
Bilirubin Excretion in Rats with Normal and Impaired

Bilirubin Conjugation: Effect of Phenobarbital

STEPHENH. ROBINSON, CLAUDINEYANNONI, and SUSUMuNAGASAWA

From the Department of Medicine, Beth Israel Hospital and Harvard Medical
School, Boston, Massachusetts 02215

A B S T R A C T The effect of phenobarbital on bilirubin
excretion was studied in rats with different capacities
for bilirubin conjugation. Drug treatment induced sub-
stantial increases in bilirubin UDP-glucuronyl trans-
ferase activity in the liver of both normal and hetero-
zygous Gunn rats, but not homozygous Gunn rats in
which enzyme activity is completely absent. However,
enhancement of bilirubin excretion in vivo was observed
only in heterozygous Gunn rats. In these animals the
maximum capacity to excrete bilirubin into bile (T.ax),
like the activity of the conjugating enzyme, was half
normal; phenobarbital caused an increase in Tmax to
levels characteristic of normal animals, with a twofold
rise in the excretion of conjugated pigment. This ap-
peared to be largely unrelated to enhancement of bile
flow, and there was no stimulation of alternate path-
ways of bilirubin excretion.

Conjugated bilirubin was consistently recovered from
the plasma and urine of both untreated normal and
heterozygous Gunn rats infused with unconjugated pig-
ment. The quantities thus recovered comprised a simi-
lar fraction of the total pigment conjugated in both types
of animal. Moreover, there were linear correlations be-
tween Tmax and both the rate of bile flow and the activity
of the conjugating enzyme over the range of values rep-
resented by control rats of both types. These findings
suggest that the process by which conjugated bilirubin
is secreted into the bile is closely related to conjugation
and limits the final excretory rate at different levels of
pigment excretion. The phenobarbital effect uniquely
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observed in heterozygous Gunn rats appears to be medi-
ated primarily by enhancement of the limited capacity
for bilirubin conjugation with an associated rise in func-
tional secretory capacity.

INTRODUCTION

Phenobarbital lowers serum bilirubin concentration in
some patients with jaundice and is currently being
evaluated as a therapeutic agent for hyperbilirubinemia
(2-4). However, the mechanism of the phenobarbital
effect is incompletely understood, partly because of our
still rudimentary knowledge of the normal pathways of
bilirubin excretion. Preliminary experiments from this
laboratory (5), like a few previous studies (2, 4, 6),
suggested that the primary action of phenobarbital in
vivo is to augment pigment conjugation. Other reports
have emphasized effects of drug treatment on different
aspects of hepatic excretory function (7-10). Systematic
investigations of the patterns of bile pigment excretion
and the alterations induced by phenobarbital were there-
fore undertaken in normal rats and both homozygous
and heterozygous Gunn rats, mutant animals with, re-
spectively, complete and partial impairment of pigment
conjugation (11-13).

METHODS
Male rats1 weighing 350-480 g were studied. Experimental
animals received subcutaneous injections of phenobarbital,'
40-100 mg/kg per day 6 days of each week, and controls
received comparable injections of drug solvent; similar dose
ranges were used for each type of rat studied. Investigations

'Although Gunn rats are of the Wistar strain, Sprague-
Dawley rats (Charles River Breeding Labs., Inc., Wilming-
ton, Mass.) were used as normals for reasons of convenience.
Bilirubin glucuronyl transferase activity in liver of the latter
animals is similar to that in normal Wistar rats (Table II);
maximum bilirubin excretion (Table I) is also comparable
with that reported for normal Wistar animals (14).

2Sodium phenobarbital injection; William S. Merrell Co.,
Cincinnati, Ohio.
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were performed after 4-5 wk of treatment, the time needed
to achieve maximal drug effect in the human subject studied
by Crigler and Gold (3). In each set of experiments four to
six animals from different experimental groups were inter-
mixed and studied simultaneously.

