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ABSTRACT. Uridine diphosphate (UDP)-glucuronosyltransferases (UGTs), presently called UDP-glycosyl-
transferases, catalyse the detoxification of many toxic and carcinogenic compounds. Glucuronidation is also a
major metabolic pathway for numerous drugs. The UGT1A6 gene (formerly known as UGT1*06 and UGT1A1)
has been suggested to belong to the aryl hydrocarbon (Ah) gene battery, which consists of several genes encoding
for drug-metabolising enzymes regulated by dioxin and other ligands of the Ah receptor. In this study, we
analysed the localisation of UGT1A6 expression in rat liver by in situ hybridisation to mRNA. Two different
RNA probes were used, one which was specific to UGT1A6 and the other against the C terminal sequence
shared by all UGT1 genes. In this study, no UGT1A6 mRNA was detected in the control animals. However,
other gene(s) of the UGT1 family were expressed in the perivenous region surrounding the central veins as
detected by hybridisation with the probe against the common region of the UGT1 genes. Treatment with the
lower dose (5 mg/kg) of 3-methylcholanthrene (3MC) induced expression of UGT1A6 perivenously. Treatment
with the higher dose (25 mg/kg) of 3-Methylcholanthrene resulted in a more panacinar expression pattern. In
contrast to the perivenous induction observed with 3-methylcholanthrene, treatment with 15 mg/kg of
b-naphthoflavone (BNF) resulted in strong induction in the periportal region. The results reveal an
inducer-specific pattern of UGT1A6 expression similar to that demonstrated earlier for other Ah battery genes,
namely CYP1A1, CYP1A2, GSTYa and ALDH3. The finding further supports the notion that common factors
regulate the regional hepatic expression of Ah battery genes. BIOCHEM PHARMACOL 56;5:569–575, 1998.
© 1998 Elsevier Science Inc.
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Glucuronidation is a major detoxification pathway in
mammals. Glucuronide formation is catalysed by a family of
UDPi-glucuronosyltransferases, according to the new no-
menclature UDP-glycosyltransferases [1], with a large num-
ber of endobiotic and xenobiotic compounds as substrates
[2]. UGTs participate in the metabolism of many toxic and
carcinogenic compounds. For instance, they play a major

role in the elimination of nucleophilic metabolites of
carcinogens, such as phenols and quinols of PAHs [3].
Glucuronidation is also a major metabolic pathway for
numerous drugs [4].

In mammals, three UGT families (UGT1, UGT2 and
UGT8) have been described [1]. UGT1 family enzymes are
responsible for glucuronidation of bilirubin and phenols,
whereas UGT2 family enzymes have steroids and bile acids
as substrates. The gene locus encoding rat UGT family 1
enzymes has been characterised [5]. There are nine unique
first exons which encode isoform-specific NH2-terminal
portions of each polypeptide. Each isoform of family 1
UGTs is formed by alternative utilisation of isoform-
specific promoters, which initiate the synthesis of the
unique first exons. These are spliced with the four com-
monly used exons (exons II–V), which encode the identical
C terminal region present in all family 1 members [5].

One of the UGT1 family enzymes, UGT1A6 (formerly
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known as UGT1*06 and UGT1A1), catalyses glucuronida-
tion of planar phenols. Phenolic compounds of many drugs
are glucuronidated by UGT1A6 [1], and this isoform also
participates in the detoxification of carcinogenic aromatic
hydrocarbons (e.g. benzo(a)pyrene) and aromatic amines
and their metabolites [2, 6]. The UGT1A6 gene is ex-
pressed in rat and man mainly in the liver but also in other
organs, such as kidney, lung and intestine [5, 7, 8]. The
UGT1 gene complex has been cloned and characterised
only recently, and, because of the overlapping substrate
specificities, it has been difficult to develop isoenzyme-
specific assays or to raise specific antibodies.

