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Extract 

T h e  development of hepatic uptake, conjugation, and  excretion of bilirubin was investigated in 
newborn and  in adult guinea pigs. Excretion of conjugated bilirubin from liver is rate-limiting in the 
overall transfer of bilirubin from plasma to bile in newborn as well as in mature guinea pigs. Hepatic 
excretion of bilirubin gradually matures during the first three weeks of life. Glucuronyl transferase 
activity was also reduced in liver from newborn guinea pigs less than 72 hours old, but  the limitation 
was apparently insufficient to be rate-limiting in uivo. Cumulative hepatic uptake of bilirubin by the 
liver was also reduced during the newborn period and  achieved adult levels a t  approximately 15 days 
of age. 

T h e  rate of endogenous bilirubin excretion was the same in newborns of all ages and  in adults, 
suggesting that  erythrocyte life span and  bilirubin synthesis are similar in newborn and  in adult 
guinea pigs. 

Hepatic uptake, conjugation, and excretion of bilirubin are reduced in neonatal guinea pigs that  do  
not manifest physiologic hyperbilirubinemia. Similar studies should be performed in species that  
have neonatal jaundice. The  contribution of impaired hepatic uptake of bilirubin to physiologic 
jaundice of human infants warrants further study. 

Introduction 

The regular occurrence of unconjugated hyperbili- 
rubinemia (physiologic jaundice) in human neonates 
during the first week of life has stimulated many in- 
vestigations of bilirubin metabolism in infants and 
newborn animals of different species [3, 5, 6, 8, 11, 14, 
15, 16, 18, 25, 281. These studies have concerned the 
hepatic clearance of injected bilirubin from plasma 
[18, 281, the conjugation of bilirubin and other sub- 
stances with glucuronic acid [3, 5, 6,8, 1 1, 14, 15, 161, 
and the excretion of conjugated bilirubin into bile [25]. 

In each study, the development of only a single aspect 
of hepatic bilirubin metabolism was investigated. The 
development of bilirubin uptake by neonatal liver and 
its possible role in physiologic jaundice have not been 
examined. In the present study, the development of 
hepatic uptake, conjugation, and excretion of bilirubin 
was investigated in the guinea pig. Although physiol- 
ogic hyperbilirubinemia does not occur in newborn 
guinea pigs, impaired bilirubin excretion and glucuro- 
nide formation have been demonstrated [3,8,25], and 
the size of these animals permits performance ofphysio- 
logic studies that are not possible in smaller neonates. 



172 GARTNER, ARIAS 

Methods 

Pregnant guinea pigs were obtained from commercial 
breeding farms and the time of birth of newborns was 
noted by observation every two hours. Eighty-two 
newborns of both sexes were kept with their mothers 
and permitted to nurse until the time of study. Only 
male adult animals were used. Newborn animals were 
selected randomly from 1.5 hours to 31 days of age for 
various studies and subsequently placed in arbitrarily 
assigned age groups for analysis (tables I, II and III). 
Thirty-two newborn and 7 adult animals were infused 
with unconjugated bilirubin (table I); 22 newborn 
and 10 adult animals were used for estimation of 
hepatic glucuronyl transferase activity in vitro (table 
II); and 27 newborn and 6 adult guinea pigs were used 
for estimation of plasma and blood volumes necessary 
for calculation of hepatic uptake of bilirubin (table 
III). All animals were healthy and vigorous, and ex­
periments during which respiratory distress or death 
occurred were discarded. 

The maximal hepatic excretion of bilirubin (EMcn) 
was estimated as previously described [I]. Unshaven 
newborn and adult guinea pigs were anesthetized with 
3.0 mg of sodium pentobarbital per 100 g body weight 
and polyethylene catheters were placed in an external 
jugular vein and, following cholecystectomy, in the 
common bile duct. The abdomen was closed with 000 
silk suture and the animals were kept warm using an 
incandescent light. Physiologic saline was continuously 
infused into the jugular vein at a rate of 0.070 ml/100 g 
body weight/min for 30 minutes using a Harvard multi-

Table 1. Guinea pigs used in estimation of maximal 
hepatic bilirubin excretion (EMcn) and cumulative 

hepatic uptake 

Age group Number Age range Mean age 
of animals 

0-24 h 9 5-24 h 15.9 h 
25-48 h 4 30-36 h 33.3 h 
3- 5 days 3 3- 5 days 3.7 days 
6-11 days 5 7-11 days 9.6 days 