Excretion of a tracer dose of labeled bilirubin. Rats were
anesthetized with ether, and the common bile duct was can-
nulated with polyethylene tubing.3 A catheter was also in-
serted into a lateral tail vein for infusion of physiological
saline at a rate of 1 ml/hr. The animals recovered from
anesthesia within i hr. 2-3 hr after surgery most of the rats
received 0.1-0.2 jiCi ( 10-20 jig) bilirubin-"C' dissolved in
normal rat serum (15) as a single pulse through the tail vein
catheter. Others were given 0.3-0.4 jCi (10-13 jig) biliru-
bin-3H,' because bilirubin24C was to be included in a subse-
quent pigment infusion. Bile samples were collected on ice
and in darkness at 15, 30, 60, 120, 180, and 240 min. Addi-
tional samples were collected at 7 and 22 hr in the experi-
ments with homozygous Gunn rats. The volume of each
sample was recorded, and a measured quantity was counted
in a liquid scintillation spectrometer (16); 6 counting effi-
ciency was determined by automatic external standardization
with a l'Ba source. In several experiments the remaining
portions of bile were pooled, and the fraction of the total
radioactivity present as labeled bilirubin was determined by
crystallization (19) ; nonradioactive rat bile containing a
measured quantity of bilirubin was added to the bile from
homozygous Gunn rats.

Maximum capacity for bilirubin excretion. This was mea-
sured the day after the tracer study, i.e., 24 hr after surgery.
Unconjugated bilirubin' in isotonic solution (20) was ad-
ministered by continuous infusion through the tail vein
catheter at a rate of 90-120 jig/min per 100 g body weight.
Bile samples were collected in small graduated tubes at 10-
to 15-min intervals for 60 min, the duration of infusion. The
volume was measured, and the sample was diluted with water
for determination of bilirubin concentration (21). The max-
imum rate of pigment excretion (Tm..) was generally
reached 20-30 min after beginning the infusion, and the mean
pf all subsequent values was calculated for each animal.

All experiments were performed under identical conditions.
Although not monitored routinely, rectal temperatures in 10
rats ranged from 35.1 to 36.70C. This mild hypothermia may
have led to a small reduction in Tm.. and bile flow (22), but
the same ranges of temperature were observed in all types
of rat studied. Moreover, the findings in normal control rats
were similar to those reported in earlier studies (14, 20).

Several animals were sacrificed at the end of the infusion.
Blood was removed from the vena cava for measurement of
the concentrations of conjugated and unconjugated bilirubin
in serum (23). Conjugated bilirubin was also assayed (24)
in urine collected during the infusion combined with that
recovered from the bladder at autopsy. The liver was per-
fused with cold saline, and total and conjugated bilirubin
concentrations were measured by the method of Hargreaves

'Intramedic PE 50; Clay-Adams, Inc., New York.
'Prepared in rats by the method of Ostrow, Hammaker,

and Schmid (16), as modified by Barrett, Mullins, and Berlin
(17).

Prepared by the method of Lester and Klein (18).
'MdlMark I; Nuclear-Chicago Corporation, Des

Plaines, Ill.
'Pfanstiehl Labs., Inc., Waukegan, Ill.

(25) 8 In all of these animals the infusion dose had been
adjusted to 120 jig bilirubin/min per 100 g to permit com-
parisons of pigment distribution.

To determine whether there was excretion of labeled non-
bilirubin products, 0.5-0.7 jCi (50-70 jig) bilirubin-"4C' was
incorporated into the infusion in several of the experiments.
Total disintegrations per minute per microgram bilirubin
present in Tm.1 bile were compared with the corresponding
value for the infusion dose; values were derived from raw
disintegrations per minute per milliliter and micrograms bili-
rubin per milliliter in these media. Since the rate of max-
imum bilirubin excretion greatly exceeded that of basal
pigment output, Tm.. bile was only slightly diluted by un-
labeled endogenous pigment.

