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A B S T RA C T The conversion of endogenous hepatic
heme to bilirubin and COis established. However, it is
unknown whether this process is quantitative or whether
heme may be degraded to other products as well. To
study this question, we administered the heme precur-
sor, 8-amino-[5-'4C]levulinic acid to rats in vivo. In liver,
[14C]heme was predominately associated with micro-
somal cytochromes, and its degradation was examined
over a period of 12-14 h; concurrently, excretion of la-
beled carbon monoxide 14CO by the animal was meas-
ured. After correction for 14CO derived from the break-
down of renal ['4C]heme, the rate of heme degradation
calculated from the 14CO excreted was substantially less
than the rate of disappearance of hepatic [14C]heme
measured directly. The discrepancy between actual
loss of labeled heme from the liver and generation
of labeled CO was confirmed bv direct study of en-
dogenous [14C]heme degradation in primary hepatocyte
culture, in which only 25% of the labeled heme dis-
appearing durinig the incubation was converted to 14CO.
By contrast, cultured cells converted exogenous [14C]-
heme nearly quantitatively to 14CO. Weconclude that
heme associated with microsomal cytochromes in
normal rat liver is degraded substantially by non-CO
forming processes.

INTRODUCTION

Degradation of hemoglobin heme in vivo vields
equimolar amounts of bile pigment and CO (1, 2).
The process is mediated by microsomal heme oxy-
genase (3, 4), and the conversion to bile pigment

Received for publication I December 1978 and in revised
form 18Januiary 1980.

or CO appears to be quantitative (5, 6). Similarly,
catabolism of endogenous hepatic heme is known
to give rise to biliruibin and CO (2, 7) and appears
to be related to microsomal heme oxygenase in the
liver (8). Because the latter is the only mechanism
for heme breakdown of demonstrated physiological
relevance, it has been assumed that endogenous hepatic
heme, like exogenous heme, is degraded quantitatively
to bile pigment and CO. This assumption, however,
has not been verified experimentally, and a priori its
validity may be questioned. Unlike hemoglobin, the
heme proteins of the liver are heterogeneous, including
the group known as cytochrome P-450, which consists
of at least two (and probably several) distinct heme
proteins (9). With regard to heme turnover, the latter
are quantitatively the most important heme proteins
in the liver (10), but whether or not each individuial
apoprotein of this group directs degradation of its
respective heme moiety by way of microsomal heme
oxygenase is conjectural at this time. Moreover, a very
rough calculation of hepatic heme turnover and pig-
ment production suggests that a discrepancy between
these two processes exists. Hepatic heme turnover
in a 300-g rat may be estimated at 620 nmol/d (10), while
hepatic bilirubin production is only 250 nmol/d
(10% of a total body bilirubin production of -2,500
nmol/d) (1).

We recently examined quantitatively hepatic heme
breakdown by correlating production of heme catab-
olites with rates of degradation of hepatic heme in
rats given 8-amino[5_14C]levulinic acid as the labeled
heme precursor (8). One-eighth of the labeled carbons
from this precursor are in the alpha methene bridge
position of the tetrapyrrole, and conversion of the
labeled heme to bile pigment is accompanied by
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stoichiometric release of "CO, which can be trapped
and (Iutiantitated (2, 8). Our initial observations sug-
gested that, with respect to catabolism of cytochrome
P-450, -70% of the heme degraded could be accounted
for as CO (8). In this study, examining this process in
greater detail, we find that the proportion of hepatic
heme converted to COwas previously overestimated.
Administered 8-amino [5-'4C]levulinic acid labels both
hepatic and renal heme, and the latter contributes sub-
stantiallv to the basal rate of 14CO excretion.' When
this fact is taken into accouint, a sizeable discrepancy
between hemie disappearaince from the liver and
excretion of CO emerges. We have confirmed these
findings in vivo with sttudies of heme degradation in
rat hepatocytes in primary monolayer culture (11), and
concluide that in normal rats, endogenous hepatic heme,
in contrast to exogenotus heme, is degraded pre-
dominately 1b non-CO forming pathways.

