
(29). That unconjugated biliverdin is water soluble and can 
readily be excreted in bile most likely can be explained by the 
presence of a fixed methyne central bridge which makes it 
impossible for biliverdin to assume the conformational forms 
with multiple intramolecular hydrogen lbonds as found in un- 
conjugated bilirubin-IXa (30). The internal hydrogen bonds in 
unconjugated bilirubin-IXa effectively shield all polar groups 
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of the pigment and fix the molecule in a rigid, ridge-tile shape,
which may explain why unlike the unconjugated forms of
biliverdin and bilirubin-IX,G, -IX8, and -IXy (31), unconju
gated bilirubin-IXa is virtually insoluble in water and requires
conjugation for effective biliary excretion. Our findings that
neither biliverdin nor esterified bilirubins were detectable in
serum at any developmental stage indicates that excretion of
both types of pigment occurred very effectively, unlike excre
tion of unconjugated bilirubin-IXa. We were unable to confirm
the previously described hyperbilirubinemia and high biliary
concentrations of bilirubins in the post-hatching period (9, 15).
In fact, neither bilirubin nor biliverdin were detectable in
serum at any developmental stage with highly sensitive and
specific HPLC methods. A likely explanation for the apparent
conflict between our findings and those of Sova et al. (9, 15)
may be that diazo-positive compounds distinct from bilirubins
are present in serum and bile of chicks and hens. For both bile
and serum specimens we found large discrepancies between
the results of the classical diazo-method and the values ob
tained with the highly specific HPLC method.

At least 95% of the bilirubin and biliverdin pigment excreted
in avian bile was of the IXa isomeric type, with only trace
amounts of the IX,G, IXy, and IX8 isomers at any developmen
tal stage. This finding confirms the marked selectivity of the
heme oxygenase-catalyzed cleavage of heme at the a-meso
bridge (32, 33), but differs from results reported by Blumenthal
et al. (34) on human development. These authors found in
creased proportions of bilirubin-IX,G in gallbladder bile and
intestinal contents of human embryos, and suggested that the
embryonal, "immature" form(s) of heme oxygenase cleave
heme less selectively at the a-bridge than mature heme oxy
genase. However, the isomeric composition of the bile pig
ments found in the stagnant bile and intestinal contents of these
embryos may differ from the original pattern of the pigments
formed by heme breakdown, because both the placental clear
ance mechanism and reabsorption from gallbladder and gut
conceivably could cause selective removal of bilirubin-IXa.

It is of interest to mention two lines of evidence indicating
that good choleresis occurred throughout development of the
chick embryos. First, we found no hyperbilirubinemia. Second,
the sugar conjugates of bilirubin were present in bile exclu
sively in the 1-0-acyl isomeric form. This finding demon
strates that there was no bile stasis because the 1-0-acyl
glycosides are rapidly transformed in stagnant bile to 2-0-acyl,
3-0-acyl glycosides, and in the case of glucuronides also to the
4-0-acyl positional isomer (28).

Our findings on the relative amounts of bilirubin glucosides,
xylosides, and glucuronides in bile of adult chickens are in
agreement with previously published results (11, 35). Burchell
et al. (10) previously reported that bilirubin glucuronyltrans
ferase activity was undetectable in liver microsomes from 19-d
chick embryos and 7-d hatched chicks. We were surprised,
therefore, to observe that bilirubin glycosides were present in
bile of chick embryos and chicks, with the same composition
and at similar or even higher concentrations compared with
adult bile. This demonstration of in vivo conjugation was fully
corroborated by our in vitro results showing bilirubin UDP
glycosyltransferase activity toward UDPGlcUA, UDPGlc, and

UDPXyl in liver homogenates at levels comparable to the adult
values.

We speculate that the markedly different developments of
hepatic bilirubin esterification in mammalian and avian species
may reflect adaptive responses to the totally different condi
tions to which the mammalian and avian embryos are exposed.
In the mammalian embryo, conversion of the water soluble
nontoxic biliverdin, which cannot cross the placenta, to biliru
bin seems useful because unconjugated bilirubin-IXa is easily
transferred across the placenta (36, 37). If biliverdin were the
end product of heme metabolism in the mammalian fetus, it
would accumulate in the fetus. One might speculate that such
accumulation could lead to product inhibition of heme oxyge
nase and impaired disposal of heme, which may be harmful.
Detoxication of the potentially cytotoxic bilirubin occurs ef
fectively by placental disposal, with availability of maternal
mechanisms for final esterification and excretion. Under these
conditions, lack of fetal bilirubin esterification seems advanta
geous because unlike the unconjugated pigment, esterified
bilirubins cannot be transported effectively across the placenta
(36, 37). Thus, it is only when the placental elimination
mechanism disappears at birth that bilirubin esterification be
comes useful and a necessity for self-detoxication. This inter
pretation is consistent with experimental evidence suggesting
that birth-related rather than age-related factors are primary
determinants of the development of hepatic bilirubin esterifi
cation in the mammalian fetus and newborn (38, 39). Unlike
the mammalian fetus, the avian embryo cannot depend on a
placenta and on maternal conjugation and excretion mecha
nisms for detoxication of unconjugated bilirubin. It seems
logical therefore that the chick embryo develops its own
detoxication system, by esterification of bilirubin, as soon as
unconjugated bilirubin is formed from heme breakdown, which
appears to occur at an early embryonal stage.
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