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sides of membranes lead to the vectorial transport of
organic anions. These different transport characteristics
may contribute to the effective function of the organic
anion transport at both sides without any interference
from each other.

URATI: URAT] (urate/anion exchanger) is ex-
pressed exclusively in the kidneys, where it is located in
the apical membrane of proximal tubular cells (33).
URATI exhibits Na -independent uptake of urate and
regulates the serum urate level; genetic defects in
URAT!] are the predominant causes of idiopathic renal
hypouricemia. In a study using URAT1 cRNA-injected
Xenopus oocytes, cis-inhibitory effects of uricosuric
drugs (e.g., probenecid, benzbromarone, sulfinpyrazone,
losartan) and trans-stimulatory effects of anti-uricosuric
drugs (e.g., pyrazinoic acid, the metabolite of the anti-
tuberculous agent pyrazinamide) on the URATI-
mediated transport of urate were demonstrated (33).

3. Nevel aspects of OATSs

3.1. Novel transport substrates

Although about 10 years have passed since the dis-
covery of OAT1, information regarding novel transport
substrates of OAT family members is still increasing.
The following substrates have been recently identified
and well characterized in terms of OATSs’ roles in
physiology and pathophysiology.

Neurotransmitter metabolites: Acidic metabolites of
neurotransmitters derived from dopamine, epinephrine,
norepinephrine, and serotonin have been suggested to be
endogenous substrates of OAT3, the mRNA expression
of which has been detected in the rat brain following its
discovery in 1999 (14). Recently, we elucidated the
expression of hOAT1 and hOATS3 in the choroid plexus
of the human brain and their interactions with neuro-
transmitter metabolites using stable cell lines (34).
Immunohistochemical analysis revealed that hOATI
and hOATS3 are expressed in the cytoplasmic membrane
and cytoplasm of the human choroid plexus. Neuro-
transmitter metabolites, namely, 5-methoxyindole-3-
acetic acid (5-MI-3-AA), homovanillic acid (HVA),
vanilmandelic acid (VMA), 3,4-dihydroxyphenylacetic
acid (DOPAC), 5-hydroxyindole-3-acetic acid (5-HI-3-
AA), N-acetyl-5-hydroxytryptamine (NA-5-HTT), mela-
tonin, S-methoxytryptamine (5-MTT), 3,4-dihidroxy-
mandelic acid (DHMA), 5-hydroxytryptophol, and 5-
methoxytryptopho! (5-MTP) at 2 mM, inhibited PAH
uptake mediated by hOAT1. On the other hand, mela-
tonin, 5-MI-3-AA, NA-5-HTT, 5-MTT, 5-MTP, HVA,
5-HI-3-AA, VMA, DOPAC, 5-hydroxytryptophol, and
methanephrine (MN) at 2 mM inhibited estrone sulfate
uptake mediated by hOAT3. hOAT1 and hOAT3

mediated the transport of VMA but not that of HVA and
melatonin. It is thought that hOAT1 and hOAT3 are
involved in the efflux of various neurotransmitter
metabolites from the cerebrospinal fluid to blood across
the choroid plexus.

Although we could not observe HVA transport via
hOATS3, Mori etal. revealed that rQat3 is the brain-to-
blood HVA efflux transporter at the rat blood-brain
barrier (BBB) (35). rOat3-expressing oocytes exhibited
PHIHVA uptake (K, =274 uM), which was inhibited
by several organic anions, such as PAH, indoxyl sulfate,
octanoic acid, and metabolites of monoamine neuro-
transmitters. Immunohistochemical analysis suggested
that rOat3 is localized at the abluminal membsane of
brain capillary endothelial cells. The results of Mori
ct al. provide the first evidence that rQat3 is expressed at
the abluminal membrane of the rat BBB and is involved
in the brain-to-blood transport of HVA. They suggested
that this HV A efflux transport system is likely to play an
important role in controlling the level of HVA in the
central nervous system (CNS). Similar localization in
brain capillary endothelial cells and uptake of PHJHVA
in mouse Oat3 were reported by Ohtsuki et al. (36).

Bahn et al. demonstrated that OATI and OAT3 are
involved in the secretion of bioactive tryptophan
metabolites from the body (37). Tryptophan metabolites
such as kynurenate (KYNA), xanthurenate (XA), and
quinolinate are considered to be important for many
physiological processes, especially brain function.
Many of these metabolites are secreted with urine. Six
tryptophan metabolites, including the bioactive sub-
stances KYNA, XA, and the serotonin metabolite 5-
hydroxyindol acetate, inhibited ["HJPAH or 6-carboxy-
fluorescein (6-CF) uptake by 50% — 85%, demonstrating
that these compounds interact with Qatl as well as with
Oat3. The ICsp of KYNA for mOatl was 34 uM and that
for mOat3 was 8 uM, and the ICs of XA for mQatl was
15uM and that for mOat3 was 11.5 uM. Quinolinate
slightly but significantly inhibited [PH]PAH uptake by
mOatl and had no effect on 6-CF uptake by mQat3. In
the mouse brain, Oatl was found to be expressed in
neurons of the cortex cerebri and hippocampus as well
as in the ependymal cell layer of the choroid plexus.
Therefore, OAT] and OAT3 are crucial for the regula-
tion of CNS tryptophan metabolite concentration.