Chromnatographic analysis of bile pigntents. The diazo
derivatives of conjugated and unconjugated bilirubin were
separated after reaction of the bile with 2,4-dichloroaniline,
as described in a recent publication (26). Bands were eluted
with methanol, and the optical densities at 540 m/A were
measured. This method has proved highly reproducible;
values for either the conjugated or the unconjugated pig-
ment did not differ by more than 4% with portions of the
same bile sample assayed on four separate occasions. Re-
covery of total chromatographed pigments averaged 76.3%
in four experiments with rat bile (predominantly conjugated
bilirubin) and 82.6% in six experiments with unconjugated
bilirubin, reflecting an approximately proportionate loss of
both the conjugated and unconjugated pigments.

Capacity of the liver to conjugate bilirubin in vitro. Mea-
surements were usually from animals sacrificed 1 day after
the bilirubin infusion, when bile bilirubin excretion had re-
turned to near-normal levels in all but the homozygous Gunn
rats. Similar results were obtained in all three types of rat
when sacrificed directly without previous surgery or pigment
infusion. Bilirubin UDP-glucuronyl transferase activity was
assayed by the method of Van Roy and Heirwegh (24), as
modified by Black and Billing (27). Liver protein was
measured by the method of Lowry, Rosebrough, Farr, and
Randall (28), using human albumin' as a standard.

RESULTS

No relationship was observed between any of the experi-
mental findings and the dosage of phenobarbital. Indi-
vidual dosage rates will therefore not be specified.

Excretion of a tracer dose of labeled bilirubin. Find-
ings were comparable with either 1'C- or 'H-labeled
bilirubin. Biliary excretion of the tracer was similar in
heterozygous Gunn rats and normal rats and was un-
affected by treatment with phenobarbital in both types
of animal (Fig. 1). Label was excreted much more
slowly in homozygous Gunn rats, but again the curves
for treated and control animals were virtually superim-
posable. Measurements of the per cent of the excreted
radioactivity present in labeled bilirubin were performed

'The accuracy of this technique was evaluated with liver
from two mice which 5 min earlier had received 1.5 X 105
dpm (0.35 mg) bilirubin-"C intravenously; values for total
bilirubin concentration according to the Hargreaves method
were 98 and 108%o of those obtained by radioassay. In addi-
tion, the assay for conjugated bilirubin was not affected by
additions of unconjugated pigment to liver homogenates.

9Sigma Chemical Co., St. Louis, Mo.

Phenobarbital-Induced Changes in Bilirubin Excretion 2607



l4J

(L.J

z14J

IHOMOZYGOUS
GUNNRATS

- Phenoborbitol
--- Control Sol.

0 2., .6 .220 2 4 6 2

HOURS

FIGURE 1 Cumulative excretion of radioactivity in bile after
injection of a tracer dose of labeled bilirubin. Each point
represents the mean of four to six observations. SE are not
shown because of consistent overlap between values for con-
trol and drug-treated animals. Per cent of total bile radio-
activity present in labeled bilirubin was similar in control
and drug-treated animals of each type.

in one to three animals from each treatment and control
group. These were discontinued when it became evident
that the results overlapped in corresponding treated and
control animals. Similar values, falling between 71 and
88%,1 were observed for both normal and heterozygous
Gunn rats; these are comparable with previous findings
for normal animals (19). As anticipated (19), a much
smaller fraction of the total bile radioactivity (8-25%)
was recovered in bilirubin with homozygous Gunn rats,
either control or drug-treated.

' These values may be misleadingly low because of some
degradation of labeled pigment during preparation or analy-
sis. Crystallization (15) of some of the injection solution in
one experiment revealed that only 78% of the dose radio-
activity was recoverable as bilirubin.

Maximum capacity for bilirubin excretion (Table I).
Phenobarbital failed to alter Tmaa in the normal rats.
There was also no enhancement of the comparatively
negligible capacity of homozygous Gunn rats to excrete
a bilirubin load. By contrast, a significant drug effect was
observed in heterozygous Gunn rats, in which T.a1 rose
from half normal to levels similar to those of normal
animals.