UGT1A6 has been suggested to belong to the so-called
Ah gene battery [9]. The Ah gene battery in mammals
consists of several genes encoding for drug-metabolising
enzymes. The Ah battery is best defined in mouse, in which
it has been shown to contain at least six genes: two genes
of oxidative metabolism, i.e. CYP genes Cyp1a1 and
Cyp1a2, as well as four genes participating in detoxifica-
tion, i.e. NAD(P)H:menadione oxidoreductase (Nmo1),
glutathione S-transferase Ya (GSTYa), “class 3” aldehyde
dehydrogenase (Ahd4), and UDP-glucuronosyltransferase
1a6 (Ugt1a6; corresponding to rat UGT1A6) [9]. All these
genes appear to be regulated positively by inducers such as
TCDD and other ligands of the Ah receptor. Other
components such as a 90-kDa heat shock protein (hsp90)
and Ah receptor nuclear translocator (Arnt) are also
involved in the induction process. The Ah receptor-Arnt
heterodimer complex initiates transcriptional activation by
binding to the XREs located in the promoter regions of the
Ah-responsive genes [9, 10, 11].

It has been demonstrated that, in the rat liver, many of
the xenobiotic-metabolising genes are not expressed uni-
formly, but exhibit characteristic zonated expression pat-
terns [12, 13]. Previously, it has been shown that after
induction by TCDD, 3MC and other common inducers,
the expression of two members of the Ah battery, CYP1A1
and CYP1A2, predominantly occurs in the centrilobular
(perivenous) region [14, 15]. In contrast to this, we and
others have previously observed that one of the inducers,
BNF, induced CYP1A1 expression at hepatocytes mainly in
the region surrounding the portal veins (periportal area)
[15–17]. Our studies on the expression of the CYP1A1 gene
by mRNA in situ hybridisation and amplification of both
CYP1A1 and CYP1A2 mRNA by RT-PCR from perivenous
and periportal cell lysates showed that the differential
region-specific induction occurs at the pretranslational
level in the rat liver [17]. Recently, similar regionally
different distribution patterns were seen for expression of
other Ah battery genes, GSTYa and ALDH3 [18].

In the present study, we used in situ hybridisation to
investigate the expression of the UGT family 1 genes in rat
liver. We used two different UGT1 probes, one which was
specific to UGT1A6 and the other complementary to a
fragment of the commonly used exons of the UGT1 genes,
to localise mRNA expression in untreated animals and in
animals treated with 3MC and BNF. Our aim was to study

hepatic induction of UGT1 genes, especially UGT1A6.
Moreover, we wanted to examine whether UGT1A6 would
show a similar region-specific expression pattern as ob-
served previously for CYP1A1, CYP1A2, GSTYa and
ALDH3.

MATERIALS AND METHODS
Animals

Male Wistar rats weighing 190 to 250 g and fed with
standard R3 diet (Ewos AB) were treated with 5 or 25
mg/kg of 3MC (Sigma Chemical Co.), 15 mg/kg of BNF
(Aldrich Chemical Co. Inc.) or vehicle only (corn oil, 5
mL/kg), by i.p. injection once a day for 3 consecutive days.
The experiments were approved by the local committee for
animal experiments.

cDNA CLONING

In order to generate the probes for in situ hybridisation, rat
UGT1A6 cDNA was cloned by the standard RT-PCR
method [19]. Total RNA was isolated from Wistar rat liver
as described earlier [20]. Primer for the RT reaction, based
on the published rat UGT1A6 cDNA sequence [21], was
59-TCAGTGGGTCTTGGATTTGTGTGATTTC-39and
the 59-end primer for the PCR reaction was 59-GAAAG
GATGGCTTGCCTTCTTCCTGCT-39. The PCR prod-
uct was cloned into pGEM3 vector (Promega) to yield
plasmid pOGL 911, and the DNA sequence of the insert
was determined with the Sequenase 2.0 sequencing kit
(United States Biochemical).

