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Most of the bile pigment excreted under physio-
logic conditions is derived from hemoglobin of
senescent erythrocytes. However, the classic
studies of London, West, Shemin, and Rittenberg
(2) and of Gray, Neuberger, and Sneath (3) in
1950 indicated that additional sources account
for a small but significant fraction of the total pig-
ment production. With glycine-*N as a pre-
cursor of hemoglobin heme, it was shown that hu-
man erythrocytes containing labeled heme survive
for an average of 120 days. As anticipated, most
of the labeled bile pigment is formed as these cells
leave the circulation and are destroyed. In addi-
tion, a smaller fraction of the labeled bile pigment
appears within the first few days of isotope ad-
ministration, when labeled red cells are just be-
ginning to enter the circulation. In normal sub-
jects this “early labeled” pigment (ELP) or
“shunt fraction” (4) represents 10 to 20% of the
total bile pigment formed from labeled glycine (2,
3). However, in some hematologic disorders,
particularly those associated with “ineffective
erythropoiesis” (5), the ELP may account for
the major portion of the excreted bile pigment
(3, 4, 6-13).

Several recent investigations concerning the
origin of the ELP in hematologically normal sub-
jects and experimental animals have yielded con-

* Submitted for publication March 14, 1966; accepted
June 24, 1966.

Supported in part by U. S. Public Health Service
grants AM-07091, AM-09834, FR-00013, and a grant
from The Medical Foundation, Inc., Boston, Mass.

Presented in part at the Annual Meeting of the Cen-
tral Society for Clinical Research, Chicago, Ill., December
6, 1965 (1).

t+ Formerly Special Research Fellow, National Insti-
tutes of Health, U. S. Public Health Service. Address
requests for reprints to Dr. Stephen H. Robinson, Beth
Israel Hospital, Boston, Mass. 02215.

flicting results. For example, studies of the role
of erythropoiesis have led to the following di-
vergent conclusions: @) the ELP is significantly
increased in response to erythroid stimulation
(14); b) the ELP is relatively depressed after
erythroid stimulation (15); ¢) red cell hypoplasia
is associated with an increased ELP (10); d) red
cell hypoplasia results in virtual disappearance of
the ELP (13); and ¢) only part of the ELP is
related to erythropoiesis (1, 16-19).

Methodologic difficulties are a major problem in
this field and probably account in large part for
these discrepancies. Many studies have been
based on isotopic assay of fecal stercobilin (24,
6-15). Kinetic data obtained in this way are of
limited significance because of delay in intestinal
transit, variable conversion of bilirubin to urobilin-
ogen (20), enterohepatic circulation of bile pig-
ment (21), and individual bowel habit. Hence,
it is preferable to assay bilirubin directly in the
bile or plasma. However, the former requires ex-
ternal biliary drainage, precluding prolonged
studies under physiologic conditions, and the latter
necessitates radioassay of plasma bilirubin, which
normally is of low concentration. Moreover, the
very rapid turnover of bilirubin in normal subjects
may preclude adequate mixing in the plasma of
labeled pigment produced from different sources.
Finally, most recent studies have failed to relate
the ELP to the later appearing, larger pigment
fraction that is derived from senescent erythrocytes.

These methodologic limitations have been cir-
cumvented by a new experimental approach using
congenitally jaundiced Gunn rats (22). Since
these animals are unable to conjugate bilirubin,
they develop alternative catabolic pathways, which,
at increased plasma bilirubin concentrations, re-
sult in a “steady state” between formation and
breakdown of pigment (23). In individual rats
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the size and rate of turnover of the enlarged bili-
rubin pool can easily be measured (23), are nearly
constant, and reflect a normal rate of hemoglobin
catabolism (23). It is therefore possible to com-
pute the rate of bile pigment production from la-
beled precursors on the basis of the sequential
changes in specific activity of plasma bilirubin
(24). Techniques were developed for crystalliza-
tion of bilirubin and hemoglobin heme from very
small blood samples, permitting accurate meas-
urement of pigment production in intact animals
over several months. In addition, corollary short-
term experiments were performed in normal rats
with external bile drainage.

Methods

Long-term studies in Gunn rats

Rate of labeled bilirubin formation. Adult male ho-
mozygous Gunn rats weighing 253 to 475 g were used.
Four to six weeks before the actual experiment the size
and rate of turnover of the total miscible bilirubin pool
were determined in each animal with bilirubin-*C (23).
The isotopic precursors used for measurement of labeled
bilirubin formation were 0.5 to 1.0 mc glycine-2-*C1 or
10 uc d-aminolevulinic acid (ALA)-4-*C.2 The pre-
cursor, dissolved in isotonic saline, was injected intra-
venously in a single dose through a plastic catheter in a
tail vein (25). To avoid anesthesia, we temporarily
placed the rats in a restraining cage for injection. At
the times indicated, 0.25 to 0.3 ml blood was obtained
from the tail; in animals with induced erythrocytosis, 0.4
to 0.55 ml blood was removed to provide sufficient serum
for analysis. Serum and clotted red cells were separa-
ted and stored at —20° C.

Bilirubin concentration was determined on 0.02 ml se-
rum by a micromodification of the Malloy and Evelyn
method (26). For crystallization of labeled bilirubin, the
technique of Weber and Schalm (27) was adapted as
follows: 0.1 ml serum and 0.15 ml isotonic saline were
added to the lactic acid-ethyl acetate-chloroform mixture.
Unlabeled carrier bilirubin in chloroform was added to
the separated chloroform phase, the combined solution
was washed three to four times with water, once with
10 g per 100 ml NaCl, again three to four times with wa-
ter, and the bilirubin was then crystallized (28). Spe-
cific activity of twice recrystallized pigment was deter-
mined in a Packard Tri-Carb liquid scintillation spec-
trometer (28). The specific activity of bilirubin in the
original serum sample was calculated by correcting for
the amount of unlabeled carrier pigment added.

The change in specific activity of serum bilirubin was

1 Glycine-2-*C, 22 mc per mmole, New England Nu-
clear Corp., Boston, Mass.

2 ALA-4-**C hydrochloride, 15.5 mc per mmole, New
England Nuclear Corp.
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used to compute the rate of labeled pigment formation
during each interval between measurements (Figure 1).
Calculations were done with a digital computer; the
mathematical formulation is given in an appendix. The
following assumptions were made: a) The rate of la-
beled pigment formation remains constant during each
interval between measurements of specific activity, ie,
the process was regarded as a step function. This re-
quired frequent sampling of blood when rapid changes
were anticipated. b) The labeled bilirubin mixes rapidly
in the total miscible pigment pool.

In preliminary experiments, four Gunn rats were given
glycine-*C or ALA-*C, and frequent blood samples were
taken during the first 5 days. It was found that sam-
pling at 1, 3, 13, 28, and 120 hours yielded a curve very
similar to that obtained by more frequent analyses. Con-
sequently, in the final studies, a total of only 11 to 13
blood samples was required from each rat to assess la-
beled pigment production over 82 days, when the ex-
periments were terminated; in a few animals additional
observations were made for another 2 to 3 weeks. In
animals with normal erythropoiesis and total blood vol-
umes of 19.8 to 22.3 ml (29), this represented a cumula-
tive blood loss in 82 days of 3.0 to 3.9 ml. In rats with
induced erythrocytosis, blood volumes ranged from 21.3
to 27.7 ml, and a total of 3.9 to 5.6 ml was removed for
analysis. Hematocrit and reticulocyte count (30) were
measured periodically.