Drug treatment was associated with an increase in
bile flow in heterozygous Gunn rats. An apparently simi-
lar change in homozygous Gunn rats was not statistically
significant according to the t test (29). The small rise
in bile flow in the Sprague-Dawley rats was also not
statistically significant. The concentration of bilirubin in
bile remained approximately the same after drug treat-
ment in Sprague-Dawley and homozygous Gunn rats,
but increased with phenobarbital therapy in heterozygous
Gunn rats as a consequence of the proportionately
greater enhancement of pigment excretion than of bile
flow.

When values for individual animals were considered,
there was a linear relationship between Tmax and bile
flow over the range observed in both control heterozy-
gous Gunn rats and control Sprague-Dawley rats (Fig.
2); the correlation coefficient (29) was 0.89. (Correla-
tion coefficients were 0.95 and 0.83, respectively, if
separate regression lines were calculated for each of
these groups.) There was greater scatter of values for
the corresponding drug-treated animals, with a correla-
tion coefficient of only 0.22. Although the number of
homozygous Gunn rats studied was small, there ap-
peared to be a correlation between bile flow and the low
levels of maximum pigment excretion in these animals
whether or not phenobarbital had been given; however,

TABLE I
Maximum Bilirubin Excretion in Bile in Normal Rats and Homozygous and

Heterozygous Gunn Rats Treated with Phenobarbital

Maximum bilirubin excretion

Average Bile bilirubin
Animal type Treatment No. Tmax* bile flow concentration

pg/min per 4j/min Per ygAl
100g 100g

Sprague-Dawley Control 9 60.4 ±3.9 5.9 40.5 9.7 41.3
Sprague-Dawley Phenobarbital 8 60.8 43.9 6.5 40.8 10.2 41.2
Homozygous Gunn Control 4 0.3 ±0.1 3.9 ±1.4 0.07 40.01
Homozygous Gunn Phenobarbital 5 0.4 ± 0.1 5.9 40.8 0.07 40.01
Heterozygous Gunn Control 10 30.3 42.9 4.0 40.3 7.5 40.3

(<0.001) (<0.005) (<0.05)
Heterozygous Gunn Phenobarbital 7 57.6 42.6 6.4 40.7 9.7 41.0

Mean values 4SE (29) are shown. P values from t tests (29) are shown between pairs of correspond-
ing measurements. These are not shown if P > 0.05.
* Refers to pg total bilirubin. See text for fraction conjugated.
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this could be substantiated statistically for only the
treated homozygotes (correlation coefficient 0.97), but
not the controls (coefficient 0.46).

The experiments with bilirubin-14C indicated that, ex-
cept in homozygous Gunn rats, the infused pigment was
excreted intact without degradation to radioactive catab-
olites. In six untreated heterozygous rats the ratio of
raw disintegrations per minute per microgram bilirubin
in bile vs. that in the infusion was 0.95 (SE 0.09), COm-
pared with 0.98 (SE 0.14) in four treated animals. Val-
ues for three control and two treated Sprague-Dawley
rats overlapped and were similar to those for heterozy-
gous Gunn rats, ranging from 0.87 to 1.14. On the other
hand, ratios of 1.5 and 1.6, respectively, were found for
one control and one treated homozygous Gunn rat.

Conjugated bilirubin was found in the serum of each
of the six control Sprague-Dawley rats and the four
control heterozygous Gunn rats in which this was mea-
sured at the end of the infusion. In the normal animals
the mean value for total serum bilirubin was 32.4 mg/
100 ml (SE 2.4), of which 22.4% (SE 1.6) was con-
jugated; the corresponding values for the heterozygous
Gunn rats were 41.6 mg/100 ml (SE 5.3) and 11.4%
(SE 1.4), respectively. Conjugated hyperbilirubinemia
was further confirmed by chromatographic identification
(26) of the conjugated diazo derivative. Small amounts
of bilirubin were found in the urine in both types of ani-
mal (Table III). Total bilirubin concentration in liver
of the normal rats averaged 0.45 mg/g (SE 0.04), 71.1%
(SE 4.1) of which was conjugated; the corresponding
values for the heterozygous Gunn rats were 0.79 mg/g
(SEO.19) and 32.4% (SE 5.6).