16-19 days 5 16-19 days 17.2 days 
20-31 days 6 20-31 days 24.3 days 
Adult 7 43-86 days 52.3 days 

Table II. Guinea pigs used to estimate hepatic glucu­
ronyl transferase activity in vitro 

Age groupl 

0- 12 
13- 24 
25- 48 
49- 72 
73-120 
Adult 

Number Age range l Mean agel 
of animals 

4 1.5- 10 4.9 
2 20 20 
8 28 - 48 36 
5 57 -72 65 
3 81 -106 90 

10 60 -120 

1 Values are given in hours except for those of adult 
animals, which are given in days. 

Table III. Plasma volume, hematocrit and blood volume of adult and 
newborn (2-28 days) guinea pigsl 

Age Number of Plasma volume HeT Blood volume 
DayJ animals ml/ 100 g body weight % ml/IOO g body weight 

2 4 4.33±0.06 58.3±3.4 1O.61±0.94 
3 2 4.92±0.34 57.5± 1.5 II.54±0.74 
4 3 4.93±0.26 52.0±2.l 1O.28±0.06 
7 3 4.l4±0.28 53.0±2.1 8.87±0.87 

II 4.77 39.0 7.82 
12 4.73 35.0 7.28 
13 I 4.46 44.0 7.96 
17 6 4.43±0.19 43.3±2.0 7.83±0.28 
21 3 4.63±0.16 39.0±0.6 7.59±0.31 
28 3 4.09±0.24 45.0±2.5 7.46±0.56 
2-28 27 4.4S±0.OS 
Adult 6 3.03±0.10 45.7±1.3 5.59±0.20 

1 Values given are mean±standard error of mean. 
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speed infusion pump. During the following 90 minutes, 
recrystallized bilirubin in an aqueous solution (0.43 % 
Na, CO, and 0.45 % NaCI), 100 mg/l00 ml at pH 7.8, 
was similarly infused at 70&4 (SE) pg/lOO g body 
weightlmin. Bilirubin solutions were kept in the dark. 
Bile was collected on ice in the dark for eight IS-minu tc 
perids, two during saline infusion and six during bili- 
rubin inrusion. The volume of bilesecreted during each 
period was determined by weight and the rate of  bile 
flow expressed as mI/lOO g body weight/ rnin. The con- 
centration of bilirubin was  determined in 10-100 p1 
of bilc [19] and expressed as rng/100 ml. Bilirubin ex- 
creted in bilc during each of the eight perids was 
determined from h e  product of total bilirubin con- 
centration and volume of bile secreted and expressed 
as pg/ 100 g body weigh tlmin. Maximal, bilirubin ex- 
cretion was achieved durinq the third bilirubin in- - 
fusion period and maintained during the three sub- 
sequent infusion periods. T h e  mean of  the bilirubin 
cxcretion rates obtained in each animal during the 
three 15-minute periods following attainment of rnaxi- 
ma1 hepatic bilirubin excretion was designated EM-, 
the mean maxima1 hepatic bilirubin excretory capa- 
city. The corresponding values obtained during the 
same periods were used for bile flow rate and bile 
bilirubin concentration. 

Endogenous bilirubin excretion (EEo), the quan- 
tity of bilirubin mcreted prior to administration of 
bilirubin, was determined in each of two 15-minute 
periods during saline infusion. The mean values in 
each of these periods did not differ significantly, and 
EEm was expressed as pg/l00 g body weighelmin. At 
the completion of each experiment, blood was obtain- 
ed by cardiac puncture and the liver removed after 
perfusion with physiologic saline through the hepatic 
and portal veins to remove sequestered blood. Total 
and direct-reacting bilirubin concentrations were dc- 
termined in 10-100 /41 of sera [19] and expressed z 
mg/ 100 ml or sera. Total and direct-reacting bilirubin 
concentrations in liver were determined by the method 
of HARGREAVES [lo] and expressed as pguglg of liver. 

The total amount of unconjugated bilirubin enter- 
ing the liver during bilirubin infusion was estimated 
from the sum of bilirubin excreted in bile during the 
bilirubin infusion and total hepatic bilirubin and pfas- 
ma direct-reacting bilirubin at the end of tht: bilirubin 
infusion. Plasma volume was estimated using T-1824 
in 33 guinea pigs ranging in a-gc from 3 days to adult 
life (table 111) [20]. This sum, termed cumulative 
hepatic uptake (CHUB), was expressed as pg1100 g 
body migbthnin of bilirubin infusion. Interpretation 
or this sum as CHUBassuma insignificant extrahepatic 
synthesis of conjugated bilirubin, absence of increased 
bilirubin formation in liver during bilirubin infusion, 
and negligible hepatic bilirubin flux. The calculation 

probably underestimates CHUB by ignoring direct- 
reacting bilirubin distributed in tissues other than the 
liver or excreted in the urine. 