Antimetabolites: Thiopurines are used as antileukemic
drugs. During chemotherapy CNS relapses occur due to
the proliferation of leukemic celis in the CNS resulting
from restricted drug distribution in the brain. The
molecular mechanism for this limited cerebral distri-
bution remains unclear. Mori et al. reported that rOat3 is
involved in the brain-to-blood transport of thiopurines
at the BBB and is one of the mechanisms of limited
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cerebral distribution (38). rOatl and rQat3 exhibited
[“C]6-MP uptake (K =98 uM for rOatl, 50.5 uM for
rOat3). rOAT3-mediated ["“C]6-MP uptake was also
inhibited by other thiopurine derivatives. Although
methotrexate inhibited rOAT3-mediated [“C]6-MP
uptake, the K; value was 17.5-fold greater than the
estimated brain concentration of methotrexate in patients
receiving chemotherapy. Accordingly, 6-MP would
undergo efflux transport by OAT3 from the brain
without any inhibitory effect from coadministered
methotrexate in chemotherapy. The results of Mori et al.
may provide a molecular basis for improving the
permeability of thiopurine nucleobase analogs to the
brain and offer an approach to reduce CNS relapses
during treatment of patients with ALL. The identifi-
cation of 6-MP and another antimetabolite, 5-fluoro-
uracil (5-FU), as novel transport substrates for mQat3
was also reported by Kobayashi et al. (39). K, for 6-MP
was 4.01 uM and that for 5-FU was 53.9 nM.

AMPA receptor antagonist: Zonampanel mono-
hydrate (YM872; [2,3-dioxo-7-(1H-imidazol-1-yl)-6-
nitro-1,2,3,4-tetrahydro-1-quinoxalinyl]acetic acid mono-
hydrate) is a novel a-amino-3-hydroxy-5-methyliso-
xazole-4-propionic acid (AMPA) receptor antagonist.
The major elimination route for zonampane! is by urine
via the kidneys. Hashimoto et al. elucidated the mole-
cular mechanism of the renal excretion of zonampanel
using cells stably expressing hOATI1, hOAT2, hOAT3,
and OAT4 as well as human organic cation transporter
(hOCT) 1 and hOCT?2 (40). A time- and concentration-
dependent increase in ['*Clzonampanel uptake was
observed in cells expressing hOAT1, hOAT3, and
OAT4. Kms for hOAT1, hOAT3, and OAT4 were 1.4,
7.7, and 215 uM, respectively. These results suggest that
the efficient urinary excretion of zonampanel is due to
the renal tubular secretion mediated by the organic anion
transporters hOAT1, hOAT3, and OAT4.

Xanthine-related compounds: Caffeine (1,3,7-tri-
methylxanthine, 1,3,7-TMX) is daily and widely con-
sumed in beverages and food and is mainly metabolized
to paraxanthine (1,7-dimethylxanthine, 1,7-DMX) and
1-methylxanthine (1-MX). One-third of 1-MX is
excreted unchanged into urine, and the remainder under-
goes hydroxylation to 1-methyluric acid. Rengelshausen
etal. investigated the effect of caffeine and its main
metabolites on hOAT! using Chinese hamster ovary
(CHO) cells overexpressing hOAT! (41). The uptake of
6-CF into CHO-hOAT1 cells was significantly inhibited
by 1-MX (100 uM). 1-MX (500 uM) was equieffective
to 100 uM probenecid. In contrast, caffeine and 1,7-
DMZX did not inhibit the transport of 6-CF at concentra-
tions up to 500 uM. Thus, the caffeine metabolite 1-MX
inhibits the transport activity of hOAT! in vitro.
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Because of the wide consumption of caffeine, an
inhibitory effect of its metabolite 1-MX on renal tabular
secretion mediated by hOAT1 might contribute to the
pharmacokinetic variability of drugs such as metho-
trexate.

Sugawara et al. further examined the inhibitory effects
of xanthine- and uric acid-related compounds on the
transport of PAH using CHO-K1 cells stably expressing
hOAT!] from the aspect of the structure-affinity
relationship (42). The order of potency for the inhibitory
effects of xanthine-related compounds on PAH uptake
was l-methyl derivative > 7-methyl derivative > 3-
methyl derivative = xanthine > 1,3,7-trimethyl deriva-
tive (caffeine). The order of potency of the inhibition
was 1,3,7-trimethyluric acid > 1,3-dimethyluric acid >
1,7-dimethyluric acid > 1-methyluric acid > uric acid. A
significant correlation between inhibitory potency and
lipophilicity of the tested uric acid-related compounds
was observed. The main determinant of the affinity of
xanthine-related compounds is the position of the methyl
group. On the other hand, lipophilicity is the main
determinant of the affinity of uric acid-related com-
pounds.

HMG-CoA reductase inhibitor: It was recently
demonstrated that pravastatin is a relatively specific
inhibitor of rOat3 rather than rQatl (43). Pravastatin,
a structural analog of 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA), is a competitive inhibitor of
HMG-CoA reductase and therefore blocks the synthesis
of cholesterol in the liver. We have elucidated the
interactions of human and rat organic anion transporters
(hOATs and rOats) with pravastatin (44). Pravastatin
inhibited hOAT1/rOatl, hOAT2/10at2, hOAT3/rOat3,
and OAT4. The mode of inhibition was noncompetitive
for hOAT1 and hOAT?2, whereas it was competitive for
hOAT3 and hOAT4. The effects of OAT inhibitors on
OATI1, OAT2, and OAT3 exhibited some but not so
remarkable interspecies differences between humans
and rats. These results would be useful for the extrapola-
tion of results of the functional analysis of rat organic
anion ransport using OAT inhibitors in humans.