In Situ Hybridisation

The probe for the UGT1A6-specific sequences was gener-
ated from the pOGL 911 plasmid by HindIII restriction
enzyme digestion. The larger of the two DNA fragments
obtained was isolated from the agarose gel and religated.
This plasmid, pOGL 910, contained the vector and, in
addition, a 225-bp DNA fragment from the 59-end of the
rat UGT1A6 cDNA coding sequence. The probe common
for all rat UGT1 family genes was prepared by digestion of
pOGL 911 plasmid with EcoRI restriction enzyme, which
yielded two DNA fragments. The larger fragment contain-
ing the vector and a 619-bp sequence from the 39 end of the
UGT1A6 cDNA coding sequence was isolated from aga-
rose gel and religated to give plasmid pOGL 909. Figure 1
shows the location of the specific and common region
probes.

Single-stranded 35S-labeled antisense (complementary to
mRNA) RNA probes were synthetised by using the Ribo-
probe Gemini system II kit (Promega) as recommended by
the supplier and described in detail elsewhere [17]. Human
CYP1A1 sense probe was used as a negative, nonrelevant
control [22]. In situ hybridisation was carried out as de-
scribed earlier [17]. Briefly, 6-mm thick cryosections were
fixed with 4% paraformaldehyde and ice-cold ethanol,
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acetylated with 0.2% acetic anhydride in 0.1 M triethanol-
amine, pH 8.0, and hybridized for 16–18 hr at 63°. After
posthybridisation washes, the slides were dipped in Kodak
NTB2 emulsion (Eastman Kodak Co.), exposed for 14 days
at 14°, and developed as described [17].

RESULTS

The in situ hybridisation experiments were performed
with two RNA probes complementary to the rat UGT1
gene mRNAs. First, we used a 650-bp fragment comple-
mentary to the mRNA of the common C-terminal part,
thus able to recognise all the family 1 mRNAs. The second
probe was specific for UGT1A6, consisting of a 225-bp
fragment complementary to the mRNA of the specific
NH2-terminal region of the UGT1A6 isoform (Fig. 1). In
the experiments, uninduced rats and animals treated with 5
mg/kg and 25 mg/kg of 3MC and 15 mg/kg of BNF were
used.

In untreated control animals, the probe for the UGT1
common exons showed hybridisation, which was restricted
to the perivenous region. The intensity of the signal ranged
from a faint signal observed in two rats to a more intense
hybridisation observed in one animal (Fig. 2A). In contrast,
no hybridisation was observed with the probe specific for
the UGT1A6 mRNA in any of the uninduced animals
(data not shown).

In the animals treated with 3MC, the lower dose (5
mg/kg) induced mRNA expression detectable with the
probe specific for UGT1A6 in areas surrounding the central
veins (Fig. 2B). The treatment also appeared to have
induced other forms of the UGT1 mRNAs, as the hybridi-
sation was more intense with the probe common for the
UGT1 family (Fig. 2C). After treatment with the higher
dose (25 mg/kg) of 3MC, hybridisation spread toward the
panacinar pattern, being less intense only in the periportal
area (Fig. 2D and 2E).

In contrast to the predominantly perivenous induction

observed after treatment with 3MC, 15 mg/kg of BNF
resulted in induction of UGT1 mRNA expression in the
periportal areas (Fig. 3A and 3B). A similar, but slightly less
intense, periportal induction was observed with the
UGT1A6-specific probe (Fig. 3C). In one animal, faint,
ambiguous hybridisation was also observed in the
perivenous area (data not shown). Sections hybridised with
the control probe (human sense CYP1A1) were negative,
showing only a faint uniform background (data not shown).

DISCUSSION

In the present study, we investigated expression of UGT
family 1 genes, in particular UGT1A6, in rat liver with in
situ hybridisation to mRNA. In the three uninduced ani-
mals, UGT/A6 expression was undetectable. However,
when serial sections were hybridised with the probe against
the commonly used exons of the UGT1 genes, hybridisa-
tion ranging from faint to relatively intense was detected in
the perivenous region of the liver, indicating that other
gene(s) of the UGT1 family were expressed perivenously in
the untreated animals. The presence of UGT1A1 (formerly
UGT1B1) mRNA is likely to have contributed to the
hybridisation signal intensities observed with the probe
complementary to the common exons, because UGT1A1 is
known to be constitutively expressed and abundant in rat
liver [5].