METHODS
Degradation of endogetnouis hepatic heine. Examination

of this process Nwas carriecl out according to published
methods (8). In brief, male Sprague-Dawley rats (-250 g
body wvt) were tused. Endogenous heme was labeled by intra-
peritoneal admiinistrationi to the animals of 10 ,uCi 8-amino-
[5-'4C]levulinic acid (New England Nuclear, Boston, Mass.;
50 mCi/mmol). After a period of 16 h, labeled heme had been
discharged from rapidly tturning over pools, leaving micro-
somal cvtochromnes as the major labeled hemiie proteins in
the liver (8). At the start of the study period, the animal
was placed under light ether anesthesia, and the anterior
lobule of the right lateral hepatic lobe, wveighing -0.3 g, was
removed through an abdominal incision. The ['4C]heme in this
tissue sample was used to estimiiate the initial content of
labeled hemiie in the liver. Preliminary studies had indicated
that the amount of labeled heme, per milligramii tissue, in the
biopsy samiiple was 84±11% (meean±SD, n = 8) of that in the
remainder of the liver. It also had been determined that
total liver weight in male rats of the size used, fed ad lib.,
constituted 3.8±0.4% of body wt. Thus, from the labeled
heme of the biopsy sample and the body weight of the animal,
the initial ['4C]heme in the liver could be estimiiated. After
this procedutire, the animal was placed in the apparatus for
trapping 14C( (8), and total cumilulative "4CO was measured
over a period of 12-14 h. At the end of the study period,
the animal was sacrificed and the liver removed for measure-
ment of residuial ['4C]heme. The difference between the cal-
culated initial and final extracted labeled heme was taken as
total hepatic heme degradation; this value was compared to
the measured total '4CO produiction.

To test the possibility that the surgical procedcure affected
heme degradation in the remaining liver, control experiments
were performed by selectinig a pair of animals that, after

In a prev ious study, which wvas concerned with the effect
of administered endotoxin on the degradation of ['4C]heme
in rat liver to '4CO (8), the contribution of renal I'4C]heme
to basal 14CO production was not appreciated. However,
the disappearance of labeled heme from the kidney is un-
affected by endotoxin (unpublished observations). Thus, the
changes in 14CO production cauised by this agent appear to
reflect clhanges in turnover of hepatic heme as reported (8).

administration of 8-amino [5-'4C]levulinate, excreted '4CO at
similar rates and thus presumably contained comparable
amounts of hepatic ['4C]heme (8). One animal vas killed for
measuremnent of the "initial" hepatic ['4C]heme, and, after
14CO had been collected for 14 h, the second animal was
killed for determination of "final" hepatic ['4C]heme. Al-
though interstudy variation was greater by this procedure than
with that described above, results from the two approaches
were not significantly different.

Primary hepatocyte culture. The methods for preparation
and cuilture of adult rat hepatocytes have been reported
(11). For studies of endogenous heme degradation in culture,
a donor animal received 8-amino-[5-'4C]levulinic acid in vivo
as described above. After 16 h, hepatocytes were isolated from
the prelabeled rat and c ultured in 100-mm plastic petri
dishes. Part of the preparation was taken for determina-
tion of initial ['4C]heme content. Other plates from the samiie
batch of cells Nvere placed in airtight containers that had been
e(luilibrated with the atmosphere of the culture incubator.
After a period of 16-20 h in culture, the air from the coni-
tainer was flushed for 30 min into the trapping system for
(uilantitation of 14CO. Recovery of 14CO in the container was
>95% and was unaffected by the presence of cells or culture
media. Cells and media from the same plates wvere combined,
concentrated by lyophilization, and analyzed for labeled hemiie.
Degradation of ['4C]heme and comparison with 14CO pro-
duction were calculated as described above for intact rats.