Formation of labeled hemoglobin heme. Hemoglobin
was recovered from the clotted red cells by repeated ex-
traction with small volumes of 0.05 N NaOH. Volume
and hemoglobin concentration (31) of the combined ex-
tracts were measured. A solution of unlabeled carrier
hemoglobin was prepared by lysing saline-washed, packed
rat erythrocytes in an equal volume of 0.05 N NaOH,
followed by centrifugation at 31,500 g for 90 minutes.
Carrier hemoglobin was added to the radioactive hemo-
globin solution to yield a total of 200 mg, and the hemin
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Fic. 1. COMPUTATION OF EARLY LABELED PIGMENT
(ELP) FORMATION IN GUNN RAT GIVEN GLYCINE-2-“C AT
TIME 0. On the basis of the previously measured size
and turnover rate of the miscible bilirubin pool, the rate
of bilirubin-*C production was calculated from the con-
secutive changes in bilirubin specific activity.
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was then crystallized (32) and twice recrystallized (33).
One mg hemin-*C was weighed on a Cahn electrobal-
ance, combusted to *CO: (34), and the specific activity
determined in a Packard Tri-Carb liquid scintillation
spectrometer. The specific activity of the original he-
moglobin heme was calculated by correcting for the added
carrier hemoglobin.

Validation of experimental procedures. Determina-
tion of the size and rate of turnover of the total miscible
bilirubin pool was repeated in six Gunn rats 3 to 8%
months after the initial measurement. The mean differ-
ence between the two turnover rates was 5.6 (SD *=5.1)
% of the mean value, and the mean difference between
the two pool size measurements was 11.5 (SD*=7.8) %
of the mean value (35). In these six animals, the two
values for pool size and for turnover rate were averaged
for calculation of the rate of labeled pigment formation.

The technique for crystallization of bilirubin-*C from
small serum samples was checked by the following pro-
cedure: in six instances, radiochemically pure bilirubin-
“C (28) of known specific activity was dissolved in a
small volume of 0.05 N NaOH in the dark, and this was
immediately diluted with 10 vol of rat serum. One-tenth
ml of this solution was then used for crystallization and
radioassay of bilirubin-*C by the microtechnique de-
scribed. The resulting specific activity averaged 95.3
(SD *6.1) % of the starting material.

On several occasions bilirubin-**C was obtained by the
microprocedure from rats soon after injection with gly-
cine-*C and recrystallized three times. Determination of
specific activity after each crystallization showed no sig-
nificant changes.

The procedure for crystallization and radioassay of
hemoglobin heme from small blood samples was checked
in six instances by comparing the specific activity so de-
termined with that obtained by direct crystallization of
hemin (32, 33) from larger volumes of the same blood.
The specific activity measured by the microprocedure
averaged 96.3 (SD =*54) % of that found by direct
crystallization.

As an additional control experiment, hemin was crys-
tallized by the microprocedure from the tail blood of a
rat given 100 uc glycine-*C 30 minutes earlier. Immedi-
ately thereafter, 10 ml heparinized blood was collected by
cardiac puncture, the red cells were washed three times
with cold isotonic saline, and the hemin was crystallized.
The specific activity of hemin prepared by the micro-
procedure was virtually identical to that found by direct
crystallization of cardiac blood.

The reproducibility of the combustion procedure for
measuring radioactivity of hemin-**C was demonstrated in
the following way: a few micrograms of hemin-“*C of
high specific activity was dissolved directly in hydroxide
of Hyamine 8 and counted in a Packard Tri-Carb liquid
scintillation spectrometer, and 1-mg portions of the same
hemin-**C samples were combusted to *CO; for counting.
The radioactivity recovered by combustion ranged from
95 to 102% of that measured by direct radioassay.

3 Packard Instrument Co., La Grange, Ill.
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Short-term studies in normal rats with external bile
drainage

Unless otherwise specified, male rats of the inbred
Fischer 344 straint weighing from 280 to 397 g were
used. Under ether anesthesia, a PE-50 polyethylene
catheter 5 was inserted into the common bile duct, and the
animal was placed in a modified Bollman restraining cage
for continuous collection of bile. A tapered PE-60 poly-
ethylene catheter 5 was inserted into a tail vein (25) for
intravenous injection of the labeled precursors and for
continuous infusion of isotonic saline at a rate of 1 ml
per hour. The animals had free access to laboratory
chow and drinking water.

Three to 5 hours after surgery, 100 uc glycine-2-**C or
10 pc ALA-4-*C was injected in a single dose. Bile was
collected in the dark in graduated tubes immersed in ice.
Tubes were changed at %, 13, 23, 43, and 9 hours and
less frequently thereafter. Volume and bilirubin con-
centration (26) of each bile sample were measured, and
the bilirubin was crystallized (28). Small bile samples
were diluted with rat bile containing known amounts of
unlabeled carrier bilirubin. The specific activity of the
bilirubin-*C was determined on twice recrystallized pig-
ment (28). Approximately once each day, blood samples
were obtained from the tail for radioassay of hemin, as
previously described. Experiments were carried out for
periods of 3 to 8 days.

The effect of surgery and anesthesia on the rate of la-
beled heme and bile pigment formation was evaluated in
the following way. In a few animals with external bile
drainage, administration of isotopic precursor was delayed
until 20 hours, instead of the usual 3 to 5 hours, after
surgery. In both groups of animals, similar results were
obtained. In addition, isotope incorporation into he-
moglobin heme was determined in two intact rats given
100 uc glycine-**C.

Stimulation and suppression of erythropoiesis

Long-term studies in Gunn rats. A male Gunn rat
with initial weight of 307 g and hematocrit of 45% was
given daily subcutaneous injections of erythropoietin ¢
for 200 consecutive days (36). The dose was 7 U per
100 g body weight per day. The hematocrit progressively
increased to a maximum of 72 to 74% at about 6 weeks.
Two weeks after stabilization of hematocrit, size and rate
of turnover of the miscible bilirubin pool were measured
with bilirubin-*C (23). Seven weeks later, 0.5 mc gly-
cine-**C was administered, and labeled heme and bile pig-
ment formation were measured over the ensuing 91 days.
Throughout the experiment the hematocrit remained be-
tween 70 and 74%, and the animal gained a moderate
amount of weight.

Three Gunn rats were exposed to hypoxia for several
months in a low pressure chamber ? maintained at a

4 A. R. Schmidt Co., Madison, Wisc.

5 Clay-Adams, Inc., New York, N. Y.

8 Obtained from the Erythropoietin Committee of the
National Heart Institute.

7 Kindly made available by Dr. Clifford Gurney.
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pressure of 0.5 atmosphere. Hematocrits stabilized at 75
to 82%, and after about 6 weeks the size and turnover
rate of the bilirubin pool were measured. Four weeks
later, the rats were given glycine-*C. Studies could not
be completed in any of these animals. One rat died
within a few days, and although the other two appeared
well and gained weight initially, they died 5 and 8 weeks
after isotope administration.

Short-term studies in Fischer rats with external bile
drainage. Three Fischer rats were placed in a low pres-
sure chamber at 0.5 atmosphere for 7 days. The animals
were then removed from the chamber for 5 hours for bile
duct cannulation and injection of radioactive precursor.
During the remainder of the experiment the rats were ex-
posed continuously to the reduced atmospheric pressure,
except for short periods when bile collection tubes were
changed and blood samples taken.