The total amounts of conjugated bilirubin in bile,
liver, serum, and urine in these animals are shown in
Table III. Although the "pool size" for conjugated
bilirubin in serum is difficult to assess, we have made the
assumptions that the conjugate is distributed in the same
volume (30, 31) as serum albumin, to which it is chiefly
bound (32), and that there is little diffusion of this
polar molecule into the tisues. An error in this assump-
tion would not alter the finding that somewhat more
than half the amount of conjugated bilirubin is found in
each of these four compartments in heterozygous Gunn
rats as compared with normal rats; i.e., that a similar
percentage of the total conjugate is recovered in each
compartment in both types of animal.

Chromatographic analysis of bile pigments. Two
major bands, conforming to the diazo derivatives of con-
jugated and unconjugated bilirubin (26), were observed
in thin-layer chromatograms prepared from the bile of
normal and heterozygous Gunn rats. These accounted
for virtually all of the eluted optical density. Occasion-
ally, a faint band migrating between these two, with R,
0.70-0.75, was also noted. Only the unconjugated diazo
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FIGURE 2 Comparison of maximum bilirubin excretion in
bile (T...) and the rate of bile flow in individual rats. There
was a significant linear correlation between these values in
control heterozygous Gunn and Sprague-Dawley rats, but
not in drug-treated animals (see text).

derivative was found in bile from homozygous Gunn
rats. The findings were not significantly altered by
phenobarbital in all three types of animal. In T... bile
from normal control rats, the conjugated diazo product
accounted for a mean of 80.2% (SE 6.8) of the eluted
optical density as compared with 84.0% (SE 1.8) for the
treated animals. Values were slightly lower for hetero-
zygous Gunn rats,' but again were comparable in con-

trol and treated animals: 70.3% (SE 2.1) and 74.0%
(SE 1.7), respectively. Thus, the rise in T.ax in hetero-
zygous Gunn rats (Table I) was associated with a

proportionate increase in the excretion of conjugated
pigment.

These values indicate that 20-30% of the diazo pig-
ment derived from Tins bile is unconjugated. Still higher
figures have been reported by Van Roy and Heirwegh
(24), who used different diazotization and chromato-
graphic techniques. These findings would be most readily
explained by the presence of large amounts of conju-
gated pigment I, which on diazotization yields equal
quantities of the conjugated and unconjugated derivative
(26, 33). Preliminary experiments with a chromato-
graphic system which separates the native bile pigments
(26) are consistent with this supposition.

Capacity of the liver to conjugate bilirubin in vitro
(Table II). In all three groups of animals phenobarbi-
tal treatment led to an absolute increase in liver weight;
however, there was little or no change in relative liver
weight in the normal animals. Drug treatment induced
an increase in liver protein concentration in the two
groups tested.

Combined values for normal rats were significantly
higher than those for heterozygous Gunn rats with P < 0.01
by t test (29).
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TABLE I I
Bilirubin Conjugation In Vitro in Normal, Homozygous, and Heterozygous Gunn Rats Treated with Phenobarbital

Bilirubin glucuronyl transferase
Animal type Treatment No. Liver weight Liver protein activity: conj. bilirubin formed

g g/1loo g mg/g mg/hr per mg/hr per Ag/min per
body wt g liver g protein 100 g body wt

Sprague-Dawley Control 10 14.0 -40.7 3.9 :1:0.2 184.8 4-8.0 1.6 40.11 8.3 4:11.2 101.3 4-10.8
(<0.001) (<0.01) (<0.001) (<0.01) (<0.001)

Sprague-Dawley Phenobarbital 8 19.8 :1:0.7 4.2 :1:0.2 215.0 4114.0 3.2 4:10.2 14.4 411.3 222.3 4-22.7
Homozygous Gunn Control 5 11.0 410.6 3.1 :1:0.1 0 0 0

(<0.05) (<0.05)
Homozygous Gunn Phenobarbital 3 14.8 410.9 4.1 :10.4 - 0 0 0
Heterozygous Gunn Control 6 11.2 :11.2 2.9 :1:0.3 167.0 :+111.0 0.8 410.2 4.7 :+10.9 36.0 :16.1

(<0.01) (<0.025) (<0.05) (<0.001) (<0.001) (<0.001)
Heterozygous Gunn Phenobarbital 8 17.1 411.1 4.0 :1:0.2 199.0 418.2 2.0 :1:0.1 9.5 4:10.5 131.6 :1:7.8

Mean values :1:sE are shown. P values are shown in parentheses if P < 0.05.
* Calculated on the basis of liver weight as %body weight.
t Corresponding value for 10 normal Wistar rats is 1.4 :1:0.1.