For examining degradation of exogenous heme in culture,
['4C]hemoglobin was prepared biosynthetically with 8-amino-
[5-'4C]levulinic acid as precursor, and the labeled heme was
extracted and crystallized (8). A quantity was dissolved in
0.2 N NaOH, mixed with an equimolar amount of rat senrumi
albumin (fraction V, Sigma Chemical Co., St. Louis, Mo.), an(d
adjusted to pH 7.4 with HCI. The labeled solution was
diluted to a concentration of 5 ,ug heme/mil with complete
cutlture meditum and added to replicate plates of unlabeled
cells. Measurement of ['4C]heme degradation and 14CO pro-
duiction were carried out as for endogenously labeled cells.
WVhen ['4C]bilirubin Xwas measured, this wvas carried out
accordinig to Ostrowv et al. [13], after imlixinig the contents of
cultuire plates with rat bile containing 60-100 ,ug bilirubin
as carrier. To effect a complete separation of bilirubin and
[14C]heme, chloroform extracts were reduced to a small
volumne under nitrogen and applied to thin-layer plates (silica
gel G, 0.25 mm), which wvere developed in chloroform con-
taining 1% acetic acid. Heme remains at the origin in this
chromiiatographic system. The recovery of labeled bilirubin
was estimated from the recovery of carrier pigment eluted
from the plates and meatsured at 454 nm.

Other procedures
Bilateral nephrectomy was performed through 1-2-cm

posterior paramedian incisions in rats anesthetized with
ether. Each kidney was extruded through the incision with
gentle pressure applied to the abdomen. The renal pedicle
was ligated and the organ excised, care being taken avoid
removal of the adrenals. The entire procedure took less than
5 min. Labeled heme was extracted from hepatic tissue or
cultured cells with strontium chloride/acetic acid after addi-
tion of a known amount of carrier heme (as rat hemoglobin);
recovery of ['4C]heme was calculated from the recovery of
the carrier (8, 14). In several experiments, duplicate samples
were assayed by a different procedture in which heme was
extracted quantitatively without carrier into ether (15). Radio-
activity was determined by liquid scintillation spectrometry,
with couinting efficiencies estimated by addition of a labeled
internial standard. Restults from the two extraction methods
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varied < 10%; with either method the percentage of total liver
radioactivity extractable as heme was 70-75% both in the
initial and final samples. By paper chromatography in a
descending solvent system of 2,6-dimethylpyridine/water
[10:7], the isolated ['4C]heme was 99% radiochemically pure,
excluding significant contamination by 8-aminolevulinic acid,
which migrates at about one-half the Rf of heme under these
conditions (16).

Each study was conducted with culture plates prepared
from a single rat liver. The results are expressed per plate,
because protein content varied <5% among plates from the
same batch of cells. The efficiency of the COcollection ap-
paratus was 85-95%, as determined by recovery of '4CO
generated in the animal chamber from ['4C]formic acid dehy-
drated with hot (65°C) concentrated sulfuric acid. The data for
14CO have been corrected for this efficiency factor.

RESULTS

Production of 14CO from endogenous ["4C]heme
in vivo: hepatic and renal components. The dis-
appearance of labeled heme from the liver was meas-
ured and compared to the excretion of '4CO over the
same time period after administration of 8-amino-
[5-'4C]levulinic acid. In intact animals, 65-70% of
[14C]heme disappearing during the period of study ap-
peared to be accounted for as '4CO (Table I), a figure not
strikingly different from a previous estimate of the pro-
portion of exogenous heme converted to bile pigment
in vivo (17). However, this approach neglects a possible
contribution of labeled renal heme to 14CO production.
After administration of 8-amino[5-'4C]levulinic acid,
as described above (Methods), labeled heme is present
in both kidneys and liver, in approximately equivalent
amounts, with respect to the total labeled heme in the
organs (Table II). Therefore, the kidneys are potentially
a significant source of '4CO. The renal component of
total 14CO excretion was studied first by comparing
labeled COproduction in an intact animal with that

from an animal subjected to bilateral nephrectomy.
As shown in Fig. 1, removal of the kidneys was followed
by an average 30% decrease in 14CO production.