In three rats, 5 to 6 ml blood was removed by cardiac
puncture on the eleventh, sixth, and third days before can-
nulation of the bile duct and subsequent administration of
isotope.

In three rats, erythropoiesis was suppressed by intra-
venous transfusion of packed isologous red cells 15, 10,
and 7 days before insertion of the bile duct cannula.
Each transfusion represented about 12 ml whole blood,
the equivalent of 70% of the recipient’s original blood
volume., The adequacy of erythroid suppression was as-
certained by similarly hypertransfusing three additional
rats not subjected to bile duct cannulation but instead
sacrificed for morphologic analysis of femoral and verte-
bral bone marrow. Bone marrow morphology was also
studied in three control rats of comparable weight.

In each of the three experimental groups with stimulated
or suppressed erythropoiesis, two animals received 100
uc glycine-2-*C and one received 10 uc ALA-4-*C.

Miscellaneous studies

Experiments with hemin-"*C as precursor. Hemin-**C
of 440 to 650 dpm per ug SA was crystallized (32, 33)
from blood of rats injected with 1 to 2 mc glycine-2-*C.
®Fe-labeled hemin containing 600 dpm per pg was ob-
tained from a rat injected 9 days earlier with 40 uc
citrate-*Fe.# Weighed portions of labeled hemin for
injection were dissolved in 0.1 ml 0.05 N NaOH and
added to 1.0 to 2.5 ml rat serum.

Two Fischer rats with external bile fistulas were given
intravenous injections of 66 and 126 ug hemin-“*C, re-
spectively, and biliary excretion of bilirubin-*C was de-
termined. The removal rate of hemin-**C from the plasma
was estimated from the radioactivity in serum samples
taken at frequent intervals.

Similar experiments were carried out in three intact
Gunn rats. The animals were injected with the following
doses of hemin: 123 ug hemin-*C; 128 ug hemin-“C
mixed with 123 ug hemin-*Fe; and 261 ug hemin-*C
mixed with 249 ug hemin-*Fe. The rate of bilirubin-**C
formation during the next 28 to 30 hours was computed
from the specific activity of bilirubin-*C in the plasma.

8 Abbott Laboratories, North Chicago, Ill.
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The rate of hemin removal from the plasma was meas-
ured by using the ®*Fe label, assuming a negligible con-
tribution from recirculating transferrin-bound *Fe.

Effect of drugs on bilirubin formation. At 20 days of
age, a group of Fischer rats was placed on a diet of pul-
verized Purina laboratory chow containing 2.5% (wt/wt)
powdered griseofulvin. Control animals received the
same diet without the drug. After 58 days on this diet,
when the animals had reached 240 to 300 g, bile duct
cannulas were inserted. In both the drug and control
groups, two rats were given ALA-*C and one glycine-*C.
Just before surgery, stool was analyzed for porphyrin
concentration (37), but no detectable increase was noted
in the griseofulvin-treated rats.

A 237-g male Sprague-Dawley rat with an external
bile fistula was infused intravenously with allylisopropyl-
acetamide ® (AIA) at a rate of 7 mg per hour for 42
hours. The urine showed a positive porphobilinogen re-
action (38). The animal was then injected with 100 uc
glycine-2-*C, and bile samples were collected over the
ensuing 24 hours. The AIA infusion was continued for
the duration of the experiment. Five other Sprague-
Dawley rats served as controls.

Presentation of results

Formation of bilirubin-*C. In Gunn rats, formation of
labeled bile pigment is expressed in terms of the consecu-
tive rates at which bilirubin-**C entered the bilirubin pool
of the animals, i.e., as disintegrations per minute per
hour in bilirubin-“C that gained access to the pool. As
noted, computation was facilitated by assuming that the
rate of labeled pigment formation remains constant dur-
ing each interval between determinations of bilirubin-**C
specific activity. For presentation of the data, the rate
of labeled bilirubin formation was plotted at the median
time of each interval so that smooth curves could be
drawn. :

Similarly, in the short-term studies in rats with ex-
ternal bile drainage, formation of labeled pigment is ex-
pressed in disintegrations per minute per hour in biliru-
bin-*C excreted in the bile. For direct comparison of
results in animals subjected to different procedures and
injected with different labeled precursors, all curves were
adjusted to a standard isotope dose of 1.0 mc glycine-*C,
ALA-*C, or hemin-*C.

Fractional incorporation of the isotopic precursor into
bilirubin-*C was calculated and recorded for arbitrary
time intervals selected on the basis of the findings in rats
with physiologic erythropoiesis: early phase of ELP, 0
to 3% hours after isotope administration; late phase of
ELP, 3% to 60 hours; plateau of labeled pigment forma-
tion, 2% to 42 days; and late peak of labeled pigment
formation, 42 to 82 days. Incorporation during the last
two intervals could be calculated only for Gunn rats.
In these animals, the bilirubin-*C formed during each
interval was also expressed as per cent of the total pig-
ment produced over the entire 82 days.

9 Kindly supplied by Dr. Alfred Pletscher, Hoffmann-
LaRoche, Inc., Basel, Switzerland.
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Production of hemoglobin heme-*C. Total radioac-
tivity (disintegrations per minute) in circulating hemo-
globin heme at the time of sampling was calculated from
the specific activity of the isolated hemin. The hemin
equivalent of the circulating red cell mass was computed
from the hemoglobin concentration and an estimated blood
volume of 4.5 to 6.0% of body weight, based on the size of
the animal (29). Per cent incorporation of the labeled
precursor into total hemoglobin heme-“C was also
calculated.

When the hematologic status of animals was altered,
the following adjustments were made in calculating blood
velume: a) In hypertransfused rats we assumed that en-
dogenous red cell formation ceased after the first trans-
fusion and that the transfused cells had an average life
span of 60 days; a minor allowance was made for trau-
matic loss of blood during transfusion. The computed
blood volumes in the three rats were 11.6, 11.8, and 12.1%
of body weight, compared to 5.5% in control animals of
the same size (29). b) Rats chronically exposed to 0.5
atmosphere pressure have an average increase in blood
volume of 43% (39). Thus, we assumed a blood volume
of 8.6% for the three Gunn rats maintained in the low
pressure chamber. We estimated a corresponding figure
of 7.9% for the Gunn rat treated with erythropoietin.
Hematologically normal rats of comparable size have
blood volumes of 6.0 and 5.5%, respectively (29). «¢)
In rats exposed to 0.5 atmosphere pressure for only 1
week, we assumed that the rise in blood volume was pro-
portional to the increase in hematocrit, taking as end
points the blood volume(39) and hematocrit of animals
subjected to hypoxia for several months. This re-
sulted in an estimated blood volume of 7.4%, compared
to 6.0% in normal rats of similar weight. d) In rats with
anemia, we assumed that the blood volume fell 5% for
each 10% reduction in hemoglobin concentration (40, 41).

Results
Rats with normal erythropoiesis

Glycine-2-*C as precursor. Formation of he-
moglobin heme-*C and bilirubin-**C was studied
in four Gunn rats with normal erythropoiesis for
82 days after glycine-**C administration. In two
additional animals, measurements were made only
during the initial 5 days. Results of a representa-
tive experiment are shown in Figure 2.