Bilirubin UDP-glucuronyl transferase activity was un-
detectable in liver from homozygous Gunn rats, either
control or drug-treated. Values in control heterozygous
Gunn rats were approximately half those in the normal
controls. Phenobarbital caused a significant rise in
transferase activity in both of these groups, and the
values for heterozygous Gunn rats now exceeded normal
control levels (P < 0.05 by t test [29] ).

Tm0. is plotted against glucuronyl transferase activity
in individual animals in Fig. 3. There was a linear corre-
lation for the values from both control heterozygous
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FIGURE 3 Comparison of maximum bilirubin excretion in
bile (T.ax) and bilirubin UDP-glucuronyl transferase activ-
ity in liver in individual rats. Enzyme activity is expressed
in the same units as bilirubin excretion, except that the latter
includes both conjugated and unconjugated pigment. There
was a significant linear correlation for control heterozygous
Gunn and Sprague-Dawley rats, but not for drug-treated
animals (see text). Values for homozygous Gunn rats are
not shown since enzyme activity was uniformly undetectable.

Gunn rats and control Sprague-Dawley animals, with a
correlation coefficient of 0.95. (Correlations are 0.82 and
0.93, respectively, if the two groups are considered
separately.) Correlation was random (coefficient 0.44)
for phenobarbital-treated animals, presumably because
T... is limited (Table I), whereas transferase activity is
stimulated more freely (Table II).

DISCUSSION

Phenobarbital has manifold effects upon liver metabolism
(34), and the precise manner in which it can facilitate
bilirubin excretion may well be complex. Since barbitu-
rates augment the activity of bilirubin UDP-glucuronyl
transferase (6, 8, 34-36) but apparently do not affect
jaundice when this enzyme is completely absent (4, 6),
induction of enzyme activity seemed the primary mode
of drug action. However, this fails to explain why
marked increases in the capacity to conjugate bilirubin
in vitro, as with drug-treated Sprague-Dawley rats
(Table II), are not necessarily associated with facili-
tated pigment excretion in vivo (Fig. 1, Table I). Other
lines of investigation have suggested the importance of
increased rates of bile flow and anion secretion (7, 9),
enhanced hepatic uptake (10), and enlarged liver mass
(7). A final consideration is that phenobarbital might
stimulate the alternate pathways by which subjects with
impaired conjugation may excrete bile pigment (19).

In the present experiments phenobarbital had no effect
on the rate of basal pigment excretion, as assessed with
tracer doses of labeled bilirubin (Fig. 1). Indeed, the
similar findings in normal and heterozygous Gunn rats,
both control and drug-treated, indicate that this func-
tion in rats is not influenced by widely divergent levels
of bilirubin glucuronyl transferase activity; only when
enzyme activity is completely deficient, in homozygous

2610 S. H. Robinson, C. Yannoni, and S. Nagasawa



Gunn rats, is the excretion of labeled bilirubin compro-
mised. Similarly, Black and Billing found marked de-
pressions of enzyme activity but only minimal hyper-
bilirubinemia in some patients with Gilbert's syndrome,
suggesting that the liver has a large reserve capacity for
pigment conjugation (27).