Earlier results on the expression of the UGT1A6 isoform
in untreated rats are conflicting. Emi and coworkers [5]
reported previously that expression of the UGT1A6 (earlier
UGT1A1), but not UGT1A7 (earlier UGT1A2), was
detected by RT-PCR in the livers of untreated rats. From
the various UGT1 forms, UGT1A1 (earlier UGT1B1) was
found, however, to be the major form expressed. Interest-
ingly, in a more recent study they found that the levels of
UGT1A6 mRNA were almost undetectable in untreated
rat hepatocytes in culture [23]. Another study demonstrated
that the hepatic expression of UGT1A6 was low in un-

FIG. 1. The schematic structure of the rat UGT1
gene locus (according to Emi et al. [23]) is
illustrated in panel A. The boxes indicate exons.
The structure of the rat UGT1A6 (UGT1*06/
UGT1A1) cDNA is depicted in panel B. The
blank box indicates the UGT1A6-specific first
exon, the hatched and stippled boxes indicate the
common exons (II-V) for UGT1 family isoen-
zymes. HindIII and EcoRI restriction sites used to
generate the in situ probes are shown in the
middle. The location of UGT1A6-specific probe
as well as UGT1 common region probe are shown
at the bottom.
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treated animals and markedly inducible by TCDD treat-
ment, whereas in the extrahepatic tissues the expression
was predominantly constitutive and only moderately induc-
ible by TCDD [7]. Northern blotting studies indicated no
UGT1A6 mRNA in the livers of untreated rats [24]. In
mice, Ugt1a6 (corresponding to rat UGT1A6) was reported
to be constitutively expressed in the livers of uninduced
animals, and a 2- to 3-fold increase was observed after

TCDD treatment [25]. According to our results, UGT1A6
expression was undetectable in rat liver by in situ hybridi-
sation.

In the present study, the hybridisation with both
UGT1A6-specific probe and the probe for the commonly
used exons of UGT1 showed a perivenous expression
pattern in the livers of 3MC-treated rats. A higher dose of
3MC resulted in a more homogeneous expression pattern.

FIG. 2. Localisation of UGT1A6 and other UGT1 family mRNAs by in situ hybridisation in liver sections from untreated rats and
rats treated with 5 mg/kg or 25 mg/kg of 3MC. Terminal central venules (cv) and portal venules (p) are indicated in each
photomicrograph. Dark-field illumination was used except for (D) (bright-field). Original magnifications were 1003 (A, B, D and E)
and 2003 (C). The probe complementary to the common exons of the UGT1 family showed clear hybridisation in the perivenous
region in an untreated animal (A). After treatment with 5 mg/kg of 3MC, perivenous induction was observed with the probe specific
for UGT1A6 (B) and with the probe for the common exons of the UGT1 family (C). The treatment with a higher dose (25 mg/kg)
of 3MC resulted in mRNA expression which was more panacinar, as shown with the probe against the common exons of the UGT1
family (D, bright-field; E, dark-field).
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In contrast, in BNF-treated animals, an intense induction
in the opposite periportal region was observed. Similar to
the control animals, the animals treated with either 3MC
or BNF showed hybridisation that was more intense with
the probe against the commonly used exons. Both rat
UGT1A6 and UGT1A7 isoforms have been reported to be
induced by 3MC in the liver [5, 23, 26]. Thus, the more

intense hybridisation observed with the probe for the
common region of the UGT1 gene complex, as compared
to the UGT1A6-specific probe, may partly reflect the
expression of UGT1A7. Furthermore, as UGT1 forms other
than UGT1A6 seemed to be expressed at variable intensi-
ties in the uninduced control animals, this “background”
expression may also contribute to the hybridisation inten-
sity observed in the induced animals. This probably ex-
plains the faint binding observed in the perivenous region
in one BNF-treated animal when hybridised with the probe
common for the UGT1 family. The probe against the
common region was longer (619 bp) than the UGT1A6-
specific probe (225 bp), which may contribute to the
differences observed in the intensities of the hybridisation
signal.