If the renal contribution is considered and the data of
Table I recalculated, the corrected figures suggest that
-50% of hepatic ['4C]heme disappearing during the
period of observation can be accounted for by 14CO.
This inference was supported by a study in which the
disappearance of labeled hepatic heme and production
of labeled CO in vivo were measured by the usual
protocol, modified to include a bilateral nephrectomy,
which was carried out just before taking the initial
liver specimen and placing the animals in the ap-
paratus for COcollection. In these studies, 14CO pro-
duction accounted for 58±20% (mean+SD, n = 6) of
['4C]heme disappearing from the liver.

Degradation of endogenous or exogenous I14C]heme
in primary hepatocyte culture. The experimental
data may be corrected for the renal component of
14CO production, with the assumption that labeled
hepatic heme is the source for the remaining ob-
served 14CO. However, organs other than liver and
kidney form small amounts of ['4C]heme (Table II),
and these may contribute to 14COproduction, spuriously
elevating the apparent conversion of hepatic heme to
CO. Moreover, interstudy variation with the intact
animals is considerable as a result of the various
factors that enter into the calculation of initial hepatic
[I4C]heme (Methods). For these reasons, studies with
hepatocytes in culture were undertaken as a means of
directly correlating degradation of labeled heme and
production of labeled COor bile pigment in hepatic
parenchymal cells. To ensure that the labeled en-
dogenous heme fraction studied in culture was similar
to that in vivo, hepatocyte cultures were prepared
from animals that had received 8-amino[5-'4C]levulinic

TABLE I
Degradation of Endogenous Hepatic [14C]Heme and Production of 14CO in Intact Rats

14CO production
Hepatic 1'4C]heme Apparent fractional conversion

Heme of [1'4Cheme to '4Cp
Initial Final Total equivalent*

Studv (A) (B) (C) (D) (D/A - B) x 100

10-3 x dpm 10-3 x dpm %

1 1,770 912 73 584 68
2 1,772 1,064 62 496 70
3 1,968 818 95 760 66

Animals of comparable age and weight received 10 uCi of 8-amino[5-t4C]levulinic
acid. 16 h later, -3% of the liver was removed for estimating the initial hepatic[14C]heme,
as described in Methods. The animals then were placed in metabolic chambers and
14CO continuously collected for the subsequent 12 h. At the end of this period, the
animal was killed, the liver excised, and the remaining labeled heme quantitated.
* Represents (C x 8); with &amino[5-'4C]levulinic acid as precursor, one-eighth of the
4C in newly synthesized heme is in the a-meso bridge carbon.
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TABLE II
Distribution of [t4C]Heme in Rats Given

6-Amino[5-'4C]Levulinic Acid

Amount
Tissue measured ['4C]heme

dpm, M.ean -SD

Brain Total 481±300
Spleen Total 1,479+436
Duodenum + jejunum 30 cm 15,019+3,096
Lungs Total 3,972±2,894
Adrenals Total 389±118
Muscle, skeletal g 1,371±898
Kidneys Total 720,237+122,689
Blood ml 502±51
Liver Total 565,314± 198,236

Rats weighing 275-315 g (n = 4) received &amino[5-14C]levu-
linic acid, 5,uCi, according to the protocol described in Meth-
ods and 16 h later were sacrificed by exsanguination under
ether anesthesia. Organs were excised, homogenized in iso-
tonic saline and analyzed for labeled heme without calcula-
tion of residual blood within the tissue; the segment of small
intestine was flushed thoroughly with iced saline before ho-
mogenization.

acid in vivo, 16 h before the preparation of isolated
hepatocytes, as described in Methods. As shown in
Table III, -25% of the labeled endogenous heme
disappearing in culture during the study period could
be accounted for as 14CO, and this was unaffected by
the presence of albumin and unlabeled heme (5 ,ug/ml)
in the culture medium. By contrast, exogenous [14C]-
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3000 K

2000
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SHAMNEPHRECTOMY(0)

t~~~~~~~~~~~~~~I Ar )
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HOURSOF '4Co COLLECTION