On the other hand, the studies of maximal bilirubin
excretion (T.a.) revealed a number of intriguing re-
lationships. Interpretation must take into acount the
striking enhancement of T.ax in heterozygous Gunn rats
but the lack of effect in normal rats, despite substantial
increases in conjugating activity in both types of ani-
mal (Tables I and II). It must consider the significance
of the conjugated hyperbilirubinemia and bilirubinuria in
untreated heterozygous Gunn rats undergoing infusions
of unconjugated pigment in light of the compromised
capacity of these animals to form the conjugated prod-
uct. Finally, it should explain the correlations between
Tmax and both the rate of bile flow and the activity of
the conjugating enzyme in control, but not drug-treated,
heterozygous Gunn rats and normal animals (Figs. 2
and 3). These findings seem best explained by an effect
of phenobarbital on two apparently interrelated steps in
the excretory pathway, conjugation and biliary secre-
tion of the conjugated pigment.

Only in heterozygous Gunn rats did phenobarbital lead
to augmented bilirubin excretion in vivo, and there can
be little doubt that enhanced conjugation played a major
role. In view of the gene-dose relationship, it is not sur-
prising that bilirubin UDP-glucuronyl transferase ac-
tivity in the liver of these animals before treatment is
half normal (Table II). Similarly, the Tnax for bilirubin
is half that of normal animals (Table I). This relation-
ship might indicate that the partial impairment of con-
jugation in heterozygous Gunn rats is rate limiting in
the presence of a bilirubin load, or that another step is
limiting but is linked to the conjugation process. The
consistent recovery of conjugated bilirubin in plasma and
urine of untreated heterozygous Gunn rats supports the
latter conclusion. Other investigators have reported con-
jugated hyperbilirubinemia in normal subjects with in-
creased bilirubin excretion (37-39), and have inter-
preted this to indicate that a step distal to conjugation,
i.e. secretion, is rate limiting under these conditions. The
present findings in heterozygous Gunn rats suggest that
this is also true at decreased levels of pigment conjuga-
tion. Moreover, at the two different levels of excretory
capacity represented by these and by normal rats, a fixed
percentage of the total pigment conjugated appears to
be accommodated by the mechanism for biliary secre-
tion, while a more or less fixed percentage is lost into the
plasma and urine (Table III).

The relationships between T.a. and both the rate of
bile flow and the activity of the conjugating enzyme

TABLE I I I
Distribution of Conjugated Bilirubin in Normal Rats and

Heterozygous Gunn Rats Given 60-min Infusions
of Unconjugated Bilirubin

Recovery of conjugated bilirubin

Sprague-Dawley Heterozygous Gunn
Tissue rats (6) rats (4)

mg/1O0 g %of mg/1O0 g %of
body wt total* body wt total*

Bile$ 2.1 ±0.2 58.9 ±5.0 1.2 40.04 57.5 42.0
Liver 0.9 ±0.1 23.8 ±3.1 0.5 4-0.1 25.2 ±2.5
Plasma§ 0.5 ±0.07 14.7 ±1.8 0.3 ±0.05 16.3 ±2.2
Urine 0.1 ±0.05 2.7 ±1.3 0.03 ±0.01 1.4 40.5
Total recoveryjI 3.6 ±-0.1 2.0 ±0.1

Mean values ±sE are shown.
* Computed from fractional dlistributiotn of conjugated bilirubin in in-
dividual animals.
$ Based on total biliary excretion of bilirubin from beginning to end of
infusion X percentage conjugated pigment determined by thin-layer
chromatography of diazotized bile.
§ Assumes that conjugated bilirubin is distributed its 2.5 times plasma
volume (see Results).
11 Corresponding values based on assay of bilirubin UDP-glucuronyl
transferase activity are 4.7 ±0.1 and 2.0 ±0.5 mg conjugated bilirubin
formed/hr per 100 g body weight, respectively.