Nicotinate: Recently, we demonsirated nicotinate
transport via URAT] in a Xenopus oocyte system (33).
Nicotinate has been used as a lipid-lowering agent
producing beneficial changes in serum lipids for
atherosclerosis regression. Although inhibitory effects
of nicotinate on the synthesis and secretion of VLDL in
the liver have been reported, its hepatic transport
mechanism was still unknown. We examined, by using
cells stably expressing hOAT2, the possibility that
hepatic OAT isoform OAT2 functions as an entrance
pathway for nicotinate in the liver (45). hOAT?2
mediated a time- and concentration-dependent uptake of
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nicotinate. hOAT2-mediated nicotinate uptake showed
structural specificity and was inhibited by some organic
anions such as ICG, glibenclamide, and probenecid and
by some NSAIDs (salicylic acid, diclofenac, ketoprofen,
indomethacine, and ibuprofen). Identification of the
hepatic nicotinate transporter will contribute to the
understanding of the molecular basis of drug-drug
interactions such a as salicylate-induced increase in
serum nicotinate level.

3.2. Novel OAT isoforms

Oat5: Oat5 was recently identified from the mouse
(46) and rat (47). It is expressed exclusively in the
kidneys, and rat Oat5 is localized at the apical side of the
late segment of proximal tubules (47). Oat5 mediates the
transport of steroid sulfates as well as ochratoxin A.
Mouse Oat5 (46) and rat Oat5 (47) are functional and not
identical to non-functional human OATS5 reported by
Sun et al. (48). The most surprising finding of our study
is that rQOat5 interacted not only with the five-carbon
dicarboxylate a-ketoglutarate (C5) but also with the
four-carbon dicarboxylate succinate (C4), which has not
been reported as a counterion for the classical renal
organic anion transport system to mediate organic
anion/succinate exchange (47). In contrast, the baso-
lateral OAT isoform OAT3 did not exhibit the inter-
action to succinate. These findings indicate that rOat5 is
the renal organic anion transporter that may mainly
function as an apical pathway for the reabsorption of
some organic anions driven by an outward gradient of
both a-ketoglutarate and succinate. It seems appropriate
that the apical isoforms of OAT utilize C4 succinate as a
counterion, whereas the basolateral OATs utilize C5 a-
ketoglutarate as a counterion, to separate the transport of
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organic anions at both sides of proximal tubular cells
(Fig. 2). This idea is supported by results showing that
the apical membrane isoform OAT4-mediated transport
was inhibited by succinate as well as glutarate (P.
Jutabha, et al., unpublished observation). Interestingly,
urate transport via the urate/anion exchanger (URATI)
localized at the renal apical membrane was also
inhibited by succinate at a millimolar concentration in
the Xenopus oocyte system (33). It is thought that
succinate exchange in addition to a-ketoglutarate
exchange is a common mechanism for the apical
membrane isoforms of OAT family members.

Oat6: This putative organic anion transporter was
recently isolated (49). Oat6 is expressed predominantly
in the mouse olfactory mucosa but not in the kidneys or
brain. Oat6 expression is also observed in the testes. The
genomic localization of Oaté is proximal to the
Oatl/0at3 gene pair. Based on sequence homologies,
this protein was designated Oat6. However, further
studies are needed to determine its substrate specificity
and therefore its involvement in the transport of organic
anions. '

OAT7: We identified a novel organic anion trans-
porter, OAT7, exclusively expressed in the human liver.
OAT7 showed 35% to 46% identities to those of other
members of the OAT family (50). When expressed in
Xenopus oocytes, OAT7 mediated high-affinity trans-
port of sulfate-conjugated steroid hormones, estrone
sulfate (Ki, = 8.7 uM) and DHEA sulfate (K = 2.2 M),
in a sodium-independent manner, whereas it did not
transport other organic anions. Estrone sulfate transport
mediated by OAT7 was inhibited by negatively charged
BSP, ICG, and several sulfate-conjugated xenobiotics.
In contrast, glucuronide and glutathione conjugates
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Fig. 2. Proposed scheme of organic anion transport coupling with two dicarboxylates in the proximal tubular cells.

— 480 —



Current Knowledge of OAT Family 417

exhibited no inhibitory effects on OAT7-mediated
transport. Immunohistochemical analysis revealed that
OAT7 protein was located in the sinusoidal membrane
of hepatocytes.

Oat8: We identified a cDNA encoding a novel multi-
specific organic anion transporter (designated Oat8)
from a rat kidney ¢cDNA library (51). Oat8 showed 37%
to 47% identities to other OAT family members. Qat8
mRNA is expressed exclusively in the kidney. When
expressed in Xenopus oocytes, Oat8 mediated transport
of sulfate conjugates of steroids such as estrone sulfate
and DHEAS in a sodium-independent manner. Oat8
interacted with chemically heterogenous anionic com-
pounds but not with the organic cation TEA. Oat8-
mediated ES transport was inhibited by several sulfate
conjugates, whereas glucuronide conjugates showed no
inhibitory effects. Oat8 protein is localized in the
collecting ducts.

OAT9Y: In a mouse EST database search, we found one
EST clone that showed significant identity to OATSs
(52). This gene product shows approx. 36% identities to
other OATs. Expression of OAT9 mRNA has been
detected only in the kidney and brain. For functional
analysis, we used proximal tubule cells (52 cells) stably
expressing OAT9. OAT9 mediated transport of nicotinic
acid, salicylic acid, and PGE..