FIGURE 1 Effect of bilateral nepbrectomy on "CO excretion
in vivo. A pair of rats were labeled with 8-aminol5-'4C]-
levulinic acid, and 16 h later, hourly collections of 14CO were
begun. After measurement of base-line 14CO excretion in
both animals, one animal was subjected to bilateral nephrectomy
and the other to a sham operation as outlined in Methods.
From the difference in 14CO excretion rates 1 h after the
operations (between 8 and 11 h), the renal contribution to total
14CO excretion was calculated to be 33%. A repetition of
the experiment gave a value of 28%.

heme (presented to the cells as a complex with albumin)
underwent essentially quantitative conversion to
"CO (Table III). In other studies, [14C]bilirubin was
extracted and quantitated; it was always less (on a molar
basis) than the amount of COproduced under similar
conditions, regardless of the addition of serum albumin
to the culture medium. This finding is consistent with
partial spontaneous degradation of the pigment during
incubation in culture which was confirmed in control
studies. When culture media containing [14C]bilirubin
were added to plates without cells and incubated at
37°C for 20 h, only 25% of the initial ['4C]bilirubin
was recovered; in the presence of 10 mg/ml bovine
serum albumnin, 75% was recovered.

DISCUSSION

These studies in vivo and in primary hepatocyte
culture demonstrate that endogenous heme in normal
rat liver is degraded to a significant extent by pathways
not yielding COand bile pigment. The rationale for
measuring production of 14CO in vivo rather than the
appearance of labeled bilirubin in bile, has been dis-
cussed (8). Bile bilirubin and exhaled COare equivalent
parameters of heme degradation in the rat, as shown
by the studies of Landaw and co-workers (2). In
hepatocyte culture, measurement of [14C]bilirubin
underestimates the conversion of heme to bile pigment
because of the instability of bilirubin in culture
medium, even in the presence of added serum albumin.
Therefore, measurement of 14CO appeared to be
superior to that of ['4C]bilirubin in this setting also.
Possible methodological artifacts associated with the
studies in culture include metabolism of CO (pre-

TABLE III
Degradationi of Exogenious or Et dogenious [14C]Heme

and Productiont of 14CO by Rat Hepatoctytes
in Primary Culture

Conversioni of 1'4Clherne to 14CO*

Mlean percent±SD Ranige

Exogenous ['4C]heme
(n =5) 96±11 72-99

Endogenous ['4C]heme
(n = 5) 25±7 18-35

Cultures from untreated animals were prepared as described
in Methods. Exogenous ['4C]heme was added to culture me-
dium as a complex with rat serum albumin, at a final concen-
tration of 5 ,ug/ml. Cultures with endogenous [14C]heme were
from animals that had received 8-amino[5-'4C]levulinic acid
16 h before hepatocyte preparation (see Methods).
* Conversion calculated as in Table I.
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sumably to CO2), its binding to tissue components,
or leakage of the gas from the incubation containers,
any of which would result in a low recovery of "4CO.
With regard to the oxidation of CO or its binding to
tissue components, it should be noted that the degrada-
tion of exogenous heme in culture was accompanied
by a nearly stoichiometric release of CO. Thus, if
metabolism or tissue binding occur, it appears to involve
selectively COderived from endogenous, rather than
exogenous, heme. Although theoretically possible,
subcellular compartmentalization of a gas would be
unprecedented. Leakage of CO from the incubation
containers and binding of exogenous 14CO to culture
components were examined in preliminary experiments
and found to be negligible. We have previously
reported that degradation of cytochrome P-450 heme is
accelerated in cultured hepatocytes (14, 18, 19), which
raises the possibility that heme catabolism is altered.
However, the accelerated degradation of cytochrome
P-450 heme in cultured hepatocytes is accompanied by
a striking increase in heme oxygenase activity (18),
which suggests at least that there is an ample enzymatic
capacity in the cells for the conversion of heme to CO.