Isotope was detectable in circulating hemoglobin
heme within 4 hour of glycine-**C administration,
and it reached its highest concentration in 3 to 5
days (Figure 2, Table I). Activity of *C in heme
of circulating red cells declined gradually over
the ensuing 5 to 6 weeks, but it then fell off
more rapidly between days 42 and 82. There-
after, radioactivity decreased more slowly and ap-
proached but did not reach base line even when

TABLE I
Fractional incorporation of labeled precursors into hemoglobin heme-*C and bilirubin-14C in Gunn rats

Isotope incorporation into bilirubin-4C

ELP*

Isotope in circulating hemo-
globin heme

Maximum

Gunn rats

reached be-

Late peak
42-82 days

Plateau
2.5-42 days

Late phase
3.5-60 hours

Early phase
0-3.5 hours
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eceived 313 uc 8-aminolevulinic acid (ALA)-1“C; low incorporation is due to excessive urinary loss of isotope.
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Fi16. 2. FORMATION OF HEMOGLOBIN HEME-“C AND
BILIRUBIN-“C IN GUNN RAT GIVEN GLYCINE-2-C.

observations were made up to 100 days. The per-
sistence of low-grade labeling in hemoglobin heme
is probably due to reutilization of isotope entering
the glycine pool from turnover of labeled proteins,
including globin (42).

The late peak of labeled bile pigment formation
occurred between 42 and 82 days, coinciding with
the rapid decline of *#C activity in hemoglobin
heme (Figure 2). During this interval, 0.32% of
the administered isotope appeared in bilirubin-**C
(Table I). Because one labeled carbon atom is
lost on cleavage of the porphyrin ring (28), this
corresponds to 0.37% of isotope in heme. By
comparison, shortly before the beginning of ac-

42 days (Figure 2, Table I).

ROBINSON, TSONG, BROWN, AND SCHMID

celerated erythrocyte removal at 42 days, 0.34% of
the injected glycine-**C was present in circulating
hemoglobin heme (Table I). These findings in-
dictate that rat erythrocytes have an average life-
span of about 60 days and that hemoglobin in
senescent erythrocytes accounts for virtually all
bilirubin-*C produced during the late peak. The
latter, on the average, comprised 62.5% of all la-
beled bile pigment formed during the entire 82
days (Table II).

In addition, random loss of some labeled red cells
was suggested by the gradual decline of isotope in
circulating hemoglobin heme between 3 to 5 and
Most of the bili-
rubin-1*C produced during this plateau interval
appeared to be derived from these randomly de-
stroyed erythrocytes and amounted to an average
of 21.5% of the total labeled bile pigment (Table
II). '

The remaining 16% of the labeled bilirubin was
produced during the initial 2} days, comprising
the early labeled pigment. The rate of ELP
formation (Figure 3) was maximal between 1 and
2 hours, rapidly decreased during the next 2 hours,
and thereafter declined more slowly to approach
base-line levels between 2 and 3 days. This is in
contrast to studies in man and dogs (16-18), in
which a major fraction of the ELP was observed
between 3 and 5 days. The configuration of the
curves suggested that the ELP includes two com-
ponents, an early phase during the initial 3% hours,
and a late phase extending from 3} to approximately
60 hours. During the brief early phase the rate of
bilirubin-*C formation was very high and ac-
counted for approximately one-fourth of the entire
ELP (Table IT). On the other hand, **C activity

TABLE II
Proportion of total bilirubin-14C formed by Gunn rats during different intervals after isotope administration

Bilirubin-14C formed

ELP
Early phase Late phase Plateau Late peak
Gunn rats UC precursor 0-3.5 hours 3.5-60 hours 2.5-42 days 42-82 days
% of total*
Normal, 4 rats Glycine-2-14C 5.0+£18 11.0 = 2.8 21.5 £ 11.2 62.5 £ 10.6
mean =+ 2 SD
Daily erythropoietin Glycine-2-14C 2.3 10.5 29.1 58.1
Normal ALA-4-14C 54.5 7.3 28.5 9.7
Normalt ALA-4-14C 46.2 31.5 19.6 2.7

* Total is defined as all bilirubin-1*C formed between 0 and 82 days.

t Received large dose of ALA-C,
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Fic. 3. FORMATION OF HEMOGLOBIN HEME-“C AND
ELP rroM GLYCINE-2-*C. Comparison of results in a
Gunn rat and in a Fischer rat with external bile drainage.

in circulating hemoglobin heme was very low dur-
ing the early phase of ELP but gradually rose dur-
ing the subsequent 2} days, concomitant with a
progressive fall in the rate of bilirubin-**C forma-
tion (Figure 3).

ALA-4-C as precursor. Two Gunn rats with
normal erythropoiesis were given ALA-4-*C and
studied for 82 days. The results in these two ani-
mals are not strictly comparable, because an ex-
cessive amount of ALA-*4C was given to one ani-
mal in'an early experiment, resulting in significant
urinary excretion of isotope (43) and therefore in
reduced fractional incorporation of ALA into heme
and bile pigment (Table I).

Fractional isotope incorporation into erythrocyte
heme was smaller with ALA than with glycine
(Table I). Although maximal labeling of hemo-
globin heme in one animal (Figure 4) occurred
between 1 and 2 days, in the other rats given
ALA-*C highest values usually were reached
around 3 days (Figure 5).

In contrast to the findings for hemoglobin heme,
the fractional incorporation of ALA-*C into bili-
rubin was much greater than it was with glycine
(Table T), and most of this labeled pigment was
produced during the initial few hours (Table IT).
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from ALLA was maximal at 1 to 2 hours, as it was
with glycine, but it then fell off much more rapidly
and approached base-line levels between 4 and 8
hours.

The disproportionately large incorporation of
ALA-*C into bilirubin as compared with hemo-
globin heme indicated that bile pigment formed
from ALA-*C arose largely from nonhemoglobin
sources. This was reflected by the fact that de-
struction of senescent red cells after 42 days gave
rise to comparatively little bilirubin-**C (Figure
4), the late peak representing only 3 to 10% of
the total bile pigment formed during the entire 82
days (Table IT). On the other hand, the ELP
accounted for 62 to 78% of the total bilirubin-**C
produced.

The dissociation between formation of bile pig-
ment and turnover of hemoglobin was not confined
to ELP, but was noticeable in the later stages of
bile pigment formation. During the plateau from
23 to 42 days and the late peak from 42 to 82 days,
fractional ALA-**C incorporation into bilirubin-
14C was 20 to 60 times larger than the total amount
of radioactivity present in circulating hemoglobin
heme (Table I). For example, in Figure 4, if all
heme-1*C present in red cells at 42 days had been
converted to bilirubin-14C at a constant rate during
the subsequent 40 days (late peak), labeled bile
pigment would have been formed at the rate of 28
dpm per hour. Instead, the actual values observed
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were 80, 220, 280, 1,260, 2,710, and 280 dpm per
hour.

These observations indicate that less than 1%
of the total labeled bilirubin formed from ALA-**C
was derived from labeled heme in circulating red
cells. By contrast, with glycine-14C as precursor,
more than 80% of the total labeled bilirubin origi-
nated from red cell hemoglobin, this source ac-
counting for virtually all pigment formed during
the late peak and most of that produced during
the plateau interval.

