Journal of Clinical Investigation
Vol. 42, No. 5, 1963

INTESTINAL ABSORPTION OF BILE PIGMENTS.

I. THE

ENTEROHEPATIC CIRCULATION OF BILIRUBIN
IN THE RAT *

By ROGER LESTER anp RUDI SCHMID

(From the Thorndike Memorial Laboratory and the Second and Fourth [Harvard] Medical
Services, Boston City Hospital, and the Department of Medicine, Harvard Medical
School, Boston, Mass.)

(Submitted for publication December 31, 1962; accepted January 30, 1963)

Despite much investigative work, the existence
and magnitude of intestinal absorption of bilirubin
have not been established (1-5). Earlier studies
of this problem have been limited by methodologic
inadequacies involving identification, isolation, and
estimation of bilirubin and its derivatives. More-
over, newer concepts of the physiology of ab-
sorption (6-9) have invalidated certain of the as-
sumptions inherent in previous studies. For ex-
ample, demonstrated differences in the absorption
of polar and nonpolar organic compounds (10-12)
suggest that conjugated bilirubin as it exists in bile
(13, 14) may be handled differently by the in-
testinal mucosa from the unconjugated pigment
employed in many of the earlier investigations (2,
4, 15). In addition, recent observations have in-
dicated that, in the intestinal wall, absorption may
be coupled with chemical modification ; specifically,
it has been shown that absorbed substances may be
converted to their glucuronides (16-18). This
might suggest that bilirubin is conjugated by the
intestinal mucosa rather than absorbed unaltered.

The preparation of radiochemically pure bili-
rubin-C** (19) has facilitated experimental study
of this problem. In the present investigation, free
(unconjugated) or conjugated bilirubin-C'* was
instilled into the intestinal tract of rats prepared
with an external bile fistula. Samples of bile,
urine, and feces from these animals were assayed
for radioactivity, and the amount of labeled bili-
rubin excreted in bile was determined. The data
obtained permitted estimation of the magnitude of
intestinal absorption of these two pigments (20,
21).

Preliminary reports of similar observations in
man have been published from this laboratory (21)

* Supported in part by U. S. Public Health Service
grant A-1833.

and by Gilbertsen, Bossenmaier, and Cardinal

(22).
MATERIALS AND METHODS

In the following studies the term “absorption” is used
to describe unidirectional absorptive flux of bilirubin,
rather than net intestinal absorption (flux from gut to
blood minus flux from blood to gut). In interpreting the
data it should be noted that transfer of unconjugated
bilirubin from the body pool to the gut lumen has been
demonstrated in rats with congenital hyperbilirubinemia
(23).

Preparation of radioactive pigments. Crystalline un-
conjugated bilirubin-C* with specific activities ranging
from 300 to 2,000 dpm per ug (disintegrations per min-
ute per microgram) was prepared by biosynthetic tech-
niques described previously (19). In preliminary stud-
ies of intestinal absorption, unconjugated bilirubin-C*
was administered into the duodenum dissolved in rat
bile, in 5% human albumin solution, or in aqueous solu-
tions of chromatographically pure! (24), or commercially
available taurocholate. Since in all instances the pat-
terns of absorption were similar, in subsequent experi-
ments unconjugated bilirubin-C* was administered dis-
solved in 5 to 10 mM commercial taurocholate.

In order to prepare conjugated bilirubin-C*, uncon-
jugated bilirubin-C* was infused intravenously into
Sprague-Dawley rats with an external biliary fistula.
During the ensuing 3 hours, virtually all injected labeled
pigment was excreted in the bile as conjugated bilirubin-
C* (25). Bile specimens were collected in the dark at
4° C and stored at — 30° C for brief intervals before use.
In studies of absorption, conjugated bilirubin-C** was ad-
ministered in native bile without further purification.