We have previously observed inducer-specific regional
expression of cytochrome P450 genes CYP1A1 and
CYP1A2, glutathione S-transferase Ya (GSTYa), and the
tumor-associated aldehyde dehydrogenase 3 (ALDH3) in
the rat liver [17, 18]. Our present data demonstrate that
UGT1A6 shares this inducer-specific difference in regional
induction. These results support the notion that within the
liver, common factors regulate the regional expression and
induction of Ah battery genes. The perivenous induction
after the low dose of 3MC is similar to the response
observed for other common inducers [15, 16]. The peripor-
tal induction observed after treatment with BNF seems to
be a unique exception to this pattern. The regulatory
factors which could explain the opposite expression pat-
terns after pretreatments by 3MC and BNF are yet to be
examined. It has been shown that many of the genes
induced by planar aromatic compounds such as 3MC and
BNF possess one or several xenobiotic responsive element
core consensus sequence(s) in their promoters. The XRE
core consensus sequence (GCGTG) has been found in rat
CYP1A1 [27], UGT1A6 [23], GSTYa [28] and NQO1 [29].
The induction of the rat UGT1A6 gene by 3-methylchol-
anthrene has been shown to be dependent on the XRE
located between nucleotides -134 and -129 [23]. In addition
to XRE, other response elements, such as antioxidant
response element (ARE), have been described in some of
the Ah battery genes [30].

The spreading of the expression in the liver by the higher
doses, as observed here and in our previous studies, indi-
cates that these genes show opposite sinusoidal gradients in
sensitivity to the studied inducers. The acinar distribution
of the expression of the Ah receptor does not seem to
explain the deviant induction pattern observed after BNF
treatment, since a consistent perivenous expression pattern
of the Ah receptor was observed both in the control
animals and after pretreatment with BNF or 3MC [31].
Arnt mRNA was expressed in all liver cells, i.e. no zonation
was found [31]. The deviant regional induction pattern by
BNF suggests that this inducer may regulate the expression
of UGT1A6 and other Ah battery genes by a mechanism
different from the normal Ah receptor-dependent regula-
tory pathway.

FIG. 3. Treatment with 15 mg/kg of BNF resulted in mRNA
induction in the periportal region of the liver as detected by the
probe against the common region of the UGT1 family (dark-
field). A lower magnification (503) showing several periportal
areas (A). A higher magnification (1003) of the framed area
shown in 3A (B). Hybridisation with the probe specific for
UGT1A6 showed a similar, but less intense, expression pattern
in a serial section (C).
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To our knowledge, this is the first study describing the
localisation of UGT1A6 mRNA expression in rat liver.
Previously, p-nitrophenol (4-nitrophenol) and 1-naphthol
were used to measure UGT activities assumed to represent
the UGT1A6 isoform. According to an earlier report, both
enzyme activity (1-naphthol) and immunohistochemistry
indicated that 3MC-inducible forms of UDP-glucuronosul-
transferases were preferentially located in centrilobular
hepatocytes [32]. Furthermore, in uninduced animals, the
p-nitrophenol UGT form was found to be expressed pre-
dominantly in the perivenous hepatocytes [33, 34]. More
recently, a perivenous dominance was reported for UGT
activities toward 1-naphthol and bilirubin, suggested to
represent UGT1A6 and UGT1A1 isoforms, respectively
[35]. However, in addition to UGT1A6, other rat UGT
isoenzymes are known to metabolise p-nitrophenol and
1-naphthol [1, 36, 37] and may have contributed to the
glucuronidation activities observed in these studies. Finally,
in human liver samples, in situ hybridisation was recently
used to assess the distribution of phenol and bilirubin UGT
mRNAs. No significant zonation in the pattern of expres-
sion of either of the mRNAs was observed, but both were
found to be evenly distributed [38].

At present, little is known about the tissue- and drug-
specific induction of UGT1 family enzyme isoforms. As the
UGT1 gene cluster is regulated by several structurally
different isoform-specific promoters, more studies are
needed to reveal the molecular mechanisms behind the
observed induction and regional expression patterns of the
genes.
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KW, Tissue-specific 2,3,7,8-tetrachlorodibenzo-p-dioxin-in-
ducible expression of human UDP-glucuronosyltransferase
UGT1A6. Arch Biochem Biophys 335: 205–210, 1996.