OAT-PG: In the kidney, prostaglandins (PGs),
especially PGE,, have important roles in renal hemo-
dynamics, renin release, and tubular sodium and water
reabsorption. Since PGs are charged organic anions at
physiological pH, it is difficult for them to penetrate
biological membranes. Accordingly, PG transport is a
carrier-mediated process. So far, only prostaglandin
transporter (PGT) from the OATP (SLCO/SLC21)
family has been shown to be a transporter specific to
PGs. We isolated a ¢cDNA encoding a novel prosta-
glandin-specific transporter from the mouse kidney (53).
Since this transporter belongs to the OAT family
(SLC22) and is structurally distinct from PGT, we
named it prostaglandin-specific organic anion trans-
porter (OAT-PG). OAT-PG specifically mediated trans-
port of PGs such as PGE, and PGF2.. OAT-PG mRNA is
expressed exclusively in the kidney. We speculate that
OAT-PG plays an important role in renal handling of
PGE. and contributes to physiological functions
involved in PGE, metabolism and signaling in the distal
segments of nephrons.

3.3. Regulations
3.3.1. Phosphorylation

Organic anion transport in intact renal proximal
tubular cells in animal model systems is downregulated
by protein kinase C (PKC). All OAT isoforms cloned
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have several sites for PKC phosphorylation in the large
intracellular loop between the sixth and seventh trans-
membrane domains. Several studies have revealed that
the activation of PKC decreases the transport activity of
OATs (54 — 59). This inhibitory effect is also associated
with altered substrate selectivity. The reduced OAT-
mediated transport activity is rescued by PKC inhibitors
(54, 55). Furthermore, PKC-induced hOAT1 down-
regulation is achieved via carrier retrieval from the cell
membrane (58). In addition to the sites for phosphoryla-
tion by PKC, OAT isoforms have putative sites for
phosphorylation by protein kinase A (PKA), casein
kinase I, or tyrosine kinase. Among these, protein
kinases, including mitogen-activated protein kinase
(MAPK), PKA, and tyrosine kinase, have been shown to
be involved in the regulation of OAT transport functions
(59-61). Epidermal growth factor (EGF) stimulates
PAH and estrone sulfate transport in rabbit renal
proximal tubules via MAPKs, and PGE, enhances
basolateral PAH and estrone sulfate uptake via adenylate
cyclase activation and causes PKA activation (59, 60).
A recent study has demonstrated that OAT3-mediated
activity is also inhibited by tyrosine kinase and phos-
phatidylinositol 3-kinase (PI3K) (61).

3.3.2. Glycosylation

Glycosylation sites in the first extracellular loop
between transmembrane domains (TMDs) | and 2 are
conserved in OATs. Tunicamycin, an inhibitor of
asparagine-linked glycosylation, inhibited PAH trans-
port activity in mOati-transfected COS7 cells (62).
Immunofluorescence revealed that the mOatl protein
remained mainly in the intracellular compartment after
tunicamycin treatment (62). That study indicates that
glycosylation of the mOatl protein is necessary for
proper trafficking of the protein to the plasma
membrane. Other experiments have demonstrated that
disruption of Asp39 (one of the glycosylated sites) in
mice resulted in complete loss of transport activity of
OATI1 without affecting its surface expression (63).
Thus, glycosylation could also be responsible for
substrate recognition.

Recently, Zhou et al. investigated how the addition/
acquisition and processing/modification of N-linked
oligosaccharides play a role in the functional maturation
of OAT4 using a novel approach (64). Inhibition of
acquisition of oligosaccharides in OAT4 by mutating
Asn to Gln and by tunicamycin treatment was combined
with wild-type OAT4 expression in a series of mutant
CHO-Lec cells defective in different steps of glycosyla-
tion processing. Zhou et al. demonstrated that both the
disruption of glycosylation sites by mutagenesis and the
inhibition of glycosylation by tunicamycin treatment



418 N Anzai et al

resulted in a nonglycosylated OAT4, which was unable
to target to the cell surface. In contrast, OAT4 synthe-
sized in mutant CHO-Lec cells carrying different
structural forms of sugar moieties (mannose-rich in Lec1
cells, sialic acid-deficient in LecZ cells, and sialic
acid/galactose-deficient in Lec8 cells) was able to
traffic to the cell surface. However, OAT4 expressed in
CHO-Lecl cells had significantly lower binding affinity

for its substrates than did that expressed in parental CHO

cells. These results provided novel information that
addition/acquisition of oligosaccharides but not the
processing of added oligosaccharides participates in the
membrane insertion of OAT4. Processing of added
oligosaccharides from mannose-rich type to complex
type is important for enhancing the binding affinity of
OAT4 for its substrates. Glycosylation could therefore
serve as a means to specifically regulate OAT4 function
invivo.

3.3.3. Transcriptional regulation

Eralyetal. (65) investigated regulatory elements
using comparative genomics approaches. Binding sites
for transcription factors, including PAX1, PBX, WTI,
and HNF1, are present within the evolutionarily con-
served noncoding sequences of OATs, although the roles
of these transcription factors in expression of OATs
have not been clarified.

The cloning and preliminary characterization of a
human urate transporter (hURAT1) gene promoter was
reported by Li et al. (66). The transcription initiation site
was mapped to a base 337-bp upstream of the ATG start
codon by primer extension and 5'-RACE. The minimal
functional promoter region was within 253 bp when
promoter/luciferase constructs were transfected into
OK cells. Testosterone significantly increased promoter
activity, suggesting that hormonal regulation of
hURAT1 is the cause of gender differences in blood
urate levels.