Preparation of experimental animals and administra-
tion of radioactive pigment. Fasting male Sprague-
Dawley rats weighing 300 to 450 g were anesthetized by
intraperitoneal administration of 2 mg per 100 g pento-
barbital, and anesthesia was then maintained by inter-
mittent inhalation of ethyl ether. An 8- X 8-cm cellophane
square was sutured around the anus, permitting separate
collection of urine and feces. Laparatomy was performed

1 The authors are indebted to Dr. Kurt J. Isselbacher
for supplying the chromatographically pure taurocholate
utilized in these experiments.
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and the bile duct obstructed distally with a ligature. A
PE-10 polyethylene catheter 2 was inserted into the proxi-
mal portion of the duct, secured in place, and brought
through a stab wound in the skin for external drainage.
After bile flow was established, under direct observation
a PE-50 polyethylene tube 2 was passed transorally into
the second portion of the duodenum, through which 1.5
to 3 ml of the solution containing labeled pigment was
infused (Figure 1). After removal of the duodenal tube
and closure of the laparotomy wound, the rats were placed
in restraining cages and allowed to recover from the
anesthesia.

Bile was drained into tubes kept at 4° C in the dark
and changed at frequent intervals. All bile, urine, and
stool specimens were collected separately and quanti-
tatively, and stored at —30° C until analyzed. Hydra-
tion and alimentation were maintained orally by of-
fering drinking solution (0.2% NaCl, 0.02% KCIl, and
2.5% glucose) and pellets of rat chow. If required, ad-
ditional fluid was administered subcutaneously in the
form of isotonic saline or 5% glucose and water. Ap-
proximately 24 to 72 hours after pigment administration,
the animals were killed and autopsied for inspection of
the operative site. Segments of intestine exposed to the
highest concentrations of bilirubin and taurocholate em-
ployed in these experiments were sectioned and stained
with eosin and hematoxylin for histologic examination.

Similar experiments, with and without bile duct cathe-
terization, were performed in Gunn rats exhibiting heredi-
tary nonhemolytic hyperbilirubinemia (26, 27). Six to
24 hours after pigment administration, each animal was

2 Clay-Adams, Inc.. New York, N. Y.
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exsanguinated, and serum samples were stored in the dark
at — 30° C until analyzed.

Absorption of labeled pigment was also studied in
individual intestinal segments with intact blood supply.
In Sprague-Dawley rats prepared with an external biliary
fistula, 5- to 15-cm loops of small or large bowel were
isolated in situ, flushed with isotonic saline, and closed
at one end with a ligature. A 1- to 3-ml solution contain-
ing the radioactive pigment was introduced through the
other end, which was then ligated. After closing the
laparotomy wound, bile was collected over a 5-hour pe-
riod as described above.

In three fasted Sprague-Dawley rats the terminal
ileum was obstructed with a single ligature, and uncon-
jugated bilirubin-C* was administered through a trans-
oral tube into the duodenum. The experiment was termi-
nated 1 hour later by slow aspiration of blood from the
portal vein, and the serum obtained was stored in the
dark at —30° C.

Biochemical determinations and radioassay. Bilirubin
concentrations in the bile were determined by the diazo
reaction (28). For radioassay in a Packard Tri-Carb
liquid scintillation spectrometer, 0.05-ml samples of bile
were pipetted into low-potassium glass counting vials,3
and then dissolved in 1 ml of 1 M Hyamine ¢ in metha-
nol, and 17 ml of scintillator solution.? Bilirubin from
each bile sample was then crystallized and recrystallized,
and its specific activity was measured by methods previ-
ously described (19). To bile from Gunn rats, which
contains only traces of bilirubin (23, 27), freshly col-
lected normal (Sprague-Dawley) rat bile was added to
provide sufficient conjugated bilirubin to serve as carrier
for crystallization. Comparison of data obtained from
whole bile and from bilirubin crystallized therefrom
permitted estimation of total excreted radioactivity and
of the proportion of radioactivity excreted as conju-
gated bilirubin-C*.