Hepatic glucurony1 tramferase activity was estim- 
ated in liver homogenates From non-infused guinea pigs 
in using the fallowing procedure (table 11). Im- 
mediately following decapitation, the liver was remov- 
ed, placed in 0. I54 M KC1 at 4", blotted, and weighed. 
A 30 % homogenate of the tissue was prepared in 0.154 
M KC1 using a motor-driven Teflon pestlc homogcniz- 
er. One mI dhomogenate was added to an incubation 
medium modified from LATHE and WALKER [I51 con- 
sisting of 0.3 ml of 0.5 M phosphate buffer, pH 7.4; 
0.1 ml of0.3 M mg Cb 1.0 rnl of6.0 mg/100 ml re- 
crystallized bilirubin in 800 m g / l O O  rnl crystallinc 
bovine albumin [31] solution, pH 7.6; and 0.6 ml 
uridinc diphosphate glucuronic acid (UDPGA) 13 11 
at each of four different concentrations (5.5 x M, 
1.1 x M, 2 . 2 ~  10-= M, 4 . 4 ~  M). Each assay 
was also performed in the absence of added UDPGA. 
Distilled water was added to a total volume or 3.4 ml. 
Incubation proceeded in air in the dark in a DubnofF 
metaboIic shaker at  37". Product formation increased 
linearly between 10 and 30 minutes of incubation, 
whilc bctwccn 30 and 50 minutes of incubation, prod- - .  
uct formation was the same. Time of incubation was 
established at  4-0 minutes. Over a pH range of 5.0 to 
9.0, optimal activity was observed at pH 7.4. Optimal 
glucuronyl transferase activity was obtained with ho- 
mogenates of liver from animals of all ages when 
1.1 x M UDPGA was used. Prcduct formation 
increased linearly with addition of 50 to NO rng wet 
weight oflivm. The tubes were subsequently placed in 
ice, and 3.0 ml or Mcllvaine's burcr  [lo] (0.96 M 
c h i c  acid and 0.04 M Na, RPO,, pH 2.2) was added 
to each tube. Unincubated controls were used for each 
homogenate. Total and direct-reacting bilirubin con- 
centrations were determined for each assay tube ac- 
cording to the method of &GREAVES [10]. Intensity 
of color formed was determined in a Coleman Jr. 
specrrophotometer a t  525 m,u. From 30 to 400 mg of 
recrystallized bilirubin or conjugated bilirubin as fresh 
rat bile was added separately to 200 rngofhomogenized 
guinea pig liver. Using the method of HAEGREAVES 
[lo], recovery of added unconjugated biiiruhin was 91 
to 101 % and recovpy of added conjugated bilirubin 
was 84 to 112 %. Glucuronyl transfcme activity was 
exprcsscd as  pg of UDPGA-dependent direct-reacting 
bilirubin formedig of liver wet weigh tie0 minutes after 
correction for unincubated blank. Results presented 
are those obtained with optimal UDPGA concentra- 
tions (1.l x M). 

Protein concentration ofeachhomogenate wasdeter- 
mined according to LOWRY [17] and glucuronyl trans- 
ferase activity was also expressed aspg of UDPW-de- 



pendent direct-reacting bilirubinformedjmg ofprotein/ 
40 min. 

Diazotized pigments obtained upon completion of 
the glucuronyl transferase assay were extracted and 
chromatographed for identification of azo-A and azo-B 
bile pigment derivatives [26]. Azo pigment B was 
identified chromatographically, confirming the forma- 
tion of bilirubin conjugate during incubation of bili- 
rubin with guinea pig liver homogenate and UDPGA. 

T o  further validate the assay of glucuronyl trans- 
ferase activity, liver obtained from three homozygous 
adult male Gunn strain rats with glucuronly trans- 
ferase deficiency and eight normal adult male Sprague- 
Dawley rats was similarly studied. Glucuronyl trans- 
ferase activity estimated in liver homogenates from 
normal rats a t  optimal UDPGA concentrations was 
11 1.51 1 6 . 9 3  pg/g liver140 min, whereas glucuronyl 
transferase activity in liver from homozygous Gunn 
strain rats was only 3.6910.91 pglg liver140 min. 

