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SUMMARY
The homozygous recessive jaundiced Gunn rat lacks expression
of bilirubin UDP-glucuronosyltransferase and serves as a model
for Cngler-Najjar syndrome type I, in which high and toxic plasma
levels of bilirubin result from this genetic defect in bilirubin
conjugation. Both rats and humans dispose of this heme waste
product by an alternate metabolic route that involves oxidation
of the compound, followed by biliary excretion of the more polar
metabolites. To determine the role of cytochrome P450 in this
process, hepatic levels of cytochrome P450 mRNA and protein
were measured in jaundiced and nonjaundiced Gunn rats as a
function of age and sex. The mRNA and protein levels of cyto-
chrome P450(CYP) 1 Al and CYP1 A2 were markedly elevated in
the jaundiced rats at the age of 1 0 days, compared with their
nonjaundiced littermates. Levels of CYP2E1 mRNA and protein
did not differ between these rats, indicating that the CYP1 A
P450 genes were specifically induced. CYP1A1 mRNA and
protein levels increased further in the jaundiced animals between

10 days and 1 month of postnatal life but remained undetectable
in the nonjaundiced littermates. On the other hand, CYP1 A2
mRNA and protein content increased during this time period in
both jaundiced and nonjaundiced rats, but at the age of 1 month
there were no major differences between the two groups.
Cypi A2 mRNA and protein levels were indistinguishable in 3-
month-old jaundiced and nonjaundiced Gunn rats, whereas
cyP1 Al could not be detected in either group. These data
suggest that young jaundiced Gunn rats cope with the degra-
dation of toxic bilirubin by increasing hepatic levels of CYP1 Al
and CYP1 A2. On the other hand, normal developmental activa-
tion of CYP1 A2 may provide the alternative pathway for bilirubin
degradation in adult animals. This is the first demonstration of
the induction of cytochrome P450 gene expression to permit the
elimination of an endogenously generated neurotoxic chemical
in a genetic disease in which the normal excretory mechanism is
impaired.

The superfamily of cytochrome P450 genes encodes a variety
of proteins that catalyze the oxidation of endo- and xenobiotics

into both biologically inactive and, in some cases, reactive

metabolites (1). Among the endogenous substrates of these

enzymes are steroids, fatty acids, and prostaglandins.

Kapitulnik and Ostrow (2) suggested that bilirubin, the neu-

rotoxic end-product of hemoglobin catabolism, could be an

additional endogenous substrate for cytochrome P450. Biliru-

bin is normally excreted in the bile after being conjugated with

glucuronic acid. Patients with CNS-I are not able to conjugate

bilirubin and thus develop a lifelong and severe unconjugated

hyperbilirubinemia.

The jj Gunn rat is the animal model of the human syndrome.

These rats lack a functional bilirubin UDP-glucuronosyltrans-

ferase gene (3, 4). Plasma bilirubin levels increase in the jj

Gunn rat rapidly after birth, but this increase levels off during
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the third week of extrauterine life, suggesting that an alternate

metabolic pathway is recruited to dispose of the neurotoxic

bilirubin. This “salvage” system arrests the increase in plasma
levels of the pigment by converting it into polar oxidation

products, which can then be excreted in the bile without the

need for conjugation (5). Inducers of CYP1A1 and CYP1A2,
such as TCDD, 3-MC, and fl-naphthoflavone, markediy de-
creased plasma bilirubin levels in jj Gunn rats (2, 6, 7), whereas

inducers of other forms of cytochrome P450 failed to do so (8,

9). In addition, specific constitutive increases in the microsomal
content of CYP1A1 and CYP1A2 were documented in jj Gunn
rat liver (6), suggesting that these cytochrome P450 forms could
be involved in bilirubin homeostasis in the jj Gunn rat. Re-
cently, Dc Matteis et al. (10, 11) provided additional evidence

for the presence of a TCDD-inducible microsomal system in jj
Gunn rat liver that degrades bilirubin via cytochrome P450-
mediated oxidation.

The present report demonstrates that CYP1A1 and CYP1A2
are constitutively increased in jj Gunn rat liver as a result of
the marked elevation of their respective mRNAs.
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Fig. 1. Levels of plasma bilirubin in jj Gunn rats as a function of age.
Values from male and female animals were combined for each age group
and are presented as mean ± standard deviation (three to eight animals
per age group).
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Materials and Methods

Animals. Female and male Gunn rats were obtained from the

Animal Facility of the Hebrew University Medical School. This colony

originated from breeders obtained from the Skin and Cancer Hospital,
Temple University (Philadelphia, PA). The rats were maintained in an
environment free of known inducers of cytochromes P450 and were fed
a breeder rat diet, containing 11% fat (Weizmann Institute, Rehovot,

Israel), and water ad libitum.