Radioactivity in urine was determined by dissolving
0.05-ml samples in 1 ml of 1 M Hyamine and 17 ml of
scintillator solution for radioassay in a Packard Tri-
Carb liquid scintillation spectrometer. In addition, 1-ml
portions of urine were dried in low-potassium glass
counting vials at 70° C and the residue dissolved in 1 ml
of 1 M Hyamine before adding the scintillator fluid.
Stool samples were boiled for 2 hours in several volumes
of 1 N NaOH. After cooling and adding an equal vol-
ume of ethanol, the dark mixture was homogenized and
filtered through Whatman no. 1 filter paper. Radio-
activity was determined on 0.05-ml samples of the clear
filtrate as described above for bile. Interference in scin-
tillation counting introduced by fluorescing compounds in

3 Catalog no. 6001015, Packard Instrument Co., La
Grange, Iil.

4+ Hydroxide of Hyamine 10X, Packard Instrument Co.,
La Grange, Il

5 Liquifluor, concentrated liquid scintillator, diluted 25
times with toluene, Pilot Chemicals, Inc., Watertown,
Mass.
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TABLE I
Intestinal absorption of bilirubin-C" in male Sprague-Dawley rats

Characteristics of ad-
ministered material

Bilirubin Duration Recovered radioactivityt
Pigment concen- of experi-
Rat Weight administered Volume tration Radioactivity ment Bile Urine Feces
no. g ml  mg/100 mi dpm* hrs % % %
1 290 Unconjugated 2.0 59.9 545,000 72 28 < 32
bilirubin-C4
2 460 Unconjugated 1.9 12.5 139,000 72 8 <1 9
bilirubin-C#
3 385 Unconjugated 1.8 20.4 416,000 23 25 1 43
bilirubin-C#
41 410 Unconjugated 1.8 17.7 272,000 72 22 trace 40
bilirubin-CH#
5t 420 Unconjugated 1.8 12.0 428,000 8 16 <1 not
bilirubin-C* measured
6 360 Conjugated 1.8 33.0 290,000 75 21 2 40
bilirubin-C!
7 380 Conjugated 2.1 28.8 283,000 72 40 2 39
bilirubin-C¥#
8 490 Conjugated 3.0 25.3 408,000 72 14 <1 52
bilirubin-C*
9% 485 Conjugated 2.3 15.7 249,000 75 22 <1 76
bilirubin-CH#
101 420 Conjugated 1.9 23.5 228,000 70 4 <1 39

bilirubin-C*#

* Disintegrations per minute.
1 Percentage of administered dose.

1 Pretreated for 10 days with oral neomycin, 0.05 to 0.1 mg per g body weight per day.

stool and urine samples was quenched by adjusting the
final counting solution to pH 6 with glacial acetic acid.

The serum obtained from Gunn rats was assayed for
bilirubin concentration by the diazo reaction (28), and
radioactivity was determined by using 0.05-ml samples
as described for bile. Bilirubin was crystallized from the
remainder of the serum by Najjar and Childs’ method
(29) modified as follows. Serum, 3 ml adjusted to pH
5 with 0.3 M acetate buffer, was extracted repeatedly
into 50- to 200-ml vol of peroxide-free ethyl ether. After
washing the combined ether extracts 4 times with dis-
tilled water, the bilirubin was transferred into 15 to 25 ml
of 0.01 M sodium pyrophosphate. The pH of the pyro-
phosphate solution was reduced with glacial acetic acid
displacing the bilirubin into chloroform. The latter was
washed rapidly 6 times with distilled water, once with
10% saline, and 4 more times with water. After filtra-
tion through chloroform-moistened filter paper, bilirubin
was crystallized and recrystallized, and the specific ac-
tivity of the crystals was determined by methods described
previously (19).

Unlabeled carrier bilirubin was added to serum samples
obtained from the portal vein of Sprague-Dawley rats
that had received intraduodenal unconjugated bilirubin-C*.
The pigment was then extracted and crystallized as de-
scribed above.

For radioassay, all samples (bile, urine, stool extract,
and bilirubin crystals) were counted in a Packard Tri-
Carb liquid scintillation spectrometer and radioactivity
was expressed in distintegrations per minute with tolu-
ene-C* as an internal standard.® Results from samples
with low radioactivity were treated statistically (30) to
ascertain the presence of a significant number of counts
above background (p <.01).

Assay of intestinal mucosa for B-glucuronidase. Three
fasting male Sprague-Dawley rats and a male Gunn rat
were killed by decapitation, the entire small bowel was re-
moved, and the mucosa stripped from the small bowel
with a steel spatula. After the mucosa was weighed, it
was homogenized in a chilled -Potter-Elvehjem glass
homogenizer. B-Glucuronidase was extracted from the
homogenate, and the crude enzyme preparation assayed
with phenolphthalein glucuronide as the substrate (31).
Enzymatic activity was expressed in units (31) per
milligram wet weight of mucosa.