Results are expressed as the mean value& one stand- 
ard error (SE). The Mann-Whitney U test was used 
for determination of statistically significant differences 
between groups a t  a significance level of p < 0.05 [9]. 

Results 

Maximal hepatic bilirubin excretory capacity (EMcB) 
of adult animals was 14.68k 1.38 (SE) pgll00 g body 
weightlmin, while the EMcB of newborn animals, less 
than 24 hours old, was 1.01&0.24 pg/100 g/min a 
value 7 % of that observed in the adult animals (fig. 1). 
During the second day of life, EMcB increased to 27 % 
of the adult value and remained constant until the 
16th-19th day of age when EMcB increased to 65 % 
of the adult value. By the 20th-3Ist day of age (mean 
age 24.3 days), the value for EMcB was identical with 
that of adult animals. 

EMcB is the calculated product of the concentration 
of bilirubin in bile and the volume of bile secreted 
(fig.2). During the first twenty-four hours of life, the 
mean rate of bile flow was 19 % of that of the adult, 
0.012810.0005 m1/100 g body weightlmin. During 
the following 24 hours, the rate of bile flow increased 
to 67 % of that of the adult value and was maintained 
a t  this level during the following 8 days. By the 16th- 
19th and 20th-3lst day, adult rates of bile flow were 
achieved. The mean maximal concentration of bili- 
rubin in bile during the first 24 hours of life was 22 % 
of the adult concentration, 114.9*7.6 mg/100 ml of 
bile. The increase in concentration of bilirubin in bile 
with increasing age closely approximated the increase 
in EMcB with age (fig. 1) and remained between 23 
and 43 % of adult values for the first 10 days of life. 
Thus, relative to the adult, the ability to concentrate 

+: 
77 

.+ 

P - 100 
m 
U 
2 
W - 75 

$ 
E 
.;? 5 0  

El 
25 

C e 
I;I 0 

0 5 10 15 20 25 30 Adult 
Age (days) 

Fig. 1. Maximal hepatic bilirubin excretory capacity 
(EMcB) of newborn and adult guinea pigs expressed 
as percent of adult value. Adult value 3 14.681 1.38 
(SE) pg/100 g body weight per min. Width of bars 
represents range of age for each newborn group. 

bilirubin in bile is more limited during the first 20 days 
of life than is the ability to secrete a volume of bile. 

Mean cumulative hepatic uptake of bilirubin 
(CHUB) during the first 24 hours of life was 18 % of 
that of the adult, 20.561 1.82 pg/100 g body weight/ 
min (fig. 3). There was a rapid increase in CHUB dur- 
ing the next 24 hours, reaching 59 % of the adult rate; 
during the third to fifth day, 75 % of the adult rate 
was reached, and by the 16th-19th day adult rates 
were achieved. Thus, maturation of CHUB occurred 
earlier than did maximal hepatic bilirubin excretion 
(EMcB), bile flow, or maximal bilirubin concentration 
in bile (figs. 1 and 2). 

The total bilirubin concentration in normal guinea 
pig sera was less than 1.0 mg1100 ml and in liver was 
less than 10 pglg of liver. Following 90 minutes of bili- 
rubin infusion, the mean total serum bilirubin concen- 
tration in adult animals was 16.5712.64 mg/100 ml 
and the mean direct-reacting serum bilirubin concen- 
tration was 3.97 11.21mg/100 ml (table IV). Total 
serum bilirubin concentrations in newborn animals of 
all ages following 90 minutes of bilirubin infusion were 
similarly elevated, ranging from 1 1.6512.98 mg/100 
ml in the group 0-24 hours of age to 36.101 19.70 mg/ 
100 ml in the group 3-5 days of age (table IV). Con- 
centrations of direct-reacting bilirubin in serum were 
also elevated, ranging from 2.08+0.68 mg1100 ml in 
the group 6-1 1 days of age to 9. 1 0 1  3.45 mg/100 ml 
in the group 3-5 days of age (table IV). 

Mean hepatic total bilirubin concentration in adult 
animals following 90 minutes of bilirubin infusion was 
1421-26 pg/g liver and that of hepatic direct-reacting 
bilirubin was 3 9 1 5  pg/g liver (table V). Mean values 
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Fig. 2. Bile flow rates and bile bilirubin concentrations 
of newborn and adult guinea pigs during maximal 
excretion of bilirubin into bile expressed as percent of 
adult values. Adult values : bile flow = 0.0 1 2 8 1  0.0005 
(SE) mlj100 g body weightjmin, bile bilirubin con- 
centration = 114.9h7.6 (SE) mgj100 ml bile. Width 
of bars represents range of age for each newborn group. 