Protein blots. Microsomes were prepared from pooled livers of 10-

day-, 1-month-, and 3-month-old jj and Jj Gunn rats by differential

centrifugation (12). Each sample was pooled from livers of three to
eight animals. Microsomes were electrophoresed on 10% polyacryl-

amide gels according to the method of Laemmli (13). Samples were

then transferred to nitrocellulose sheets and treated with rabbit poly-

clonal antibodies to CYP1A1/CYP1A2 and CYP2E1 (14), as described

by Towbin et al. (15). The blots were stained with alkaline phosphatase-

labeled goat anti-rabbit IgG (KPL Laboratories, Gaithersburg, MD).
RNA blots. Total RNA was obtained by the method of Chirgwin et

al. (16) and was subjected to electrophoresis on 1% agarose gels con-

taming 2.2 M formaldehyde (17), followed by Northern blot hybridiza-

tion. The filters were hybridized with 32P-labeled cDNA probes pre-

pared by nick translation and were washed according to the method of

Church and Gilbert (18). The mouse CYP1A1 and CYP1A2 cDNAs

(19) and rat CYP2E1 cDNA (20) have been described.

Results

Bilirubin levels increased in the jj animals after birth, peaked

at 2 weeks of age, decreased slightly thereafter, and reached a

plateau at about 1 month (Fig. 1). There were no differences in

plasma bilirubin levels between male and female jj rats (data

not shown).

Both CYP1A1 and CYP1A2 proteins were constitutively

increased postnatally in the livers of jj animals (Fig. 2). This

increase was already evident at the age of 10 days, compared
with Jj animals, in which CYP1A1 was absent and CYP1A2
was barely detectable. Both proteins were markedly expressed

in jj animals at the age of 1 month. However, whereas CYP1A1

was still absent in Jj rat livers, CYP1A2 was clearly present at

this age in the latter livers and its levels were similar to those

.�-. �-r r��’r�-�

Fig. 2. Western immunoblot analysis of CYP1 Al , CYP1 A2, and CYP2E1
in livers of jj and Jj male and female rats of various ages. Ten micrograms
of microsomal protein were electrophoresed on sodium dodecyl sulfate-
containing 10% polyacrylamide gel and were electrotransferred to nitro-
cellulose paper. The filters were treated with rabbit anti-rat CYP1A1 or
rabbit anti-rat CYP2E1 and alkaline phosphatase-labeled goat anti-rabbit
IgG. Alkaline phosphatase precipitates were generated using developing
reagent.

found in the livers of jj animals (Fig. 2). CYP1A1 was not

detected in either jj or Jj adult animals, and there were no

differences between their hepatic CYP1A2 levels (Fig. 2). He-
patic CYP2E1 protein contents were similar for jj and Jj rats
among all age groups (Fig. 2).

CYP1A1 and CYP1A2 mRNAs were also examined in jj and
Jj rats of different ages. CYP1A1 mRNA levels were signifi-

cantly elevated in both male and female 10-day-old jj animals,

compared with their Jj littermates (Fig. 3). Similarly, but less

markediy, CYP1A2 mRNA was increased in the jj animals. The
increased expression of CYP1A1 peaked at 1 month of age and

disappeared in the adult animals. On the other hand, the

CYP1A2 gene was maximally expressed at 1 month of age and

remained expressed during adulthood, but the mRNA levels

were similar for the jj and Jj animals (Fig. 3). There were no
differences between the jj and Jj rat livers in their contents of

CYP2E1 and fl-actin mRNAs (Fig. 3).

Discussion

The congenital unconjugated hyperbilirubinemia of Gunn

rats has been shown here to be associated with a specific

stimulation of the synthesis of CYP1A1 and CYP1A2 mRNAs,

resulting in an increased hepatic content of the respective

proteins.