9. Nebert DW, Petersen DD and Fornace AJ Jr, Drug-metabo-
lizing enzymes in ligand-modulated transcription. Biochem
Pharmacol 47: 25–47, 1994.

10. Gonzalez FJ, Liu S-Y and Yano M, Regulation of cytochrome
P450 genes: Molecular mechanisms. Pharmacogenetics 3: 51–
57, 1993.

11. Hankinson O, The aryl hydrocarbon receptor complex. Annu
Rev Pharmacol Toxicol 35: 307–340. 1995.

12. Gebhardt R, Metabolic zonation of the liver: Regulation and
implications for liver function. Pharmacol Ther 53: 275–354,
1992.

13. Lindros KO, Zonation of cytochrome P450 expression, drug
metabolism and toxicity in liver. Gen Pharmacol 28: 191–196,
1997.

14. van Sliedregt A and van Bezooijen CFA, Effect of different
doses of 3-methylcholanthrene on the localization of the
3-methylcholanthrene-inducible isoenzymes of cytochrome
P450 within the centrilobular and periportal zones of the rat
liver. Biochem Pharmacol 39: 1703–1708, 1990.

15. Bars RG and Elcombe CR, Dose-dependent acinar induction
of cyotchromes P450 in rat liver. Evidence for a differential
mechanism of induction of P4501A1 by b-naphthoflavone
and dioxin. Biochem J 277: 577–580, 1991.

16. Wolf CR, Moll E, Friedberg T, Oesch F, Buchmann A,
Kuhlmann WD and Kunz HW, Characterization, localization
and regulation of a novel phenobarbital-inducible form of
cytochrome P450, compared with three further P450-isoen-
zymes, NADPH P450-reductase, glutathione transferases and
microsomal epoxide hydrolase. Carcinogenesis 5: 993–1001,
1984.

17. Oinonen T, Saarikoski S, Husgafvel-Pursiainen K, Hirvonen
A, and Lindros K, Pretranslational induction of cytochrome
P450IA enzymes by b-naphthoflavone and 3-methylcholan-
threne occurs in different liver zones. Biochem Pharmacol 48:
2189–2197, 1994.

18. Lindros KO, Oinonen T, Kettunen E, Sippel H, Muro-Lupori
C and Koivusalo M, Ah receptor-associated genes in rat liver:
Regional co-induction of aldehyde dehydrogenase 3 and
glutathione transferase Ya. Biochem Pharmacol 55: 413–421,
1998.

19. Sambrook J, Fritsch EF and Maniatis T, Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, New York, 1989.

20. Tenhunen J, Salminen M, Jalanko A, Ukkonen S and
Ulmanen I, Structure of the rat catechol-O-methyltransferase
gene: Separate promoters are used to produce mRNAs for
soluble and membrane-bound forms of the enzyme. DNA Cell
Biol 12: 253–263, 1993.

21. Iyanagi T, Haniu M, Sogawa K, Fujii-Kuriyama Y, Watanabe
S, Shively JE and Anan KF, Cloning and characterization of
cDNA encoding 3-methylcholantrene inducible rat mRNA
for UDP-glucuronosyltransferase. J Biol Chem 261: 15607–
15614, 1986.

22. Saarikoski ST, Husgafvel-Pursiainen K, Hirvonen A, Vainio
H, Gonzalez FJ and Anttila S, Localization of CYP1A1
mRNA in human lung by in situ hybridization: comparison to
immunohistochemical findings. Int J Cancer 77: 33–39, 1998.

23. Emi Y, Ikushiro S and Iyanagi T, Xenobiotic responsive

574 S. T. Saarikoski et al.



element-mediated transcriptional activation in the UDP-
glucuronosyltransferase family 1 gene complex. J Biol Chem
271: 3952–3958. 1996.

24. Kessler FK and Ritter JK, Induction of a rat liver benzo-
(a)pyrene-trans-7,8-dihydrodiol glucuronidating activity by
oltipraz and b-naphthoflavone. Carcinogenesis 18: 107–114,
1997.