Table IV. Total and direct-reacting bilirubin concen- 
trations in sera from newborn and adult guinea pigs 

on completion of bilirubin infusion1 

Age group Number Total2 Direct 
of animals mg/100 ml serum 

0-24 h 9 11.651 2.98 6 . 0 3 1  1.84 
25-48 h 4 14.07h 6.85 4.50h 1.49 

3- 5 days 3 36.10* 19.70 9.10h3.45 
6-11 days 5 13.70% 6.10 2.08%0.68 

16-19 days 5 24.281 5.06 5.361-0.90 
20-31 days 6 28.93h 3.61 9.05f 1.07 
Adult 7 16.57h 2.64 3.97f 1.21 

Values given are meanhstandard error of mean. 
p > 0.05 for each age group comparison. 

were significantly lower (p i 0.05) in animals less than 
24 hours old, than they were in adults. Mean total 
liver bilirubin concentration in animals less than 24 
hours old was 74121  pglg of liver and mean direct- 
reacting bilirubin concentration was 10% 2 pg/g liver 
(table V). Mean total liver bilirubin concentrations in 
animals from 2 to 3 1 days old ranged from 110% 10 to 
292% 124 pgjg liver; mean direct-reacting bilirubin 
concentrations ranged from 1 1 & 4  to 4 2 4  13 pglg liver 
(table V). There was no significant difference (p >0.05) 
between hepatic bilirubin concentrations in animals 
more than 24 hours old and in adult animals. 

Fig. 3. Cumulative hepatic bilirubin uptake in newborn 
and adult guinea pigs expressed as percent of adult 
value. Adult value = 20.56h 1.82 (SE) ,ug/100 g body 
weightlmin. Width of bars represents range of age for 
each newborn group. 

Table V. Total and direct-reacting bilirubin concen- 
trations in liver from newborn and adult guinea pigs 

on completion of bilirubin infusion1 

Age group Number Total Direct 
of animals pglg liver 

0-24 h 9 74& 21 10f 23 
25-48 h 4 184k  4 4 2 5 1 3  

3- 5 days 3 2925124 16f 8 
6-1 1 days 5 11O-f.10 1 1 * 4  

16-19 days 5 212+ 82 42& 8 
20-31 days 6 120+ 23 25% 4 
Adult 7 1 4 2 1  26 3 9 1  5 
-- - 

Values given are meanf standard error of mean. 
p > 0.05 for each age group comparison except as 
indicated. 

3 p < 0.05 (0-24 hours direct versus adult direct). 

Hepatic glucuronyl transferase activity in adult 
animals was 83.7912.87 pg of UDPGA-dependent 
direct-reacting bilirubin formedlg of liver/40 min 
(fig.4). Hepatic glucuronyl transferase activity in ani- 
mals less than 12 hours old was 20 % of that of adult 
animals. During the subsequent 36 hours of life, glu- 
curonyl transferase activity gradually increased to 40 % 
of adult values. Mean glucuronyl transferase activity 
in the group more than 48 hours old did not differ 
significantly from that of the adult group. When glu- 
curonyl transferase activity was expressed relative to 
hepatic protein concentration (fig. 5), the developmen- 
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Fig.4. Hepatic glucuronyl transferase activity of new- Fig.6. Hepatic glucuronyl transferase activity of new- 
born and adult guinea pigs a t  optimal UDPGA con- born and adult guinea pigs at  optimal UDPGA con- 
centration expressed as percent of adult value on basis centration expressed as percent of adult value on basis 
of weight of liver. Adult value = 83.7952.87 (SE) of total body weight. Adult value = 333124  (SE) 
pglg liver/40 min. M'idth of bars represents range of pg/100 g body weight140 min. Width ofbars represents 
age for each newborn group. range of age for each newborn group. 

t: 

v 
m 100 
* 

75 t -  
&!a 
mW50 5E 
$ 2  

7,Q 
c +j 25 
P v  a 
3 0 
G.5 0 

0 5 10 15 20 25 30 Adult 
Age (days) 