Recently, cis-acting elements in the 5'-flanking region
that regulate hOAT?2 transcription were characterized by
Popowski et al. (67). A consensus binding motif for the
hepatocyte nuclear factor-4a {HNF-4a) is located at
nucleotides —329/-317 relative to the transcription
initiation site. A luciferase-linked hOAT2 promoter
fragment containing the HNF-4o binding site was
transactivated with co-expression of HNF-4a in Huh7
cells, whereas site-directed mutagenesis of the DR-1
element abolished activation by HNF-4a. SiRNAs
inhibiting endogenous HNF-4a expression markedly
reduced endogenous hOAT?2 expression in Huh7 cells.
Since HNF-4a is a known target for bile acid-mediated
repression of gene transcription, Popowski et al. investi-
gated whether chenodeoxycholic acid (CDCA) sup-

presses hOAT2 gene expression by inhibiting HNF-4a-
mediated transactivation. Treatment of Huh7 cells with
CDCA or the synthetic famesoid X receptor (FXR)
agonist GW4064 decreased mRNA and protein levels
and also nuclear binding activity of HNF-4a. The FXR-
inducible transcriptional repressor small heterodimer
partner inhibited transactivation of hOAT2 promoter
constructs and of endogenous hOAT2 expression by
HNF-4a. They concluded that the hOAT2 gene is
critically dependent on HNF-4a and that bile acids
repress the hOAT2 gene by inhibiting HNF-4a. Hepatic
uptake of hOAT?2 substrates may thus be decreased in
disease conditions associated with elevated intracellular
levels of bile acids.

3.3.4. Gender differences

Gender differences in mRNA and/or protein expres-
sion have been reported for Oatl (68, 69), Oat2 (69 —
71), Oat3 (68, 69, 71), and Uratl (72), suggesting that
some OAT family members are regulated by sex
hormones. The mouse Oatl mRNA levels were found to
be higher in the male kidney than in the female kidney,
and the rat Oat2 mRNA expression level was found to be
higher in the female kidney than in the male kidney or
liver. In contrast, the mouse Oat2 mRNA levels were
found to be high in both male and female kidneys and
low in the male liver. Rat Oat3 mRNA expression was
detected in the male liver. The mouse Uratl mRNA
levels were found to be higher in the male kidney than in
the female kidney.

3.3.5. Ontogenic expression

Developmental changes in expression of OATs have
been reported (69, 73, 74): the mRNA expression levels
of Oatl, Oat2, and Oat3 increased during postnatal
development.

3.3.6. Pathophysiological status

Recent studies have indicated that the expressions of
OATs are affected in pathophysiological states. During
the progression of renal insufficiency, various uremic
toxins derived from dietary proteins accumulate in
uremic plasma. Many uremic toxins are organic anions;
their accumulation in the kidney is a result of renal
dysfunction, and this also accelerates underlying renal
diseases. Enomotoetal. (75) demonstrated that the
administration of indoxyl sulfate (IS) into nephrecto-
mized rats enhanced the progression of chronic renal
failure. Immunohistochemical studies revealed that the
amount of IS in proximal tubular cells and the expres-
sion of OAT1 and OATS3 are both increased in a chronic
renal failure model. Deguchietal. (76) analyzed the
transport of various uremic toxins, such as IS, 3-carboxy-
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4-methyl-5-propyl-2-furanpropionate, indole acetate,
and hippurate, via OAT] and OAT3. They showed that
rOat] /hCAT! and rOat3 /hOAT3 play major roles in the
renal uptake of these uremic toxins. The enhanced
expression of OATs in uremic circumstances indicates
compensatory effects for elimination of uremic sub-
strances and leads to progress of the underlying diseases
by accumulation of harmful uremic toxins in proximal
tubular cells. The expressions of OATSs are affected by
several renal dysfunction models. Bilateral urethral
obstruction in adult male rats decreases Oatl and Oat3
expression levels in basolateral membrane fractions in
the kidney (77). Acute arterial calcinosis induced by
bolus injection of vitamin D3 also increases the Oatl
expression level (78). OAT expression in various human
kidney diseases, was analyzed using a real-time PCR
method (79). The data indicate that OAT3 expression is
decreased in patients with renal diseases. OAT expres-
sion is influenced not only by renal diseases but also
by hepatic diseases. A compensatory enhancement of
organic anion excretion in rats with acute biliary
obstruction was demonstrated for OATI and OAT3 (80).
In a rat model of fever generation in which peripheral
PGE; is increased and clearance by metabolism of
peripheral PGE; is downregulated, PGE; not only time-
dependently downregulates basolateral organic anion
uptake but also diminishes expression of both rOatl and
rOat3 (81). These results suggest that during fever or
inflammation, renal secretory transport of PGE, is
reduced, contributing to elevated PGE; levels in blood.
The significance and relevance of changes in OAT
expression in pathophysiological states are an important
issue for future studies.

3.4. Structure-function relations

Site-directed mutagenesis studies revealed that the
following residues are important for substrate recogni-
tion: His34, Lys394, and Argd78 in flounder Oatl (82)
and Lys370 and Argd454 in rOat3 (83). Recently,
information regarding functionally critical amino acid
residues has been increasing.

OATI: An alanine scanning mutagenesis study
revealed that residues Leu-30 and Thr-36 are important
for OAT! transport activities (84). Progressively
smaller side chains at position 30 increasingly impaired
hOAT1 function mainly because of the impaired surface
expression of the transporter. Substitution of Thr-36 by
serine and cysteine at this position abolished transport
activity without affecting the surface expression of the
transporter. These results indicate that both the methyl
group and the hydroxyl group of Thr-36 could be critical
for hOAT1 activity.