This protocol was devised to provide information
largely about heme pools associated with the group of
microsomal cytochromes P-450 (and, perhaps, cyto-
chrome b5, although this heme protein turns over
relatively slowly). The fractional conversion of non-
microsomal heme to COand bile pigment may differ
from that reported here. While this possibility should
be examined, the degradation of cytochrome P-450
heme holds particular interest since these hemopro-
teins account for well over 50% of total hepatic heme
turnover (10). Moreover, unlike the mitochondrial
(a and c type) cytochromes, the prosthetic group for
cytochrome P-450 is the same as that of hemoglobin,
i.e., protoheme (20). The latter fact invites a comparison
between the degradation of microsomal and exogenous
heme in rat liver, particularly since circulating hemo-
globin (either free or complexed with haptoglobin),
methemalbumin, and heme-hemopexin are taken up
and degraded in the parenchymal cells of the liver
(21). Ostrow and colleagues (17) showed several years
ago that the fractional conversion of administered
hemoglobin to bile pigment was variable, ranging as
low as 55%, and they raised the possibility of non-
bilirubin pathways for heme degradation. Snyder and
Schmid (22) found a similarly reduced recovery in
administered ['4C]hematin as [14C]bilirubin. However,
with the smallest doses of labeled hemoglobin, the
recovery of labeled bilirubin approached 100% (17),
and Landaw (6), in a more recent study of transfused
labeled erythrocytes, has reported quantitative conver-
sion of circulating heme to CO. Likewise, these
studies indicate that hepatic parenchymal cells in
primary culture convert exogenous heme nearly

quantitatively to CO. In sharp contrast, catabolism of
endogenous (microsomal) heme in hepatic parenchymal
cells appears to proceed to only a minor extent by
way of bile pigment formation. If degradation of both
endogenous and exogenous heme takes place in the
same hepatic cells, these findings suggest that com-
partmentation of heme catabolism must exist, supporting
conclusions from earlier studies of bilirubin kinetics
in liver and plasma (21, 23-25).

We had previously postulated the existence of a
non-CO forming pathway for degradation of endogenous
hepatic heme in vivo (26). In those preliminary studies,
treatment of rats with carbon tetrachloride or with the
porphyrinogenic agent, allylisopropylacetamide, was
found to accelerate the degradation of hepatic heme
in the absence of a concomitant increase in COforma-
tion (26). Although it was assumed that the non-CO
forming pathway was an "abnormal" one, elicited
under conditions of a toxic insult to the liver, the present
studies in normal rats emphasize that a quantitatively
important route for degradation of hepatic (microsomal)
heme also does not involve CO. Carbon tetrachloride
or allylisopropylacetamide may directly attack the
heme molecule, as recently reported for the latter
agent (27). However, it is also possible that these
compounds accelerate the breakdown of hepatic heme
in part by stimulating normal degradative pathways.

The physiologic process responsible for heme catab-
olism by the non-CO forming pathway(s) in liver
remains to be identified. By extrapolation from in
vitro studies, it is possible to speculate that forma-
tion of lipid peroxides may be involved. The heme
moiety of cytochrome P-450 is susceptible to peroxide.-
tive attack in vitro, yielding unknown products that
do not include CO (28, 29). Studies of the effects of
preformed lipid peroxides have shown that cytochrome
P-450 exhibits peroxidase activity and, under some
circumstances, may undergo peroxidative "auto-
degradation" (30). Jeffery and co-workers (31), extending
these observations, have reported that destruction of
cytochrome P-450 in vitro by lineoleic hydroperoxide
is biphasic. About 50% of the cytochrome exhibited
a relatively high susceptibility to peroxidative attack,
and this fraction appeared to be increased in microsomes
from animals pretreated with phenobarbital. The
implication of these data for the present study is that
heme undergoing degradation by non-CO forming
pathways may be associated with a subspecies of cyto-
chrome P-450, some fractions of microsomal heme being
degraded by heme oxygenase, others by the non-CO
forming route. By simple modification of the present
approach, it should be possible to measure the frac-
tional conversion to COof endogenous heme in various
pools-the heme associated with subspecies of cyto-
chrome P-450 or the heme precursor of the "early la-
beled" bile pigment fraction in liver (7).