Experiments with everted intestinal sacs. Everted sacs
of rat or hamster jejunum and ileum were prepared by
the method of Wilson and Wiseman (32).7 The incu-

¢ New England Nuclear Corp., Boston, Mass.

7 The authors are indebted to Dr. T. Hastings Wilson
and to Dr. Victor Herbert for instruction in this tech-
nique.
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bating fluid contained 5 to 15 mg per 100 ml bilirubin dis-
solved in 1 to 5 g per 100 ml human albumin or 1 to 6
mM taurocholate, and 200 mg per 100 ml glucose in
Krebs-Ringer bicarbonate solution. The serosal fluid
was composed identically, except for the exclusion of bili-
rubin. In addition, experiments were carried out with
albumin solution on the serosal side and bilirubin, dis-
solved in taurocholate, on the mucosal side. The sacs
were incubated with constant shaking for 1 hour at 37°
C in 95% oxygen and 5% carbon dioxide, after which
serosal and mucosal fluid was analyzed for bilirubin (28)
and glucose (33) concentrations.

RESULTS

Intestinal absorption of labeled pigment. In 10
Sprague-Dawley rats with an external biliary fis-
tula, absorption of labeled pigment infused into
the duodenum was studied for periods ranging
from 8 to 75 hours (Table I). With both un-
conjugated bilirubin-C** and conjugated bilirubin-
C*, significant amounts of isotopic material were
absorbed, as demonstrated by excretion of 4 to
40% of the administered labeled pigment in the
bile. Over the same period of time, only traces
to 2% of the infused isotope appeared in the urine
(Table I). A major fraction of the administered
radioactivity remained unabsorbed and was re-
covered in the excreted feces.

In rats 1 to 5 infused with unconjugated bili-
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rubin-C** in taurocholate solution (Table I), 8
to 28% of the labeled pigment was absorbed and
excreted in the bile. As a rule, biliary excretion of
isotopic material began during the first 30 minutes,
reached peak values during the first few hours,
and declined over the ensuing 15 to 40 hours nearly
asymptotically (Figure 1). In two instances in
which the experiment was terminated after 23 and
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TABLE II

Recovery of radioactivity in bilirubin crystallized from bile
of rats after intraduodenal administration of labeled pigment

Radioactivity recovered
in crystalline bilirubin

expressed as percentage
of total radioactivity

Rat Pigment administered of bile specimen
no.

1 Unconjugated bilirubin-C* 65

2 Unconjugated bilirubin-C* 100

3 Unconjugated bilirubin-C* 53

4* Unconjugated bilirubin-C* 78

5* Unconjugated bilirubin-C* 59

6 Conjugated bilirubin-C* 36

7 Conjugated bilirubin-C* 48

8 Conjugated bilirubin-C* 67

9* Conjugated bilirubin-C* 40
10* Conjugated bilirubin-C* not measured

* Pretreated with neomycin; see Table I.

8 hours, respectively, cumulative excretion of la-
beled pigment in the bile was similar to that in
rats whose collection of excreta was continued
for a longer period of time (Table I).

When conjugated bilirubin-C** was infused into
the duodenum (Table I; rats 6 to 10), 4 to 40%
of the administered labeled pigment was ab-
sorbed and excreted in the bile. Although ra-
dioactivity was demonstrable within 30 minutes,
in most instances the early phase of biliary ex-
cretion of the isotope was distinctly slower than
with unconjugated pigment, and excretion con-
tinued for up to 24 hours with relatively little
change in rate (Figure 2). This difference in
excretory pattern depending on the type of pig-
ment that was administered into the intestinal
lumen is illustrated in Figure 3.

In four rats, (Table I; rats 4, 5, 9, and 10)
oral neomycin (0.05 to 0.1 mg per g body weight
per day) was administered for 10 days before the
intraduodenal infusion of radioactive pigment.
As seen in Table I, the amount of labeled pig-
ment absorbed and excreted in the bile was simi-
lar to that in untreated animals.