Short-term studies in rats with external bile
drainage. Four animals with normal erythropoie-
sis were given glycine-2-**C, and five were given
ALA-4-4C (Table IIT). The findings were simi-
lar to those obtained in the Gunn rats (Tables I
and III, Figures 3 and 5), confirming the validity
of the mathematical assumptions made for the long-
term studies. The maximal rate of bilirubin-*C
formation usually occurred between 1 and 2 hours,
and the total **C incorporation into ELP did not
differ significantly in the two groups of animals.
However, in rats with a bile fistula, the apogee of
the ELP curves frequently was slightly lower and
was reached a little later than in the Gunn rats
(Figures 3 and 5), and the curves approached base
line more gradually. These minor differences
probably were due in part to a short delay in mix-
ing of newly formed bilirubin-#C .in the pigment
pool of the Gunn rats. Biological variation be-

TABLE III

Fractional incorporation of labeled precursors into hemoglobin heme-'*C
and bilirubin-11C in rats with external bile drainage

Isotope incorporation into
bilirubin-4C
Maximal isotope

in circulating ELP
Rats hemoglobin heme
between 3 and Early phase Late phase
Condition Hematocrit Reticulocytes 4C precursor 5 days 0-3.5 hours 3.5-60 hours
% % %
Normal erythropoiesis, 4449 1.5-2.4 Glycine-2-14C 0.37 £ 0.16 0.020 & 0.006 0.09 =+ 0.02
4 rats, mean = 2 SD  Range Range
Hemorrhage 30 12.7 Glycine-2-14C 0.41* 0.015 0.15
Hemorrhage 38 27.1 Glycine-2-14C 0.91* 0.023 0.15
Acute hypoxia 60 10.0 Glycine-2-1C 1.76 0.020 0.19
Acute hypoxia 61 7.7 Glycine-2-14C 1.44 0.024 0.21
Hypertransfusion 70 0.3 Glycine-2-14C 0.017 0.022 0.10
Hypertransfusion 71 0.1 Glycine-2-14C 0.011 0.021 0.07
Normal erythropoiesis, 44-49 1.5-2.4 ALA-4-14C 0.18% 15.9 + 4.7 19.6 + 9.4
5 rats, mean = 2 SD  Range Range
Hemorrhage 34 11.7 ALA-4-14C 0.18 9.8 314
Acute hypoxia 63 10.3 ALA-4-14C 0.29 24.1 28.6
Hypertransfusion 67 0.1 ALA-4-1C 0.029 30.6 171

* Last sample measured at 51 hours; 1C activity in circulating hemoglobin heme may be underestimated.

1 Average value from two rats.
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tween the inbred Fischer and the Gunn rat (mu-
tant Wistar strain) may have played an additional
role. Because of these small differences in the
two groups of animals, arbitrary division of the
ELP at 3% hours did not yield strictly comparable
numerical relationships between early and late
phases of ELP (Tables I and III), but this can
readily be adjusted on visual inspection of the re-
spective curves (Figures 3 and 5).

Maximal isotope incorporation into circulating
hemoglobin heme was higher in Gunn rats than in
animals with external bile drainage (Tables I and
III, Figures 3 and 5). This can be attributed to
transient depression of hemopoietic activity after
anesthesia and surgery. In the Gunn rats 0.62%
of the administered glycine-*C was incorporated
into hemoglobin heme; in two intact Fischer rats,
the comparable value was 0.72%, whereas incor-
poration was 0.37% in the four animals subjected
to surgery.

Bilirubin-*C formation from hemin-**C. The
average half-time for disappearance of hemin from
the plasma was 2.7 hours in the Gunn rats and 2.6
hours in the Fischer rats with external bile drain-
age (Figure 6). Total recovery of isotope in bili-
rubin-**C during the first 24 hours was 40.1% in
the Gunn rats and 65.1% in the animals with bile
fistulas. These findings are similar to data previ-
ously reported (44). The maximal rate of bili-
rubin-1*C formation was reached 2 to 4 hours af-
ter injection of the hemin-**C (Figure 6). In the
two groups of animals, the configuration of the
curves for labeled bile pigment production ex-
hibited small differences similar to those observed
for ELP formation from glycine-4C and ALA-*C
(Figures 3 and 5).

Stimulation and suppression of erythropoiesis

Glycine-2-1*C as precursor. In Figure 7, the
findings in the Gunn rat with chronic erythroid
hyperplasia maintained by daily injection of eryth-
ropoietin are compared with those in four animals
with normal erythropoiesis. There was enhanced
fractional incorporation of glycine-*C into both
circulating hemoglobin heme and bile pigment
(Table I). ELP formation was increased, but
most of the increase occurred during the late phase,
in which 0.26% of the isotope appeared in bili-
rubin-**C, as compared to only 0.06% in the con-
trols. The initial ELP component also seemed to
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be enlarged, but to a lesser extent (Table I, Fig-
ure 7). This was the only instance in which
erythroid stimulation led to an apparent augmen-
tation of bilirubin-1*C production between O and
3.5 hours (Tables I and III).

The increase in ELP production was associated
with a commensurate rise in bilirubin-*C forma-
tion during the plateau interval (2% to 42 days)
and the late peak, so that the pattern of labeled
pigment production over the entire 82 days re-
mained proportionate to that of control animals
(Table II). Thus, the ELP accounted for 13%
of the total labeled bile pigment in the erythro-
poietin-treated rat, as compared to 16% in the
controls. Underestimation of the circulating red
cell mass may have accounted for the finding that
during the plateau and late peak, **C incorpora-
tion into bilirubin was greater than anticipated
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from the radioactivity in circulating hemoglobin
heme (Table I).

Gunn rats chronically exposed to hypoxia also
showed increased incorporation of glycine-**C
into circulating hemoglobin heme (Table T), com-
parable to that in the erythropoietin-treated ani-
mal. However, ELP formation was not enhanced,
and indeed was lower than control values during
the initial 33 hours (Table I). It is possible that
this unexpected finding was related to prolonged
severe hypoxia; all three animals died before com-
pletion of the experiments. It is noteworthy,
however, that much shorter exposure to a com-
parable degree of hypoxia resulted in a significant
increase in ELP formation.

The findings in two rats exposed to acute hy-
poxia are shown in Table IIT and Figure 8. Gly-
cine-*C incorporation into circulating hemoglobin
heme was greatly increased. Moreover, although
the rate of labeled bilirubin formation during the
early ELP phase remained normal, it was sig-
nificantly increased between 3} and 60 hours.
This resulted in a different configuration of the
ELP curve, with an apogee at approximately 8
hours and an unusually slow return toward base
line (Figure 8). '

Stimulation of erythropoiesis by repeated hemor-
rhage yielded similar findings, although fractional
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isotope incorporation into both heme and bilirubin
was somewhat lower (Table III). As in acute
hypoxia; the rate of bilirubin-**C production was
comparable to that of control animals during the
initial 3} hours, but was enhanced during the late
phase of the ELP (Figure 8).

Hypertransfusion suppressed erythropoiesis and
resulted in a 20- to 30-fold reduction of glycine-
14C incorporation into hemoglobin heme (Table
II1, Figure 9). Despite this decrease in erythro-
poiesis, little or no change was observed in ELP
formation. The early phase was normal, and be-
tween 3} and 60 hours, bilirubin-*C was pro-
duced at a normal or slightly reduced rate (Table
III). The bone marrow of hypertransfused rats
showed marked diminution of developing erythroid
cells, rendering it highly improbable that there was
a significant degree of ineffective erythropoiesis
(5) after hypertransfusion. »

ALA-4-%C as precursor. The experiments in
rats with stimulated or suppressed erythropoiesis
confirmed the findings in animals with normal

—
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erythropoiesis that formation of labeled bile pig-
ment from ALA-*C is largely independent of red
cell turnover. Acute hypoxia, hemorrhage, and
hypertransfusion all failed to produce significant
changes in ELP formation from ALA-*C (Table
"IIT). Minor differences in the ratio between the
early and the late phase of ELP and in the con-
figuration of the ELP curve (Figure 10) are prob-
ably of little significance. In hypoxic and bled rats
there was a more gradual return of the curve
toward base line, whereas in the hypertransfused
rat this decline was somewhat accelerated, in com-
parison with the control animals. These changes
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were similar to the much more striking alterations
observed in comparably treated animals given
glycine-*C (Figures 8, 9).