Degradation of Endogenous Hepatic Heme 1139



ACKNOWLEDGMENTS
The valtuable assistance of Lydia Hammaker, Okhi Choun,
and Joyce Barwick is gratefully acknowledged.

The work was aided by U. S. Public Health Service grants
AM-21642, P50 AM- 18520, AM-18976, the Walter C. Pew Fund
for Gastrointestinal Research, and by U. S. Public Health Ser-
vice Research Career Development Awards K04-GM-00149 to
Dr. Bissell and K04-AM-00570 to Dr. Guzelian.

REFERENCES

1. Schmid, R., and A. F. McDonagh. 1978. Hyperbili-
rubinemia. hI The Metabolic Basis of Inherited Disease.
J. B. Stanburv, J. B. Wyngaarden, and D. S. Fredrickson,
editors. McGraw-Hill Book Co., Inc., New York, 4th
edition. 1221-1257.

2. Landaw, S. A., E. W. Callahan, Jr., and R. Schmid. 1970.
Catabolism of heme in vivo: comparison of the simultaneous
production of bilirubin and carbon monoxide. J. Clin.
Invest.49: 914-925.

3. Tenhunen, R., H. S. Marver, and R. Schmid. 1970.
Microsomal heme oxygenase: characterization of the
enzyme.J. Biol. Chem. 244: 7388-7394.

4. Bissell, D. M., L. Hammaker, and R. Schmid. 1972.
Hemoglobin and erythrocyte catabolism in rat liver: the
separate roles of parenchymal and sinusoidal cells. Blood.
40: 812-822.

5. Coburn, R. F., W. J. Williams, and R. E. Forster. 1964.
Effect of erythrocyte destruction on carbon monoxide
production in man.J. Clin. Invest. 43: 1098-1103.

6. Landaw, S. A. 1972. Quantitative recovery of 14C-
labeled carbon monoxide ('4CO) from viable heme-labeled
red blood cells in the rat. Blood. 40: 257-260.

7. Robinson, S. H., M. Tsong, B. W. Brown, and R. Schmid.
1966. The sources of bile pigment in the rat: studies of
the "early labeled" fraction.J. Clin. Invest. 45: 1569-1586.

8. Bissell, D. M., and L. E. Hainmaker. 1976. Cytochrome
P-450 heme and the regulation of hepatic heme oxygenase
activity. Arch. Biochem. Biophys. 176: 91-102.

9. Sato, R., and T. Omura. 1978. Cytochrome P-450.
Academic Press, Inc., New York. 14-16.

10. Meyer, U. A., and R. Schmid. 1978. The porphyrias.
In The Metabolic Basis of Inherited Disease. J. B.
Stanbury, J. B. Wyngaarden, and D. S. Fredrickson,
editor. McGraw-Hill Book Co., Inc., New York. 4th
edition. 1166-1220.

11. Bissell, D. M., L. Hammaker, and U. A. Meyer. 1973.
Parenchymal cells from adult rat liver in non-proliferating
monolayer culture. I. Functional studies.J. Cell. Biol. 59:
722-734.

12. Schwartz, S., and R. Cardinal. 1967. Non-hemoglobin
heme intermediates in the biosynthesis of bile pig-
ments. Medicine (Baltimore). 45: 73-81.

13. Ostrow, J. D., L. Hammaker, and R. Schmid. 1961.
The preparation of crystalline bilirubin-C'4. J. Clin.
Invest. 40: 1442-1452.

14. Guzelian, P. S., and D. M. Bissell. 1976. Effect of cobalt
on synthesis of heme and cytochrome P-450 in the liver:
studies of adult rat hepatocytes in primary monolayer
culture and in vivo. J. Biol. Chem. 251: 4421-4427.

15. Sinclair, P., A. H. Gibbs, J. F. Sinclair, and F. De-
Matteis. 1979. Formation of cobalt protoporphyrin in the

liver. A mechanism for the inhibition of liver haem
biosynthesis by inorganic cobalt. Biochem. J. 178:
529-538.