25. Fernandez-Salguero P, Pineau T, Hilbert DM, McPhail T, Lee
SST, Kimura S, Nebert DW, Rudikoff S, Ward JM and
Gonzalez FJ, Immune system impairment and hepatic fibrosis
in mice lacking the dioxin-binding Ah receptor. Science 268:
722–726, 1995.

26. Ikushiro S, Emi Y and Iyanagi T, Identification and analysis of
drug-responsive expression of UDP-glucuronosyltransferase
family 1 (UGT1) isoenzyme in rat hepatic microsomes using
anti-peptide antibodies. Arch Biochem Biophys 324: 267–272,
1995.

27. Fujisawa-Sehara A, Yamane M and Furii-Kuriyama Y, A
DNA-binding factor specific for xenobiotic responsive ele-
ments on P-450c gene exists as a cryptic form in cytoplasm: Its
possible translocation to nucleus. Proc Natl Acad Sci USA 85:
5859–5863, 1988.

28. Rushmore TH, King RG, Paulson KE and Pickett CB,
Regulation of glutathione S-transferase Ya subunit gene
expression: Identification of a unique xenobiotic-respon-
sive element controlling inducible expression by planar
aromatic compounds. Proc Natl Acad Sci USA 87: 3826 –
3830, 1990.

29. Favreau LV and Pickett CB, Transcriptional regulation of the
rat NAD(P)H:quinone reductase gene. Identification of reg-
ulatory elements controlling basal level expression and induc-
ible expression by planar aromatic compounds and phenolic
antioxidants. J Biol Chem 266: 4556–4561, 1991.

30. Nguyen T, Rushmore TH and Pickett CB, Transcriptional
regulation of a rat liver glutathione S-transferase Ya subunit
gene. Analysis of an antioxidant response element and its

activation by the phorbol ester 12-tetradecanoylphorbol-13-
acetate. J Biol Chem 269: 13656–13662.

31. Lindros KO, Oinonen T, Johansson I and Ingelman-Sundberg
M, Selective centrilobular expression of the aryl hydrocarbon
receptor in rat liver. J Pharmacol Exp Ther 280: 221–229,
1997.

32. Ullrich D, Fischer G, Katz N and Bock KW, Intralobular
distribution of UDP-glucuronosyltransferase in livers from
untreated, 3-methylcholanthrene- and phenobarbital-treated
rats. Chem-Biol Interactions 48: 181–190, 1984.

33. Gascon-Barre M, Banbrahim N and Tremblay C, Hepatic
zonation of drug-metabolizing enzymes. Studies on hepato-
cytes isolated from the periportal or perivenous region of the
liver acinus. Can J Physiol Pharmacol 67: 1015–1022. 1989.

34. Knapp S, Green MD, Tephly TR and Baron J, Immunohis-
tochemical demonstration of isozyme- and strain-specific
differences in the intralobular localizations and distributions
of UDP-glucuronosyltransferases in livers of untreated rats.
Mol Pharmacol 33: 14–21, 1987.

35. Tosh D and Burchell B, Heterogeneous expression of UDP-
glucuronosyltransferases in periportal and perivenous hepato-
cytes. Biochem Soc Transactions 24: 94S, 1996.

36. Antoine B, Boutin JA and Siest G, Heterogeneity of hepatic
UDP-glucuronosyltransferase activities: investigations of
isoenzymes involved in p-nitrophenol glucuronidation. Comp
Biochem Physiol C 106: 241–248, 1993.

37. Ouzzine M, Pillot T, Fournel-Gigleux S, Magdalou J, Burchell
B and Siest G, Expression and role of the human liver
UDP-glucuronosyltransferase UGT1*6 analyzed by specific
antibodies raised against a hybrid protein produced in Esche-
ricia coli. Arch Biochem Biophys 310: 196–204, 1994.

38. Chen F, Zhou J, Ritter JK, Bondy C and Owens IS, Lobular
distribution of human liver phenol and bilirubin uridine
59-diphosphate glucuronosyl-transferase messenger RNAs.
Gastroenterology 111: 472–480, 1996.

UGT1A6 Expression in Rat Liver 575