Identification of the absorbed labeled pigment.
In the above experiments, it was essential to as-
certain that a significant fraction of the isotope
ahsorbed from the intestine was re-excreted in the
bile in the form of conjugated bilirubin. For this
purpose the pigment was crystallized from repre-
sentative bile samples, and based on its specific
activity, the proportion of total biliary radioactivity
contained in conjugated bilirubin was calculated

ROGER LESTER AND RUDI SCHMID

for each specimen. As seen in Table II, from 36
to 100% of the biliary radioactivity could be ac-
counted for as conjugated bilirubin. The propor-
tion of isotope in bilirubin seemed to be slightly
higher when unconjugated pigment was infused
into the intestine, but the limited number of ex-
periments did not permit adequate statistical evalu-
ation of this apparent difference.

In three rats, portal venous blood was obtained
1 hour after intraduodenal administration of un-
conjugated bilirubin-C'* in taurocholate solution.
After adding unlabeled carrier bilirubin to the
serum, the unconjugated pigment was extracted
and crystallized. A significant fraction of the
radioactivity contained in the portal serum was
present in the bilirubin crystals, indicating that
during absorption, at least a part of the adminis-
tered, unconjugated pigment did not undergo
chemical alteration.

Additional studies of this problem were car-
ried out in six Gunn rats, four of which were
prepared with an external biliary fistula. These
icteric animals are unable to conjugate and, hence,
to excrete bilirubin, but can readily excrete con-
jugated pigment that has been introduced into the
circulation (27). Consequently, if conjugated
bilirubin were absorbed without prior hydrolysis,
or if pigment were conjugated in the course of
absorption, it would rapidly be excreted in the
bile. Contrariwise, all bilirubin that reached the
portal blood in unconjugated form would be in-
corporated into the pigment pool of the body and
could be identified in the serum. Since, from ex-
periments reported elsewhere (23), the total pig-
ment pool of Gunn rats was found to be 5 to 7
times larger than the plasma volume, the amount
of unconjugated bilirubin-C** that was absorbed
intact from the intestinal tract could be calculated
from the specific activity of the serum bilirubin.

As seen in Table III, irrespective of whether
unconjugated or conjugated bilirubin-C** was in-
fused into the intestine, significant levels of radio-
activity were found in the serum while the bile
contained no more than 6% of the label. In each
instance, crystallization of serum bilirubin and
determination of its specific activity revealed that
more than two-thirds of the isotope in the serum
was present in the form of unconjugated pigment.
In contrast, it was estimated that of the small
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TABLE III
Intestinal absorption of bilirubin-C" in Gunn rats
Rat: 11 12 13 14 15 16
Weight, g: 185 250 160 350 240 250

Characteristics of administered material

Pigment Unconjugated bilirubin-C" Conjugated bilirubin-CH
Bilirubin concentration, mg/100 ml 374 21.2 59.3 54.2 27.4 27.8
Volume, ml 2.2 2.6 2.4 2.6 4.4 3.5
Radioactivity, dpm* 832,000 447,000 579,200 1,123,000 742,000 482,000
Duration of experiment, hrs 24 18 6 24 24 24

Estimated radioactivity absorbed and retained

in body pool, percentage of administered

doset 14 34 8 19 19 17
Estimated unconjugated bilirubin-C* absorbed

and retained intact in body pool, percentage

of administered dose} 10 34 6 16 15 12
Percentage of administered radioactivity ex-
creted in bile 4 0.8 0.9 6

Percentage of administered radioactivity present

in bile as conjugated bilirubin-C* <1 <0.2 <0.2 <1

* Disintegrations per minute.
T Body pool dpm (23)/dose dpm X 100.
1 Bilirubin-C" body pool (23)/bilirubin-C* dose X 100.

amount of radioactivity in the bile, less than one-
quarter was excreted in the form of labeled conju-
gated bilirubin.