16. Falk, J. E. 1964. Porphyrins and Metalloporphyrins.
Elsevier/North Holland, Amsterdam. 184-185.

17. Ostrow, J. D., J. H. Jandl, and R. Schmid. 1962. The
f)rmatioii of bilirubin from hemoglobin in vivo. J. Clin.
Intvest. 41: 1628-1637.

18. Bissell, D. M., and P. S. Guzelian. 1975. Microsomiial
fuinctions and phenotypic change in adult rat hepatocytes
in primary monolayer culture. In Gene Expressioni and
Carcinogenesis in Cultuired Liver. L. E. Gerscheniso
and E. B. Thompson, editors. Academic Press, Inc.,
New York. 119-136.

19. Guzelian, P. S., D. M. Bissell, and U. A. Meyer. 1977.
Drug metabolism in adult rat hepatocytes in primary
monolayer culture. Gastroenterology. 72: 1232-1239.

20. Maines, M. D., and M. W. Anders. 1973. Character-
ization of the heme of cytochrome P-450 using gas
chromatography-mass spectrometry. Arch. Biocheml.
Biophys. 159: 201-205.

21. Bissell, D. M. 1975. Formation and elimination of bili-
rubin. Gastroenterology. 69: 519-538.

22. Snyder, A. L., and Schmid, R. 1965. The conversion of
hematin to bile pigment in the rat. J. Lab. Clin. Med.
65: 817-824.

23. Jones, E. A., J. R. Bloomer, and N. I. Berlin. 1971.
The measurement of the synthetic rate of bilirubin from
hepatic hemes in patients with acute intermittent
porphyria.J. Clin. Invest. 50: 2259-2265.

24. Berk, P. D., F. L. Rodkey, T. F. Blaschke, H. A. Collison,
and J. F. Waggoner. 1974. Comparison of plasma bili-
rubin turnover and carbon monoxide production in man.

J. Lab. Clin. Med. 83: 29-37.
25. Kirshenbaum, G., D. M. Shames, and R. Schmid. 1976.

An expanded model of bilirubin kinetics: effect of
feeding, fasting, and phenobarbital in Gilbert's syndrome.

J. Pharmacokinet. Biopharm. 4: 115-155.
26. Guzelian, P. S., and D. M. Bissell. 1976. Stimulation

of normal and abnormal degradation of hepatic cyto-
chrome P-450 heme by hepatotoxins: effect of cyclo-
heximide. Fed. Proc. 35: 1393. (Abstr.)

27. Ortiz de Montellano, P. R., B. A. Mico, and G. S. Yost.
1978. Suicidal inactivation of cytochrome P-450: forma-
tion of a heme-substrate covalent adduct. Biochem. Bio-
phys. Res. Commun. 83: 132-137.

28. Schacter, B. A., H. S. Marver, and U. A. Meyer. 1973.
Hemeand hemoprotein catabolism during stimulation of
microsomal lipid peroxidation. Drug Metab. Dispos. 1:
286-290.

29. DeMatteis, F., A. H. Gibbs, and A. Unseld. 1977. Loss
of haem from cytochrome P-450 caused by lipid peroxida-
tion and 2-allyl-2-isopropylacetamide: An abnormal
pathway not involving production of carbon monoxide.
Biochem. J. 168: 417-422.

30. Hrycay, E. G., and P. S. O'Brien. 1971. Cytochrome
P450 as a microsomal peroxidase utilizing a lipid peroxide
substrate. Arch. Biochem. Biophys. 147: 14-27.

31. Jeffery, E., A. Kotake, R. el Azhary, and G. J. Man-
nering. 1977. Effects of lineolic acid hydroperoxide on
the hepatic monooxygenase systems of microsomes from
untreated, phenobarbital-treated, and 3-methylcholan-
threne-treated rats. Mol. Pharmacol. 13: 415-425.

1140 D. M. Bissell and P. S. Guzelian