Effect of drugs on ELP

Intravenous infusion of allylisopropylacetamide
in a Sprague-Dawley rat resulted in porphobilino-
genuria, but it failed to increase significantly gly-
cine-**C incorporation into ELP (Table IV). In
rats fed griseofulvin for several weeks, no increase
in fecal porphyrins was detectable, nor was ELP
formation altered with either glycine-**C or ALA-
14C as precursor.

TABLE IV

Effect of allylisopropylacetamide on fractional incorporation of glycine-2-1C
into bilirubin-1*C in rat with external biliary drainage

Isotope incorporation into
bilirubin-4C

ELP
Early phase Late phase
Rats Treatment 0-3.5 hours 3.5-60 hours
%
5 normal Sprague-Dawley, None 0.014 =+ 0.006 0.087*
mean =+ 2 SD :
1 Sprague-Dawley Allylisopropylacetamide 0.020 0.078

* Average value from two rats.
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Discussion

Bilirubin is the major end product in the catabo-
lism of hemoglobin and other heme-proteins (45).
The rates of turnover of these chromoproteins vary
widely, from a few hours for tryptophan pyrrolase
(46), 1 to 2 days for catalase (47), to several
months for myoglobin (48) and red cell hemo-
globin (2, 3). Consequently, after administration
of an isotopic precursor of heme, labeled bilirubin
is produced at variable rates for many weeks, and
complete assessment of bile pigment formation re-
quires sample collections over extended periods of
time. The intact, hyperbilirubinemic Gunn rats
used in the present investigation permitted studies
of unlimited duration. Experiments usually were
terminated after 82 days because, in general agree-
ment with previously reported findings (49-51),
the average life-span of erythrocytes in the rat
was found to be about 60 days, although some red
cells were destroyed more rapidly in random fash-
ion (Figures 2 and 4).

In addition to these long-term experiments in
Gunn rats, short-term studies concerned only with
ELP formation were performed in normal rats
with external bile drainage. Except for small dif-
ferences between the early and the late phases of
ELP, the findings in these two groups of animals
were similar (Figures 3 and 5), attesting to the
validity of the experimental design in the long-
term studies and permitting direct comparison of
the results obtained with the two experimental
models. This facilitated investigation of the ELP,
since it eliminated the necessity for many short-
term experiments in Gunn rats, which withstand
poorly manipulation of erythropoietic activity.

The methodologic limitations inherent in both
experimental models are those commonly encoun-
tered in metabolic studies involving pulse labeling
of a precursor pool (52), i.e., reutilization of la-
bel and inhomogeneous mixing of the injected
isotope with endogenous precursor. The latter
undoubtedly explains many of the findings with
ALA-*C as precursor; this will be elaborated
upon later. The problem of reutilization of labeled
glycine for the continuous formation of labeled
hemoglobin and bile pigment has been commented
upon previously (9, 42). In the present studies,
low-grade reutilization was suggested by per-
sistence of radioactivity in hemoglobin heme af-
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ter day 82 (Figures 2 and 4). It is improbable
that this was due to a minor population of erythro-
cytes with a prolonged life-span (42). The fall in
the rate of bilirubin-1*C formation to barely meas-
urable levels after day 82 indicated that contin-
ued reincorporation of labeled precursor into
bile pigment was of little significance for inter-
pretation of the results.

Approximately 85% of the labeled bilirubin
formed from glycine-**C was derived from degra-
dation of labeled hemoglobin heme (Tables I and
IT). Most of this bile pigment was formed be-
tween 42 and 82 days, concomitant with the de-
struction of senescent red cells containing labeled
hemoglobin (Figure 2). These findings were
comparable to those in normal human subjects,
in whom most isotopic stercobilin was excreted be-
tween 90 and 150 days after the administration of
glycine-**N (2, 3), corresponding to an average
red cell life span of 120 days. In addition, in the
rats labeled bile pigment formed between 2} and
42 days appeared to be derived largely from hemo-
globin in erythrocytes destroyed at random (Fig-
ure 2, Table I).

Bilirubin-1*C appearing during the initial 60
hours comprised the ELP and accounted for ap-
proximately 16% of the total labeled bile pigment
formed from glycine-**C (Table II). This was
similar to the values in normal human subjects
obtained by radioassay of fecal stercobilin (2, 3).
However, because of the time required for in-
testinal transit and because of enterohepatic re-
circulation of the bile pigment (21), fecal excre-
tion of labeled stercobilin does not reflect the ac-
tual kinetics of ELP formation. In these human
studies, maximal labeling of stercobilin was ob-
served between 2 and 8 days (2, 3), whereas in
the present animal experiments the rate of bili-
rubin-*C formation was highest between 1 and 2
hours after injection of the isotope (Figures 2 and
3).

The rapidity of this process made it seem un-
likely that ELP is related to degradation of hemo-
globin or heme formed during erythroid matura-
tion in the bone marrow (24, 53). This was
further supported by the finding that ELP forma-
tion during the initial 33 hours generally was un-
affected by stimulation or suppression of erythro-
poiesis (Figures 7-9, Tables I and III). The
concept that this pigment fraction is not derived
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from hemoglobin of erythroid cells but is largely
hepatic in origin was confirmed in experiments
with isolated perfused rat liver (54).

In the Gunn rat treated with erythropoietin, la-
beled bilirubin production during the early phase of
ELP appeared to be moderately increased (Ta-
ble I, Figure 7). Since no similar increase oc-
curred in any of the other animals with stimulated
erythropoiesis (Tables I and IIT), the significance
of this isolated observation is not clear. Possible
although remote explanations include differences
between erythropoietin and hypoxia or anemia in
the mechanism of erythroid stimulation and a di-
rect effect of the hormone on hepatic heme turn-
over. A more likely explanation is that the in-
crease was spurious and related to the arbitrary
division of the ELP into an early and late phase.
Since on treatment with erythropoietin, formation
of labeled bilirubin during the late phase of ELP
was increased fourfold (Table I, Figure 7), some
overlap with the early phase may have been un-
avoidable. This was evident also in the rats in
which erythropoiesis was stimulated by hypoxia
(Figure 8).

In the Gunn rats exposed to hypoxia for sev-
+ eral weeks, the initial ELP component was sig-
nificantly reduced, whereas the later phase ap-
peared to be normal despite a marked increase in
glycine-#C incorporation into hemoglobin heme
accompanying the erythrocytosis (Table I). These
findings are not readily explainable unless it is
assumed that chronic hypoxia had a deleterious
effect on the liver; all three animals died before
completion of the experiment. By contrast, in
rats rendered acutely hypoxic, the early compo-
nent of ELP was normal, whereas the later phase
was significantly increased (Table III). In both
groups of animals, the dissociation between height-
ened erythroid activity and normal or diminished
production of labeled bilirubin during the early
phase of ELP is further evidence for the non-
erythroid origin of this pigment fraction.