Fig.5. Hepatic glucuronyl transferase activity of new- Fig. 7. Hepatic glucuronyl transferase activity of new- 
born and adult guinea pigs a t  optimal UDPGA con- born and adult guinea pigs without addition of 
centration expressed as percent of adult value on basis UDPGA expressed as percent of adult value on basis 
ofprotein content ofliver. Adult value = 0.52950.024 of weight of liver. Adult value = 42.7053.23 (SE) 
(SE) pglmg protein/40 min. Width of bars represents pglg liver140 min. Width of bars represents range in 
range of age for each newborn group. age for each newborn group. 

tal curve was not altered and maturation was com- 
pleted by 48 hours of life. When expressed as a function 
of body weight (fig.6), the development of glucuronyl 
transferase activity was more gradual and activity 
equivalent to that of adults was achieved between 73 
and 120 hours of age. Regardless of the method of ex- 
pression, however, hepatic glucuronyl transferaseactiv- 
ity was mature by the fourth day of life. 

Glucuronyl transferase activity in adult liver in uitro, 
in the absence of added UDPGA, was approximately 
50 % of the activity found following the addition of 
optimal concentrations of UDPGA in uitro (figs.4 and 

7). Endogenous glucuronyl transferase activity in liver 
from animals 13 to 120 hours old was approximately 
30 % of the activity found following addition of optimal 
concentrations of UDPGA. In the absence of added 
UDPGA, glucuronyl transferase activity in  uitro on the 
fourth day of life was 65 % of the activity in livers from 
adult animals; however, with added UDPGA, adult 
levels were observed. 

The mean protein concentration in liver from ani- 
mals less than 49 hours old was 104.475 5.15 mg/g 
liver (fig. 8). Between 49 and 72 hours of age, there was 
a significant increase (p < 0.05) in protein concentra- 
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0.10 m1/100 g body weight, whereas that of animals 
between 2 and 28 days of age was 4.4850.08 m1/100 g 
body weight, a value significantly greater (p  <0.05) 
than that of plasma volume of adult animals. Plasma 
volume remained constant throughout the newborn 
period, whereas blood volume and hematocrit de- 
creased progressively. 

Endogenous bilirubin excretion (EEcB) in newborn 
animals was 0.32f 0.03 pg/100 g body weightlmin 
and was unaffected by age (fig. 9). 

Discussion 

The accumulation of unconjugated bilirubin in plasma 
may occur as a result of increased bilirubin production, 
reduced transfer of bilirubin into the hepatic paren- 
chymal cell, and/or impaired conjugation of bilirubin 

Fig. 8. Protein concentration in liver and relative liver with glucuronic acid. Unconjugated bilirubin must be 
weight of newborn and adult guinea pigs expressed as conjugated and rendered water-soluble to be excreted 
percent of adult values. Protein concentration is ex- from the liver cell into bile. 
pressed as mg of protein per g of liver. Liver weight is Increased production of bilirubin resulting from 
expressed as g of liver/100 g body weight. Width of exaggerated erythrocyte destruction during the im- 
bars represents range of age for each newborn group. mediate neonatal period has been suggested as a major 

contributor to physiologic jaundiceinnormalnewborns 
[2 1, 221. A reduction in erythrocyte life span has been 
demonstrated in some [22, 291, but not all [4, 131, 
normal full-term infants. Increased bilirubin produc- 
tion resulting from hemolysis of the magnitude de- 
scribed in normal newborns probably would not pro- 
duce hyperbilirubinemia unless insufficiency in the 
hepatic transport or metabolism of bilirubin was also 
present. In the present study, endogenous bilirubin 
excretion was the same in guinea pigs of all ages sug- 
gesting that bilirubin production is similar in neonates 
and in adults. 

In adult rats [I] and man [24,27] the excretion of 
conjugated bilirubin from the liver cell into the bile 

Fig.9. Endogenous bilirubin excretion (EEcB) in bile appears to be rate-limiting in the overall transfer of 
of newborn and adult guinea pigs expressed as pg/100 bilirubin from blood to bile. Previous studies of the 
g body weightlmin. Width of bars represents range of biliary excretion of tracer doses of radioactive uncon- 
age for each newborn group. jugated and conjugated bilirubin in newborn and adult 

guinea pigs suggested that conjugation may be rate- 
limiting in newborn guinea pigs [25]. In  the present 