The cysteine-modifying reagent p-chloromercuri-
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benzenesulphonate (PCMBS) inhibits mOat]-mediated
PAH transport in Hela cells (85). Site-directed
mutagenesis studies revealed that single replacement of
cysteine residues had no significant effect on mQatl-
mediated PAH transport but that multiple replacements
in the C-terminal region (C335/379/427/434A; Cys335
/379/427/434Ala) resulied in a substantial decrease in
transport activity. A simultaneous replacement of all 13
cysteine residues (C-less) led to a complete loss of
transport function. The decrease in or lack of transport
activity of the mutants C335/379/427/434A and C-less
was due to the impaired trafficking of the mutant
transporters to the cell surface. These results suggest that
although cysteine residues are not required for function
in mOatl, their presence appears to be important for
targeting of the transporter to the plasma membrane.
Since C49A was less sensitive than the wild-type
mOati, the modification of Cys49 may play a role in the
inhibition of mQatl by PCMBS.

Hong et al. first demonstrated that hOAT] exists in
the plasma membrane as a homooligomer (86). They
investigated the quaternary structure of hOATI using
combined approaches of chemical cross-linking, gel
filtration chromatography, co-immunoprecipitation, cell
surface biotinylation, and metabolic labeling.

OAT4: The histidine-modifying reagent diethyl
pyrocarbonate (DEPC) inhibitied OAT4-mediated
estrone sulfate transport in COS-7 cells (87). Single
replacement of His (H)-47 or simultaneous replacement
of H47/52/83 or H47/52/83/305/469 to Ala by site-
directed mutagenesis led to a 50% — 80% decrease in
transport activity. The decreased transport activity of
these mutants was correlated with a decreased amount
of cell surface expression. These results suggest that
mutation at positions 47, 47/52/83 and 47/52/83/305
/469 impaired membrane expression rather than func-
tion. Since H469A mutant lacks sensitivity to DEPC
inhibition, the modification of His-469 seems to be
responsible for the inhibition of OAT4 by DEPC.

The role of conserved glycine residues in QOAT4
function was investigated by Zhou et al. (88). Mutants
G118, G383S, G3888S, and G466S exhibited transport
activities comparable with those of wild-type OAT4,
while mutants G2418 and G400S had almost completely
lost transport function. They then demonstrated that
increasingly larger side chains at positions 241 and 400
increasingly impaired OAT4 function. Cell-surface
biotinylation showed that mutations of Gly-241 and
Gly-400 interfered with the trafficking of the transporter
to the cell surface. Substitutions of amino acids with
large side chains at positions 241 and 400 resulted in
decreased Vi and increased K. These results suggest
that Gly-241 and Gly-400 are important both in targeting
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the transporter to the plasma membrane and in substrate
binding.

3.5. Targeted disruption

The generation of gene knockout animals could
provide new information on the contribution of indi-
vidual transporters in intact organs. Knockout mice for
Oatl (89) and Oat3 (26) have been generated. Both
models revealed the loss of organic anion transport and
indicated the importance of drug uptake of Oatl in the
kidney (89) and of Qat3 in kidney (26) and choroids
plexus (90), although they showed no morphological
changes.

3.6. Drug-drug interactions

Drugs present in plasma could affect the transport of
the drugs individually and could mutually influence the
pharmacokinetics of the drugs. A notable example is the
concomitant use of probenecid and penicillin G; the
half-life of penicillin G is significantly prolonged when
combined with probenecid compared with when it is
administered alone. It has also been reported that the
administration of methotrexate (MTX) with acidic
drugs, such as NSAIDs, and f-lactam antibiotics causes
severe suppression of bone marrow. NSAIDs and S-
lactam antibiotics inhibit the tubular secretion of MTX,
thereby reducing its renal clearance. As a consequence,
unwanted side-effects, such as bone marrow suppres-
sion, could occur as a result of the increase in plasma
MTX levels (91, 92). An extensive review on OAT-
mediated drug-drug interactions is available (93).

3.7. Polymorphismnis

In addition to drug-metabolizing enzymes, drug trans-
porters play important roles in determining the
pharmacokinetic profiles of drugs and their pharmaco-
logical effects. Recent wide-scale sequencing analysis of
the human genome has lead to identification of the single
nucleotide polymorphisms (SNPs) of drug transporters.
It has been suggested that drug transporter SNPs are
responsible for the interindividual variation in drug
elimination from the body (94). Recently, two groups
reported results of functional analysis of non-synony-
mous variants of hOAT1 genes (95, 96). Fujita etal.
found six non-synonymous variants of hOAT1 (95).
Two variants (RS0H and R293W) exhibited normal
uptake of PAH, ochratoxin A, and methotrexate assayed
in Xenopus oocytes. One variant, R454Q, was non-
functional with respect to the above substrates. In a
clinical study, no significant decrease was found
between renal secretory clearance of adefovir in family
members heterozygous for hOAT1-454Q and in those
with the reference transporter, hOAT!-454R. Bleasby

etal. found twenty hOAT1 SNPs from genomic DNA
from 92 individuals of African, Asian, and Caucasian
origin (96). Among them, two SNPs encoded changes in
the amino acid sequence: R50H and K2931. These SNPs
were only present in samples of African origin. When
expressed in Xenopus oocytes, wild-type R50-hOAT!
and the variants RS0H-hOAT! and K5251-hOAT]I all
mediated probenecid-sensitive PAH uptake. Kinetic
analysis indicated that the transport affinity (K.) for
PAH was unchanged in the variants compared with that
in the wild type. Interestingly, the Km for the nucleoside
phosphonate analogs adefovir, cidofovir, and tenofovir
seemed to be decreased in the R50H variant compared
with that in the wild type, whereas the kinetics of K525
remained unchanged. Studies on human drug transporter
SNPs have been started, and accumulation of such
information should lead to the establishment of
individualized drug therapy in the future.