During the late phase of ELP, from 3% to 60
hours after isotope administration, the rate of bili-
rubin-1*C formation gradually returned to the low,
nearly constant values that prevailed over the sub-
sequent 40 days (Figures 2, 3). Hypertransfu-
sion, which resulted in marked suppression of
erythropoiesis and hemoglobin synthesis, had little
or no effect on ELP formation (Figure 9, Table
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III), whereas erythroid stimulation was associated
with a significant increase in bilirubin-*C produc-
tion between 3} and 60 hours (Figures 7, 8; Ta-
bles I, IIT). These observations suggested that al-
though under normal conditions formation of ELP*
is almost entirely independent of hemoglobin syn-
thesis, this pigment fraction does contain a small
erythropoietic component that lies buried in the
descending limb of the curve. This component is
so small that its abolition remains almost impercep-~
tible on suppression of erythropoiesis (Figure 9),
but it becomes significant on erythroid stimulation
(Figures 7, 8).

In the Gunn rat treated chronically with eryth-
ropoietin, fractional glycine-*C incorporation into
hemoglobin and bile pigment was enhanced, but
the increase in ELP was proportionate to the rise
in late bilirubin-**C production from hemoglobin
in senescent erythrocytes (Figure 7, Table I).
Thus, despite an absolute increase in ELP, this
pigment fraction remained 13% of the total bili-
rubin-**C produced over the entire 82 days of the
experiment (Table IT). This observation helps to
reconcile the divergent conclusions that were
drawn from studies of ELP formation in individu-
als under erythropoietic stress (14, 15), in whom
late bile pigment production was not assessed.
The proportionate increase in ELP formation in
response to erythropoietic stimulation is in marked
contrast to the findings in hematological disorders
with ineffective erythropoiesis (5), in which ELP
may comprise the major fraction of the total la-
beled bile pigment (4, 6-9, 11).

The precise mechanism by which bilirubin is
produced in connection with the development of
erythroid cells is unknown. Among the various
explanations offered (2, 3, 11, 14, 55-57), perhaps
the most attractive is that it is derived from hemo-
globin attached to (55) or included in (58) the
nucleus that is extruded from the maturing
erythroid cell. On the other hand, in ineffective
erythropoiesis, it is tempting to assume that the
disproportionate increase in ELP represents ac-
tual destruction of red cell precursors within the
bone marrow.

Striking differences were observed in the la-
beling of bile pigment with glycine-1*C and ALA-
1#C (Tables I-III). With glycine-**C fractional
isotope incorporation into bilirubin during the
entire 82 days of the experiment averaged 0.5%
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(Table I), and at least four-fifths of this labeled
pigment was derived from breakdown of hemo-
globin in senescent erythrocytes (Table II). By
contrast, fractional incorporation of ALA-**C into
bilirubin was much larger, ranging from 13 to
43% (Table I), but less than one-hundredth of
the labeled pigment appeared to arise from hemo-
globin in circulating erythrocytes (Table I).

The configuration of the ELP curve observed
with ALA-*C was similar to that of the early
component found with glycine-**C (Figures 2-5).
With both precursors fractional incorporation into
bilirubin during the initial 34 hours was largely
unaffected by either stimulation or suppression of
erythropoiesis (Figures 8-10). However, with
ALA-C as precursor the maximal rate of bili-
rubin-*C formation was approximately a thous-
and times higher than with glycine-**C (Figures
2, 4), and the ELP accounted for 62 to 78% of
the total bilirubin-**C produced (Table II); with
glycine-1*C as precursor, the corresponding figure
was 16%. These observations indicate that ALA-
1C dramatically overemphasizes the metabolic
pathways leading to bile pigment formation from
nonhemoglobin sources. The conclusion that ex-
ogenous ALA-*C preferentially labels nonhemo-
globin sources of bilirubin has also been reached
from short-term studies in man (17, 18) and in
dogs (19, 59). The present experiments do not
identify the anatomic site of this process. How-
ever, studies with isolated perfused rat liver
(54) have shown that the liver is a major source
of the bile pigment formed from ALA-*C, in that
production of bilirubin-*C from ALA-*C in vitro
was comparable both in rate and magnitude to that
observed in intact rats.

The finding that ALA-*C is an efficient pre-
cursor of bile pigment formed in the liver but is
poorly incorporated into hemoglobin heme suggests
that exogenous ALA gains access to the sites of
heme synthesis more easily in hepatic than in
erythroid cells. ALA is a more direct precursor
of heme than glycine (60), and in lysed avian
erythrocytes ALA is incorporated into hemoglobin
heme to a much greater extent than glycine (61).
Similarly, in isolated perfused rat liver, ALA-*C
labels bilirubin a thousand times better than equi-
molar amounts of glycine (54). Although ALA
is efficiently incorporated into hemoglobin by lysed
reticulocytes, it is less well utilized by intact cells

- globin sources is unclear.
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(62), suggesting that erythroid cells are relatively
impermeable to ALA (63). Therefore, adminis-
tration of ALA-*C to an intact animal would be
expected to lead to increased labeling of heme in all
sites except erythroid cells; paradoxically, these
cells account for the major fraction of all heme
synthesized.

With glycine-**C as precursor, on the contrary,
the pattern of bilirubin labeling appears to reflect
more closely the physiologic relationship between
turnover of heme compounds and formation of bile
pigment. Adfter pulse labeling in vivo, glycine-*C
is rapidly and ubiquitously distributed in the body
(64). Although it has been shown that completely
homogeneous mixing of the isotope with the en-
dogenous glycine pools cannot be achieved (65,
66), it appears a reasonable, if crude, approxima-
tion that there is uniform labeling of the amino acid
in the major organs (65). The present investiga-
tion, like all previous isotopic studies of bile pig-
ment metabolism, is based on this assumption.

The nature of the metabolic intermediates re-
sponsible for bilirubin formation from nonhemo-
Direct formation of
bile pigment from pyrrolic precursors has not been
definitely excluded (67). However, evidence has
been reported (19, 59) that the ELP is related to
the rapid turnover of one or several heme fractions
in the liver and possibly in other organs. The con-
cept that heme is an intermediate is supported by
the finding that bilirubin-1*C is produced rapidly
and efficiently with hemin-**C as a precursor
(Figure 6). The specific heme fractions that are
involved in the rapid formation of ELP are un-
known. Hepatic cytochrome c¢ is an unlikely
source, since this heme enzyme has a biologic half-
life of 9.7 days (68). Hepatic catalase has a half-
life of about 30 hours (47), but it has been sug-
gested (47) that there may be a small fraction of
catalase with a more rapid renewal rate. Simi-
larly, tryptophan pyrrolase has a biologic hali-
life of 2.2 hours (46), and although its concen-
tration in liver is small (69), its rate of turnover
is rapid enough to qualify it as a potential con-
tributor to ELP formation. The possible role of
other hepatic heme enzymes, including the micro-
somal cytochrome P 450 (70), is difficult to assess
because their turnover rates are still unknown
(71).

It should be noted that during the plateau and
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late peak intervals, production of labeled bilirubin
from ALA-*C continued at rates far in excess of
those expected from breakdown of labeled hemo-
globin heme (Tables I, II). This suggests that
in the liver and probably in other organs (19, 59),
ALA-*C serves as precursor for a variety of heme
compounds encompassing a wide spectrum of turn-
over rates.