tion to 148.84k6.2 1 mg/g liver, a concentrationsimilar study, the hepatic capacity to excrete bilirubin was 
to that in adult animals. Relative liver weight gradu- investigated using bilirubin infusions. I t  was demon- 
ally decreased during the first 72 hours oflife from 5.13 strated that excretion is rate-limiting in the newborn 
*0.21 g/100 g body weight during the first 12 hours as well as in the mature guinea pig, even during the 
of life to 3.25+0.26 g/100 g body weight by 49-72 first 24 hours of life, a t  which time bilirubin glucuro- 
hours of life. However, by 73-120 hours of age, liver nide formation is greatly reduced in uitro. The limita- 
weight increased to 5.4050.40 g/100 g body weight, tion in glucuronyl transferase activity (bilirubin) in 
a value identical with that seen in adult animals. the neonate is apparently insufficient to berate-limiting 

Plasma and blood volumes of newborn and adult in uiuo. Furthermore, during the first 24 hours of life, 
animals were estimated in order to con~pute cumula- conjugated bilirubin accumulated in plasma and in 
tive hepatic uptake of bilirubin (table 111). The mean liver, indicating that more conjugated bilirubin was 
value for plasma volume of adult animals was 3.03& formed than could be excreted by the developing liver. 



Reduction in the capacity of newborn guinea pigs 
to excrete bilirubin resulted from both decreased vol- 
ume of bile secreted and the capacity to concentrate 
bilirubin in bile. Bile flow was markedly decreased only 
during the first 24 hours of life. The prolonged period 
of reduction in capacity to concentrate bilirubin in 
bile suggests that limited transport of bilirubin into 
bile may be of more significance in the impairment of 
excretion than is restricted bile flow. 

Previous studies of hepatic glucuronyl transferase 
activity in uitro in guinea pigs utilized o-aminophenol 
(OAP) and phenolphthalein as glucuronide receptors. 
Glucuronyl transferase activity was absent in liver 
microsomes from guinea pig fetal live; and adult rates 
of activity were not attained until approximately 20 
days after birth [3]. Liver homogenates and slices 
from 72-hour-old animals formed o-aminophenol 
glucuronide at  one-third the rate observed in adult 
animals [8]. By contrast, in the rat, glucuronyl trans- 
ferase activity (OAP) was approximately twice as great 
in homogenates of liver a t  11 hours of age when com- 
pared with results using homogenates of adult liver. 
A variety of patterns of development of glucuronyl 
transferase activity have been observed in newborn 
animals using various glucuronide receptors as sub- 
strates [5, 6, 11, 14, 151, suggesting possible multi- 
plicity of glucuronyl transferases. In the present study, 
bilirubin glucuronide formation by liver obtained from 
guinea pigs less than 12 hours old was approximately 
20 % of that seen in adult liver and adult levels of 
glucuronyl transferase activity were attained by 48 
hours of age. The demonstration of rapid maturation 
of glucuronyl transferase activity (bilirubin) in uitro 
is not surprising because the infusion studies indicated 
that newborn guinea pigs form significant amounts of 
bilirubin glucuronide in ciao. Attempts to confirm that 
excretion is rate-limiting were made by the intravenous 
infusion of conjugated bilirubin. These experiments 
were unsuccessful because of toxicity occurring during 
the infusion of either guinea pig or rat bile as the source 
of conjugated bilirubin. 

In  the absence of added UDPGA, homogenates of 
liver from three- and four-day-old guinea pigs de- 
monstrated glucuronyl transferase activity (bilirubin) 
only 65 % of that of adults, whereas in the presence of 
optimal concentrations of UDPGA, glucuronyl trans- 
ferase activity (bilirubin) was comparable to that of 
adults. This finding suggests that lack of UDPGA 
during the neonatal period may limit the capacity to 
form bilirubin glucuronide in viuo and agrees with the 
previous demonstration [3] that uridine diphosphate 
glucose dehydrogenase, the enzyme which catalyzes 
the formation of UDPGA from UDPG, is reduced in 
the guinea pig during the first week of life. Available 
UDPGA in neonatal guinea pig liver could also be 

reduced due to hydrolysis by pyrophosphatase in vitro, 
as has been demonstrated in neonatal rat liver [5, 81. 

- - 

Because glucuronyl transferase (bilirubin) is probably 
never rate-limiting in the newborn guinea pig, it is 
impossible from the studies reported here to deter- 
mine whether lack of availability of UDPGA limits 
the formation of bilirubin glucuronide in uiuo. 