3.8. Protein-protein interaction

It has been demonstrated that several transporters
located in the apical membrane of proximal tubular cells
possess a PDZ motif at their COOH-terminal end (6, 97).
The PDZ motif is one of the protein-protein interaction
modules and is composed of three amino acid residues:
8/T-X-® (where X is any amino acid and @ is a
hydrophobic residue). The renal apical organic anion
transporters OAT4 and URAT1 possess the PDZ motif
at their C-terminus. Yeast two-hybrid experiments
revealed that both OAT4 and URAT! interact with the
multivalent PDZ domain-containing protein PDZK1 via
their C-terminal PDZ motifs (98, 99). The coexpression
of URAT1/0AT4 and PDZK!1 in HEK293 cells
increases URAT1/OAT4 transport activity. This syner-
gic effect is abolished when the C-terminal PDZ motif
deletion mutant of URAT1/OAT4 is coexpressed with
PDZK1. These results indicate that PDZK1 regulates
transport activities via interaction with the PDZ motif.

To date, four PDZ proteins, Na/H™ exchanger regula-
tory factor (NHERF)1, NHERF2, PDZK1 (NHERF3),
and intestinal and kidney-enriched PDZ protein IKEPP
(NHERF4), have been identified in the apical membrane
of renal proximal tubular cells (97). We also found
that OAT4 interacts with NHERF1 and that the
coexpression of OAT4 and PDZK1 in HEK293 cells
increases OAT4-mediated estrone sulfate transport
activity (99). NHERF! and PDZK1 have been shown to
interact with several organic anion transporters such as
Na -dependent phosphate cotransporter type 1 (NPT1),
MRP2, and MRP4. Since PDZK1 and NHERF! can
bind to each other, both PDZKI and NHERF! may
organize the scaffold network and tether several apical
transporters simultaneously in the apical membrane of
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renal proximal tubular cells.

In kidneys, the proximal tubule has important roles in
both the reabsorption of filtered substances and the
secretion of water-soluble drugs, toxins, and metabolic
waste products. These two opposite transport directions
are simultaneously accomplished by the coordinated
action of ion channels and transporters located both in
the apical membrane and basolateral membrane. Thus,
the polarized expression of these membrane proteins is
essential for the function of proximal tubular cells.
Scaffolding proteins undemeath the plasma membrane,
such as PDZ proteins, are thought to contribute to the
generation of cell polarity by the formation of a
junctional complex and by protein anchoring. In
addition, proximal tubular transport processes are
regulated by a number of factors, including hormones
such as parathyroid hormone. For efficient and specific
signal transduction, for the enhancement of membrane
expression, and for the direct modulation of transport
processes, the formation of functional complexes,
including transport proteins, hormonal receptors, and
intracellular signaling elements, is beneficial. This
supramolecular structure, namely “Transportsome”,
supported by scaffolds such as PDZ proteins, is pro-
posed to be an ultimate functional unit of membrane
transport.

Besides PDZ proteins, a novel protein that modulates
transporter activities has been identified. A new
ischemia/reperfusion-inducible protein (IRIP), which
belongs to the SUA5/YrdC/YciO protein family, was
isolated in a differential display analysis of an ischemia
/reperfusion-treated kidney RNA sample (100). Mouse
IRTP mRNA was expressed in all tissues tested, the
highest levels being in the testis and in secretory and
endocrine organs. Besides ischemia/reperfusion, endo-
toxemia also activated the expression of IRIP in the
liver, lung, and spleen. The transporter regulator RS1,
which was originally isolated from an expression cDNA
library of porcine kidney cortex by screening the library
with a monoclonal antibody that stimulated high-affinity
phloridzin binding, was identified as an IRIP-interacting
protein in yeast two-hybrid assays and coimmuno-
precipitation assays. IRIP overexpression inhibited
endogenous 1-methyl-4-phenylpyridinium (MPP") up-
take activity in HeLa cells. The activities of exogenous
organic cation transporters (OCT2 and OCT3), organic
anion transporter (OAT!), and monoamine transporters
were also inhibited by IRIP. IRIP is thought to regulate
the activities of a variety of transporters under normal
and pathological conditions.

3.9. Protein-lipid interaction
Localization is a major issue for membrane proteins,
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since their recruitment to the plasma membrane is a
prerequisite for various functions of the proteins. Within
the plasma membrane, correct localization is equally
important, since a recent study has shown that the
membrane itself is highly organized into lipid domains
that provide subcompartments. These small (<100 nm)
membrane domains, also called rafis, are enriched in
sphingolipids and cholesterol and incorporate GPI-
anchored proteins, specific transmembrane proteins, and
doubly acylated proteins such as tyrosine kinases of the
Src family. Rafts have been proposed to function as
platforms for the assembly of cytoplasmic and membra-
nous signaling molecules and for polarized membrane
traffic. Caveolae represent a subpopulation of lipid rafts
that contain the scaffolding protein caveolin, which can
organize the assembly of macromolecular complexes
and regulate protein function within caveolae (101).
Three caveolin genes (Cav-1, Cav-2, and Cav-3) have
been identified. Cav-1 and Cav-2 have a wide distri-
bution among different cell types, whereas Cav-3 is
expressed exclusively in all types of muscle. Since
caveolin (Cav) is known to play a role in membrane
transport, interactions between transporters and caveo-
lins are an important issue. Kwak et al. demonstrated
that rOatl and Cav-2 are co-expressed in the plasma
membrane and that rOatl’s function for organic anion
transport is upregulated by Cav-2 in physiological
conditions (102). Kwak et al. also showed that rOat3 and
Cav-1 share cellular expression in the plasma membrane
and that Cav-1 upregulates the organic anion uptake via
rOat3 under physiological conditions (103).