It has been reported that heme synthesis in
the liver is increased in experimental porphyria
(72-75). However, the results in Table IV show
that AIA did not significantly alter the rate and
magnitude of ELP formation, suggesting that this
porphyrinogenic substance is selective in its effect
on hepatic heme compounds and spares the heme
precursors of ELP. A similar selectivity has been
observed in the synthesis of hepatic catalase, which
is inhibited by Sedomid and ATA (72), whereas
cytochrome ¢ remains unaffected (72). The ELP
was also unchanged in rats fed griseofulvin, but
these animals failed to show an increase in por-
phyrin excretion.

The present findings concerning the sites and
kinetics of ELP formation are at variance with
those of most previous studies in man (13, 14, 17,
18) and dogs (16, 19), which suggested that a ma-
jor portion of the ELP formed from isotopic
glycine is related to erythropoiesis. This discrep-
ancy may be due partly to species variation, but it
~ probably also reflects the difference in methodo-
logic approach. When bile pigment production
was assessed in anicteric subjects from the radio-
activity of serum bilirubin (17, 18), two bilirubin-
14C peaks were observed with glycine-'*C, one be-
tween 12 and 24 hours and a second between 3 and
5 days; the later peak appeared to be related to
red cell formation. However, bilirubin specific
activity in the bile collected concomitantly was
much lower than that in the plasma, and the bi-
phasic pattern was absent (18). With ALA-*C,
on the other hand, ELP formation occurred much
more rapidly and was maximal at about 1} hours
(17, 18), in conformity with the present findings.
By contrast, in the current study, labeled bilirubin
formation was maximal at 1 to 2 hours with both
glycine-*C and ALA-**C (Figures 2-5). More-
over, the kinetics of bilirubin-**C formation were
comparable whether measured in the bile or in the
pigment pool of Gunn rats (Figures 3, 5).
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Summary

New techniques were developed for accurate
assessment of the kinetics of bile pigment forma-
tion in intact hyperbilirubinemic Gunn rats over
extended periods of time. In addition, formation
of early labeled pigment (ELP) was studied in
normal rats with external bile drainage. The
findings in these two experimental models were
similar and form the basis for the following con-
clusions:

1) With glycine-2-*C as precursor, over 80%
of the total bilirubin-*C produced was derived
from labeled hemoglobin in circulating red cells.
Most of the labeled bile pigment was formed be-
tween 42 and 82 days after isotope administration
and originated from destruction of senescent eryth-
rocytes with an average life-span of approximately
60 days. Random destruction of labeled red cells
between 2} and 42 days served as an additional
source of bilirubin-**C formation.

2) Incorporation of glycine-**C into ELP ac-
counted for 16% of the total labeled bile pigment
produced over the entire 82 days of the experi-
ments. The rate of bilirubin-**C formation was
maximal 1 to 2 hours after isotope administration
and then fell off asymptotically over the ensuing
60 hours. The early phase of ELP appeared to be
virtually independent of erythropoiesis, and its
kinetics resembled those of labeled pigment forma-
tion by isolated perfused rat liver. The late phase
of ELP, extending from 3} to 60 hours, also was
derived largely from nonhemoglobin sources, but
it did contain a very small erythropoietic compo-
nent that became discernible on erythroid stimu-
lation,

3) Chronic stimulation of red cell production
resulted in a marked increase of the second phase
of ELP accompanied by a commensurate rise in
late bilirubin-*4C formation from labeled erythro-
cytes in the circulation. Consequently, the quan-
titative relationship between early and late bile
pigment formation was similar in physiologic and
in accelerated erythropoiesis, with the ELP com-
prising 13 to 16% of the total bilirubin-**C pro-
duced.

4) With $-aminolevulinic acid (ALA)-*C as
precursor, the early phase of ELP was strikingly
increased and was comparable to labeled pigment
formation from ALA in isolated perfused rat liver.
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Moreover, nonhemoglobin sources labeled by
ALA-"*C continued to produce bilirubin-**C during
the entire 82 days of the experiments. Since
fractional isotope incorporation into red cell he-
moglobin heme was small, more than 99% of the
total labeled bile pigment formed from ALA-4C
originated from sources other than hemoglobin in
erythroid cells.

5) The findings emphasize the significance of
bile pigment formation from nonerythroid sources,
which in the normal rat account for almost the en-
tire ELP. With ALA-*C as precursor, these
metabolic pathways are dramatically overempha-
sized, whereas with glycine-*C bilirubin labeling
appears to reflect more closely the physiologic re-
lationship between the turnover of hemoglobin and
other heme compounds and the formation of bile

pigment.
Appendix

Computation of the rate of bilirubin-*C formation in
Gunn rats

‘We made the following assumptions:

a) The bilirubin pool and its rate of turnover remain
constant during the experiment. The validity of this as-
sumption was established in six Gunn rats by determining
these values on two occasions 3 to 8 months apart: The
rats were injected with bilirubin-**C, and the amount of
labeled pigment in the pool was measured at various
times (t) (23). In all animals, disappearance of bili-
rubin-**C conformed to a first-order reaction, i.e., an ex-
pression of the form Ce™kt, where k is the slope of the re-
gression line when plotted on semilogarithmic paper.

b) Bilirubin-"*C formed is instantly mixed in the pig-
ment pool. This assumption is an oversimplification in
that obviously a finite time is required for mixing of
newly formed bilirubin with the pigment pool. However,
in preliminary experiments it was found that after a
single intravenous injection of a few micrograms of
bilirubin-**C, isotope disappearance approximated a single
exponential rate within 20 minutes. Thus, the error in-
troduced by assuming instant pigment mixing appeared
to be insignificant for computation of the production rate
of bilirubin-*C.

¢) A further restrictive assumption has to be made
because of the limited number of serum samples available
for analysis. After administration of an isotopic pre-
cursor, let f(t) be the rate at which bilirubin-**C enters
the pigment pool at time t, and let F(r) be the amount

of labeled bilirubin present in the pool at time r. With
the above assumptions, it follows that
F(r) = f " f(t)ekm dt,
0
where k is the turnover rate discussed under a¢). Be-

cause the number of blood samples taken over the 82 days
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of the study was limited to 11 to 13, f(t) could be con-
tinuously observed. This required an assumption restrict-
ing the nature of f(t), and f(t) was therefore approxi-
mated by a step function. We assumed that f(t) is con-
stant between any two observations of F. Independent
cross validation of this assumption was provided by the
experimental finding that the rate of bilirubin-**C produc-
tion in rats with an external bile fistula was very similar
to that computed in Gunn rats (Figures 3 and 5).

These assumptions were used to formulate a step func-
tion approximation to f(t) in the following manner. It
is desirable to find a constant, a, so that bilirubin-"*C pro-
duction at constant rate a between times § and = (the
times. of successive observations of F) will account for
the observed change in F values. We compute:

F(r) — F(o) = [) "f(t)ek0 dt — ﬁ " f()eke-o dt
= ek ﬁ "f(t)ekt dt — eke ﬁ " f(t)ek dt
= (e7kr — g7ke) /:' f(t)ekt dt + e7kr /: f(t)ektdt
= (e%9 — 1)F(g) + e~ f "f(tekt dt.

Since between 8 and 7, f(t) has the constant value a, it
follows that

[T'f(t)ekt dt = /7 aekt = l% (ekr — eko),
This equation can be solved for a, yielding
a = [1/(e¥ — )] -[e¥ F(7) — &% F(o)].

In the experiments, a is expressed as disintegrations per-
minute in bilirubin-"*C formed per hour.
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