Absorption of pigment from isolated intestinal
segments. With rat and hamster everted gut sacs
(32). transfer of unconjugated bilirubin into the

|
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Consequently, the locus of pigment adsorption
was investigated in vivo by isolating individual
intestinal segments in rats prepared with an ex-
ternal biliary fistula. As seen in Figure 4, with
conjugated and unconjugated pigment, labeled
pigment was absorbed from each area of small
bowel studied and, in each instance, conjugated
bilirubin-C** was isolated from the bile. Signifi-
cant radioactivity was also absorbed after ad-
ministration of conjugated and unconjugated bili-
rubin-C'* into isolated loops of duodenum and
large bowel. Variations in segmental absorptive
surface, blood supply, and intraluminal pressure
prevented quantitative comparison of the respec-
tive absorption rates, but the results indicated
that bilirubin absorption occurred throughout the
small and large bowel. Histologic sections of in-
testinal segments exposed for 8 hours to the high-
est concentrations of bilirubin and taurocholate
employed during these experiments failed to re-
veal pathologic changes.

B-Glucuronidase activity of intestinal mucosa.
In three assays, rat intestinal mucosa was found
to exhibit an average enzymatic activity of 0.21 U
(31) per mg wet weight. Considering the entire
jejunal and ileal mucosa as one organ, the total
enzymatic activity averaged 735 U per animal.
In the Gunn rat, B-glucuronidase activity of in-
testinal mucosa was similar to that of normal
Sprague-Dawley rats.

To determine whether hydrolysis of bilirubin
glucuronide was demonstrable in the intestinal
lumen, three experiments were performed in
which fresh unlabeled bile was instilled into iso-
lated segments of small intestine with intact blood
supply. The segmental contents were recovered
2 hours later, diazotized, and chromatographed
(14). Eighty to 95% of the residual bilirubin
yielded the conjugated azo derivative, but total
recovery from the intestinal segments amounted
to less than half of the quantity administered.

DISCUSSION

During the past several decades, interest in in-
testinal bile pigment absorption has persisted be-
cause of the physiologic and clinical implications
of the problem. 1) The occurrence of a signifi-
cant enterohepatic circulation of bilirubin would
increase the hepatic bilirubin load and might con-
tribute to the degree of icterus in hepatic failure.

ROGER LESTER AND RUDI SCHMID

Similarly, absorbed urobilinoids might compete
with bilirubin for hepatic clearance and conse-
quently decrease its rate of biliary excretion. 2)
Information on the nature and magnitude of bili-
rubin absorption would provide insight into the
mechanisms involved in the absorption of agly-
cones (substances capable of forming glucuro-
nides) and glucuronides. An enzymatic appara-
tus for glucuronide synthesis is believed to func-
tion in various portions of the gastrointestinal tract
(35, 36). It has been suggested that several
aglycones either diffuse passively across the in-
testinal mucosa or are conjugated during an
active absorptive process (16, 17). Glucuronides
so formed cannot diffuse back across the mucosal
membrane, nor can glucuronides placed in the
intestinal lumen be absorbed without prior hy-
drolysis. Since bilirubin is an endogenous, po-
tentially toxic (37, 38) aglycone, its relation-
ship to these absorptive mechanisms is of par-
ticular interest. 3) The magnitude and varia-
bility of intestinal absorption of bilirubin and its
derivatives have a direct bearing on the quantita-
tion of fecal bile pigment excretion for estimating
heme degradation (39-41).

In the studies described, the sum of biliary and
urinary excretion of bilirubin and derivatives was
considered equivalent to the total intestinal pig-
ment absorption. Implicit was the assumption
that after absorption these substances are rapidly
excreted. Although this assumption is valid for
bilirubin and urobilinoids (42-44), it may not
apply to other derivatives of bilirubin (19). Fur-
thermore, it should be noted that radioactive bili-
rubin was administered in a single pulse rather
than by constant infusion, that pigment absorp-
tion was studied in postsurgical animals with ex-
ternal biliary drainage, and that absorptive flux
rather than net mucosal transfer was measured.
Each of these factors should be considered in in-
terpreting the experimental results.