Glucuronyl transferase activity is usually expressed 
on the basis of wet weight of liver [3, 8, 14, 151. New- 
born liver, however, may contain more water, lipid, or 
erythropoietic tissue and expression of enzyme activity 
on the basis of wet weight could be misleading. In  the 
present study, the development of glucuronyl trans- 
ferase activity was the same whether expressed relative 
to liver protein or to wet weight. The rate ofmaturation 
of enzyme activity was slightly delayed when activity 
was expressed relative to body weight. This difference 
in rate of maturation resulted from changes in liver 
weight relative to body weight during the first four 
days of life. 

The alterations of liver weight and liver protein 
suggest that neonatal guinea pig liver loses water, fat, 
glycogen, or other nonprotein material during the 
first three days of life, resulting in decreased relative 
liver weight and increased protein concentration. Dur- 
ing the fourth day of life, liver protein concentrations 
remained constant but relative liver weight increased, 
suggesting accelerated synthesis of proteins during 
this period. 

The mechanism responsible for transfer of bilirubin 
from blood into parenchymal liver cells is unknown; 
therefore, it is not possible to quantitate the kinetics 
of this process. We have, however, estimated the cu- 
mulative hepatic transfer of bilirubin into the liver 
(CHUB). CHUB represents the minimal mean rate at  
which unconjugated bilirubin was transferred from 
plasma into the liver during intravenous infusion of 
unconjugated bilirubin. By ignoring the amounts of 
conjugated bilirubin transferred into urine and tissue 
during the 90 minutes of bilirubin infusion, the actual 
cumulative uptake of bilirubin may have been under- 
estimated, but only to a small degree, and did not affect 
the pattern of development. The maturation of CHUB 
was slower than that of conjugation but more rapid 
than that of excretion. 

From 20 to 35 % of infused bilirubin was recovered 
in bile, liver, and plasma a t  the conclusion of the ex- 
periment. The animals were deeply icteric on comple- 
tion of the study and extrahepatic, extravascular tissues 
undoubtedly contained most of the infused uncon- 
jugated bilirubin. 

The interpretation of data obtained in studies of 
newborn guinea pigs must be made with caution, since 
these animals fail to develop physiologic jaundice dur- 
ing the newborn period. The differences between the 
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species that develop physiologic hyperbilirubinemia 
and those that do not may be either qualitative or 
quantitative. Thus, the guinea pig may have all of 
the developmental limitations that would be found in 
the human neonate, but to a less severe degree. It is 
equally possible that the neonates of those species 
developing physiologic jaundice have a unique defect. 
Investigations of the type reported here should be per- 
formed in a primate species having physiologic jaun- 
dice. 

Summary 

The relative rates of development of cumulative hepa- 
tic uptake of bilirubin and its subsequent conjugation 
and excretion were studied in newborn guinea pigs in 
order to define the rate-limiting step in overall transfer 
of bilirubin from plasma to bile at  different ages of 
neonatal development. Techniques are described for 
the determination of hepatic glucuronyl transferase 
activity in vitro using bilirubin as the glucuronide re- 
ceptor and for estimation of cumulative hepatic bili- 
rubin uptake in vivo. 

Excretion of conjugated bilirubin from the liver cell 
into bile was rate-limiting in the hepatic transfer of 
bilirubin from plasma to bile in newborn animals of 
all ages, as well as in adult animals. Hepatic capacity 
to form conjugated bilirubin exceeded hepatic capacity 
to excrete conjugated bilirubin in animals of all ages. 
Cumulative hepatic bilirubin uptake reached adult 
capacity after two weeks of age, conjugation of biliru- 
bin after 48 hours of age, and excretion of bilirubin 
after three weeks of age. 

The rate of development of hepatic glucuronyl trans- 
ferase activity differed according' to the glucuronide 
receptor used. With bilirubin as the glucuronide re- 
ceptor, glucuronyl transferase activity reached a ma- 
ture level after 48 hours of age. Previous studies have 
demonstrated that glucuronyl transferase activity 
estimated with o-aminophenol as glucuronide receptor 
in liver from neonatal guinea pigs requires fifteen days 
to achieve adult levels of activity. 

The rate of endogenous bilirubin excretion was the 
same in newborns of all ages and in adults, a finding 
which suggests that erythrocyte life span and bilirubin 
synthesis are similar in newborn and in adult guinea 
pigs. 

The observation that cumulative hepatic uptake of 
bilirubin was reduced during the newborn period 
suggests that restricted hepatic uptake of bilirubin 
could be significant in the pathogenesis of human 
physiologic jaundice. 
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