(Figs. 2 and 3) add support to this concept. Since the
secretory mechanism appears to govern the Tm.. for
bilirubin in normal subjects (37-39), and since biliary
secretion of various anions is also one of the factors
determining bile flow (40, 41), the correlation between
Tinax and bile flow in normal rats is not unexpected.
That this relationship extends to heterozygous Gunn
rats suggests that secretion has a regulatory role in
these animals as well. If secretion is indeed rate limit-
ing, then the correlation between Trax and the activity
of the conjugating enzyme in both normal control rats
and heterozygous Gunn rats implies an intimate associ-
ation between bilirubin conjugation and secretion at the
different levels represented by both types of animal.'
The studies of Hargreaves and Lathe with "cholephilic"
agents also suggest that these are interrelated processes
(42). This concept may seem contrary to the report that
homozygous Gunn rats, which are completely unable to
conjugate bilirubin, excrete an exogenous load of con-
jugated bilirubin normally (14). Interpretation of this
finding is complicated by the fact that bile had to be
used as the vehicle for the conjugated pigment (43).
However, it seems probable that the secretory apparatus
is intact in animals with impaired conjugation, but that
its utilization may normally be a function of the rate of

12 Measurements of conjugation in vitro can be used to
assess relative magnitudes of enzyme activity, but may not
accurately reflect the capacity for conjugation in vivo. Never-
theless, results of the enzyme assay agreed reasonably well
with total recovery of conjugated bilirubin in intact rats
undergoing infusions of unconjugated pigment (Table III).

Phenobarbital-Induced Changes in Bilirubin Excretion 2611



ongoing conjugation within the liver cell. Such a re-
lationship could be explained by anatomic continuity be-
tween those portions of endoplasmic reticulum concerned
with pigment conjugation and the mechanism for hilirn-
bin transport on the canalicular membrane.

In view of these relationships, it seems likely that
phenobarbital enhances T.. in heterozygous Gunn rats
by stimulation of the limited activity of bilirubin glu-
curonyl transferase associated with amplification of func-
tional secretory capacity. Since T.ax did not exceed
physiologic levels in either the heterozygous Gunn rats
or the normal animals (Table I), whereas glucuronyl
transferase activity was stimulated to supranormal values
in accordance with the type of animal studied (Table
II), there appears to be an upper limit to the secretory
capacity that is not shared by the conjugating mecha-
nism. Thus, the high levels of enzyme activity induced by
phenobarbital lead eventually to some dissociation be-
tween these two processes (Fig. 3).

Other effects of phenobarbital may also have played
a role in the changes observed in these experiments. The
hepatic uptake process, for example, was not specifically
examined. On the other hand, enhancement of bile flow
was insufficient to account for the increase in Tm.. in
heterozygous Gunn rats, in view of the elevated concen-
tration of bilirubin in bile (Table I) and the poor cor-
relation between Tm.. and bile flow in individual drug-
treated rats (Fig. 2). Roberts and Plaa found slight
rises in Tm.. associated with increased rates of bile flow
in normal rats treated with phenobarbital (7). It is not
clear why average bile flow increased so little in normal
rats in the present experiments; however, the highest
flows in individual rats were not associated with pro-
portionately high rates of pigment excretion (Fig. 2).

Finally, these experiments indicate that phenobarbital
does not stimulate the alternate pathways by which bi-
lirubin may be degraded to products not requiring con-
jugation for excretion (19). Homozygous Gunn rats
rely almost entirely on these pathways (19). Although
phenobarbital does not affect the level of jaundice in
these animals (6), it seemed possible that this was due
to offsetting increases in both bilirubin excretion and
bilirubin production from nonerythroid sources (44).
However, phenobarbital failed to increase the excretion
of radioactivity into the bile in homozygous Gunn rats
given tracer doses of labeled bilirubin (Fig. 1). Simi-
larly, it did not affect the fraction of the total bile radio-
activity present as bilirubin in these animals, in hetero-
zygous Gunn rats, or in normal animals. Additional
studies (45) have shown that phenobarbital fails to
alter the rate of total pigment turnover and only mildly
increases the production of early labeled bilirubin in
homozygous Gunn rats, in contrast with the marked
stimulation reported for normal animals (44).

Some of the present data are complex and may be
subject to different interpretations. In addition, bar-
biturates may affect several facets of hepatic excretory
function. However, all of the findings in heterozygous
Gunn rats can be explained by a predominant effect on
two intimately linked steps: bilirubin conjugation and
the associated process by which the conjugated pigment
is then excreted into the bile.
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