Three lines of evidence suggest that these two cytochromes

P450 might be involved in the alternate pathways of bilirubin

catabolism that are responsible for the elimination of bilirubin

in ii Gunn rats. First, in the absence of bilirubin UDP-glucu-

ronosyltransferase, bilirubin is converted to water-soluble me-

tabolites that are readily excreted into the bile. Some of these

metabolites are hydroxylated derivatives of bilirubin that re-

semble characteristic products of cytochrome P450-mediated

oxidation (5). These bilirubin metabolites include a hydroxy

derivative at the exovinyl side chain and several monohydroxy

and dihydroxy derivatives at the methene bridges connecting

the pyrrole rings. A glutathione conjugate at the exovinyl side

chain of bilirubin was found in bile of jj Gunn rats, suggesting

a role for cytochrome P450 in generating the corresponding

epoxide, which is then conjugated with glutathione (21).
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FIg. 3. Northern blot analysis of mRNAs encoding CYP1AI , CYP1A2,
CYP2E1 , and #{216}-actin.Ten micrograms of total liver RNA from jj and Jj
male and female rats of various ages were denatured and subjected to
electrophoresis. The nucleic acids were transferred to nylon membranes
and hybridized to the respective cDNA probes that had been labeled
with 3�P by nick translation. The filters were washed and subjected to
autoradiography for 24 hr, with the aid of a DuPont Lighting Plus
intensifying screen.

Second, specific inducers of CYP1A1 and CYP1A2, such as

TCDD, 3-MC, �l-naphthof1avone, and the clinically used phe-

nothiazines (2, 6, 7, 22), markedly reduced plasma bilirubin
levels, accelerated the fractional turnover of bilirubin, de-

creased the total pigment pool, and increased the biliary excre-
tion of hydroxylated bilirubin metabolites in ii Gunn rats. In

contrast, inducers of other forms of cytochrome P450, such as

phenobarbital and clofibrate, did not affect the plasma bilirubin
levels in these rats (8, 9). Interestingly, phenobarbital also did
not ameliorate the jaundice of the totally conjugation-deficient

patients with CNS-I, whereas it was successful in reducing
effectively the plasma bilirubin levels in the partially deficient
Crigler-Najjar Syndrome type II patients (23). The negative

results obtained with clofibrate suggest also that peroxisomal
oxidases are not involved in the alternate pathways of bilirubin

catabolism.
Third, in in vitro experiments with microsomes from TCDD-

treated animals it was shown that bilirubin degradation re-
quires NADPH and 02 and can be inhibited by an antibody
that recognizes both CYP1A1 and CYP1A2 (10, 11).

Our present results tend to support the role of both CYP1A1
and CYP1A2 in the alternate pathways of bilirubin catabolism

in jaundiced Gunn rats. CYP1A1 expression is markedly in-
creased throughout the first month of life in jj rats, whereas it
is absent in Jj rat liver. The expression of the CYP1A2 gene
parallels that of CYP1A1 but exhibits less marked quantitative
differences between ii and Jj rats. It will be of interest to
demonstrate whether a causal relationship exists between the

changes in expression of CYP1A1 and CYP1A2 in jj Gunn rats

as a function of age. Nevertheless, it is possible that in the

immediate postnatal period both constitutively expressed cy-

tochromes P450 intervene in bilirubin oxidation, whereas only

CYP1A2 remains involved in this pathway in the adult animals.

The cytochrome P450-mediated elimination of bilirubin ap-

pears to be a much less efficient process than normal hepatic
glucuronidation, and therefore plasma bilirubin levels remain

elevated, although constant, in both adult jj Gunn rats and

patients with CNS-I. Recently, it was suggested that adult jj

Gunn rats eliminate bilirubin via direct transfer from blood to
the intestinal lumen, where the bilirubin is degraded to urobi-

linogen and excreted in the feces (24). It is not clear whether
such an excretory route is operative in 1-month-old jj rats and
whether it is inducible by TCDD or 3-MC in the adult jj
animals.

It remains to be established what endogenous compounds
mediate the specific accumulation of CYP1A1 and CYP1A2
mRNAs and whether this increase results from transcriptional

activation of the CYP1A1 and CYP1A2 genes or mRNA sta-
bilization. Nevertheless, it is of interest that the most promi-

nent increases in CYP1A1 and CYP1A2 mRNA levels in jj rats
were observed at the age of 1 month, that is, after the postnatal
peak in plasma bilirubin levels that occurs during the third
week oflife, thus suggesting a role for bilirubin in the regulation
of CYP1A1 and CYP1A2 expression.

This is the first demonstration of induction of cytochrome

P450 gene expression by an endogenous substance, which per-
mits the excretion of an endogenously generated neurotoxic
chemical in a genetic disease in which the normal excretory

pathway of this chemical is impaired. The search for a safe,

nontoxic, specific inducer of CYP1A1 and/or CYP1A2 could
be of great value in improving the treatment of patients with
CNS-I, because the available therapeutic measures are very
limited, cumbersome, and not effective on a long term basis.
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