In the experiments performed with normal
Sprague-Dawley rats, a considerable proportion
of the administered labeled pigment was ahsorbed.
During the early phase, absorption was con-
sistently faster following intraduodenal adminis-
tration of unconjugated bilirubin than that ob-
served after administration of conjugate, although
in the course of 24 hours, the magnitude of total
absorption was similar. After instilling either
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pigment into the duodenum, bilirubin-C* invari-
ably could be crystallized from subsequent bile
specimens. When conjugate was given, however,
the proportion of total biliary radioactivity recov-
ered in crystalline bilirubin appeared to be smaller
than after administration of unconjugated bili-
rubin. Although the limited number of experi-
ments prevented statistical analysis, the trend is
evident from the data in Table II.

These findings are consistent with each of sev-
eral possible mechanisms of absorption. Bili-
rubin might be absorbed unaltered as the aglycone,
while the conjugated pigment is hydrolyzed prior
to its absorption. Alternatively, bilirubin might
be conjugated during the absorptive process,
as has been postulated for other aglycones
(16-18). Finally, conjugated and unconjugated
pigment might be absorbed unaltered by inde-
pendent mechanisms. On the basis of present
concepts this last mechanism would appear un-
likely, since as a rule, in the absence of active or
facilitated transport, water-soluble compounds
with molecular weight in excess of 200 are not
appreciably absorbed (9). The existence of an
apparatus for active absorption of a useless ca-
tabolite would seem improbable. Since the prod-
uct of biliary excretion rather than the absorbed
material itself was measured and since absorbed
bilirubin undergoes hepatic conjugation prior to
reaching the bile, the data obtained in the ex-
periments above did not permit an evaluation of
the three possible absorptive mechanisms.

With a different experimental design it was
possible to identify the transferred pigment near
the site of absorption. In rats, following intra-
duodenal instillation of unconjugated bilirubin-C*,
portal blood was collected at the expected time of
peak absorption. In all instances unconjugated
bilirubin-C*¢ could be crystallized from these se-
rum samples, suggesting that the labeled pigment
had been absorbed unaltered. However, the
amounts of radioactivity recovered, although sig-
nificant, were small; moreover, the rate of ab-
sorption of conjugated bilirubin-C** was too slow
to permit recovery of adequate amounts of radio-
activity in portal blood. These difficulties could
be overcome by using Gunn rats, which exhibit
insignificant hepatic glucuronyl transferase ac-
tivity and hence fail to excrete bilirubin glucu-

ronide in the bhile (27). Consequently, uncon-
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jugated bilirubin-C** entering the portal blood
after intestinal absorption would be retained in
the plasma and could be isolated and crystallized.
In contrast, bilirubin conjugated during absorp-
tion, or conjugated bilirubin absorbed intact from
the intestinal lumen, would appear rapidly in the
bile of these rats, since their ability to excrete
exogenous conjugated pigment is unimpaired (27).
In each study of absorption performed in Gunn
rats, irrespective of whether unconjugated or con-
jugated labeled pigment was administered, uncon-
jugated bilirubin-C** was identified in the serum,
while no significant amount of conjugated bili-
rubin-C** could be isolated from bile. These find-
ings are incompatible with the concept that con-
jugated pigment is absorbed unaltered. On the
other hand. they indicate that unconjugated bili-
rubin is absorbed as such, while conjugated bili-
rubin must be hydrolyzed before its absorption.
These observations would also appear to rule out
significant intestinal glucuronide formation in the
process of absorption. Since in Gunn rats, how-
ever, intestinal glucuronyl transferase activity may
be deficient (45), the possibility cannot be ex-
cluded that in normal animals, a portion of the
absorbed bilirubin may be conjugated during the
absorptive process. That this is not a major
mechanism of absorption is indicated by the fact
that in both Gunn rats and normal animals the
magnitude of bilirubin ahsorption was comparable.

If bilirubin is absorbed from rat intestine while
its glucuronide remains unabsorbed, then con-
jugation may be said to provide a barrier against
intestinal reabsorption. Under the conditions of
these experiments, the barrier was incomplete;
partial conjugate hydrolysis occurred, permitting
absorption of bilirubin after intestinal administra-
tion of conjugated pigment. Bacteria known to
elaborate B-glucuronidase inhabit the large howel,
and under the operative conditions employed, may
have invaded the small bowel (46). Moreover,
extracts of intestinal mucosa revealed the presence
of mammalian B-glucuronidase, and recent histo-
chemical studies suggest that B-glucuronidase ac-
tivity can be identified in rat mucosal cells near
the luminal surface (47). Since after adminis-
tration of bile into intestinal segments most of the
pigment recovered from the bowel was in the
form of the glucuronide, it would appear likely
that hydrolvsis occurs at the mucosal surface
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rather than in the intestinal lumen. Because of
incomplete recovery of the infused conjugated pig-
ment, however, the present findings are equally
compatible with rapid absorption of an uncon-
jugated bilirubin fraction that may have been
formed by hydrolysis within the intestinal lumen

A second defect in the barrier preventing in-
testinal reabsorption is suggested by the con-
sistent presence of diazo-negative, labeled bilirubin
derivatives in bile of animals receiving both un-
conjugated and conjugated Dbilirubin-C., Al-
though in part this material may represent an ex-
perimental artifact (19), it appears likely that a
fraction of the instilled pigment was converted to
bilirubinoid derivatives in the intestinal lumen or
during the absorptive process. Since the avail-
able techniques for identification and isolation of
these compounds are inadequate, the significance
of these observations cannot at present be fully
evaluated. Although these findings indicate that
in the rat the conjugate barrier is incomplete in
preventing reabsorption of bilirubin and its deriva-
tives, preliminary observations in man suggest a
higher degree of efficiency (21, 48).

The present results have a direct bearing on
the problem of the enterohepatic circulation of
urobilinoids (49). The magnitude of this postu-
lated process has never been adequately defined.
Although a minute amount of urobilinogen, pre-
sumably derived from the intestinal tract, regu-
larly appears in urine (39, 40, 50), biliary con-
centrations of urobilinoids are at the lower limit
of measurability (51). Since urobilinogen is more
water soluble than bilirubin (52), and since part
of the urobilinogen in the colon may still be con-
jugated with glucuronic acid, a lesser degree of
intestinal absorption might be anticipated. Rats
prepared with oral neomycin for 10 days before
the administration of labeled pigment exhibited
negligible concentrations of fecal urobilinogen, but
did absorb and excrete C4-labeled pigment in
patterns comparable to those in untreated ani-
mals. This suggests that in rats the extent of
urobilinoid absorption may be relatively small.
Because of the recognized species differences in
intestinal flora (53), application of this conclu-
sion to human physiology may be premature.
Definitive information will be established only
after preparation of urobilinoids bearing a suit-
able label.

ROGER LESTER AND RUDI SCHMID

SUMMARY

1. In Sprague-Dawley rats provided with an
external biliary fistula, intestinal absorption of
unconjugated or conjugated bilirubin-C* was
estimated after infusion of these pigments into
the intestinal tract. Radioactivity excreted in
bile, urine, and feces was measured, and bilirubin
was crystallized from the bile and its specific ac-
tivity determined.

2. After intestinal administration of either pig-
ment, significant amounts of label appeared in the
bile. With unconjugated bilirubin-C4, the initial
rate of biliary excretion exceeded that observed
after infusion of the conjugate, but in the course
of 24 hours cumulative excretion was comparable
for both pigment types.

3. Biliary excretion of absorbed label greatly
exceeded urinary excretion. In all instances a
significant proportion of the biliary radioactivity
was present in bilirubin crystallized from bile.
The absorptive pattern was not significantly al-
tered by pretreating the rats with oral neomycin.

4. In experiments performed on isolated in-
testinal loops with intact blood supply, absorption
of bilirubin was demonstrated throughout the
small and large bowel.

5. Unconjugated or conjugated bilirubin-C*
was administered intraduodenally to Gunn rats.
In all instances, unconjugated bilirubin-C* was
absorbed and retained in plasma, while in con-
trast, virtually no conjugated bilirubin-C* ap-
peared in bile. It was concluded that unconju-
gated bilirubin can be absorbed unaltered, but con-
jugate must be hydrolyzed before absorption.
Supporting evidence for this concept was obtained
by crystallyzing unconjugated bilirubin-C** from
the portal venous blood of Sprague-Dawley rats
after intraduodenal administration of unconju-
gated bilirubin-C,
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