3.10. Novel aspects of OATSs

Recently, receptors for dicarboxylates such as succi-
nate and o-ketoglutarate have been identified in the
kidneys (104). Succinate is a natural ligand for GPR91,
and o-ketoglutarate is a natural ligand for GPR99,
orphan G-protein-coupled receptors (GPCRs) in proxi-
mal and distal tubules. He et al. showed that succinate
increases blood pressure in mice and that the succinate-
induced hypertension involves the renin-angiotensin
systemn. These findings suggest that the level of
dicarboxylates surrounding proximal tubular cells,
determined by the balance between the uptake of
dicarboxylates via Na -dependent dicarboxylate trans-
porters (NaDCs) (105) and their efflux via OATs, is an
important factor that regulates renovascular hyper-
tension. In the earlier part of this review, we proposed by
taking into account the existence of the outwardly
directed dicarboxylate gradient in tubular cells that
OAT?4 contributes to the tubular reabsorption of organic
anions. However, not only the organic anion influx but
also the dicarboxylate efflux seems to have important
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roles for OAT family members, because no other
transport protein mediating dicarboxylate efflux has
been identified to date. Due to the function of apical
organic anion-transporting multimolecular complex
(organic anion transportsome), dicarboxylates remain-
ing in the fubular fluid go down to the distal nephron
and function as a signaling molecule for renovascular
hypertension, a disease closely linked to atherosclerosis,
diabetes, and renal failure. Therefore, apical organic
anion transportsome can function as a regulator of di-
carboxylate signaling and it could be a novel therapeutic
target for the above-stated diseases (Fig. 3).

The role of the efflux pathway for OATs seems also to
be important in endocrine tissues. It has been suggested
that OAT! is involved in cortisol release from bovine
and rat adrenal zona fasciculata cells, but there is no
information on the existence of OATSs in human adrenal
cells. Asif et al. addressed the question of whether OATs
are present in human adrenal cortical cells using the
human adrenal cell line NCI-H295R established in 1990
from a patient with adrenocortical carcinoma who
showed high rate of secretion of mineralcorticoids,
glucocorticoids, and androgen (106). RT-PCR did not
reveal expression of hOAT! and hOAT2, but hOAT3
and hOAT4 mRNAs were detected in both NCI-H295R
cells and human adrenal tissue. When human OAT3
(hOAT3) and hOAT4 were expressed in Xenopus
oocytes, only hOAT3 showed [*H]cortisol uptake in
excess of that of water-injected control oocytes. In
NCI-H295R cells, [*H]estrone sulfate uptake was
saturable, cis-inhibited by OAT substrates, and trans-
stimulated by preloading with glutarate or cortisol.
Likewise, ["H]PAH uptake was cis-inhibited by estrone

sulfate and frans-stimulated by preloading the cells
with PAH, glutarate, or cortisol, indicating functional
expression of OATs in the plasma membrane of NCI-
H295R cells. Therefore, in addition to the well known
role of OATS in the elimination of organic anions from
the body, the maintenance and regulation of endocrine
functions would be another important role of them.

4. Perspectives

In this review, we describe recent progress in the
understanding of various aspects of the OAT family
(SLC22). Characterization of the OAT family members
has brought us a step further in the elucidation of
molecular mechanisms for drug elimination and distri-
bution in the kidneys, liver, and brain. Nonctheless,
many questions remain to be answered. First, several
uncharacterized (orphan) transporters in the SLC22A
superfamily remain, and further investigation is there-
fore required to determine their functions. Second,
knowledge of the mechanisms by which OATs are
regulated is lacking. Gender differences in the expres-
sion levels of OAT family members are of significant
interest. Third, clarification of the three-dimensional
(3D) structures of OATs is necessary to understand
the broad substrate recognition of OATs. Because of
difficulties in the purification and crystallization of
membrane transporter proteins, the 3D structures of
transporters have yet to be clarified. Fourth, a
comprehensive understanding of the apical exit pathway
for organic anions in the kidneys and the PDZ inter-
action on apical OATs is an important issue. Finally, the
pathological significance of OATSs is of great interest.
Originally, studies on OATs were focused on the
molecular mechanisms that underlie the elimination
of xenobiotics. However, recent studies have unveiled
the reabsorptive roles of endogenous compounds, such
as urate, for OAT isoforms. This implies that the
fundamental roles of OATs are not restricted to
pharmacological and toxicological roles. Thus, genetic
defects of OATs might give rise to pathophysiological
states.
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Abstract

‘We previously reported the finding that prenatal exposure to a relatively low dose of PCB126 increases the rate of DMBA-induced rat
mammary carcinoma, while a high dose decreased it. One of the most important factors determining the semsitivity to mammary
carcinogenesis is the metabolic stage at administration of the carcinogenic agent. DMBA is a procarcinogen that recruits the host metabolism
1o yield its ultimate carcinogenic form, and CYP1A1 and CYP1B1 (CYP1) conduct this metabolism. We investigated the hepatic expression
of CYP1 and AhR following oral administration of DMBA (100 mg/kg b.w.) (i.g.) to 50-day-old female Sprague- Dawley rats whose dams
had been treated (1.¢.) with 2.5 ng, 250 ng, 7.5 pg of PCB126/kg or the vehicle on days 13 to 19 post-conception. Real-time quantitative RT-
PCR analysis revealed that the prenatal exposure 1o a relatively low dose of PCB126 (the 250 ng group) prolonged the higher expression of
CYP1AL, CYPIBI, and AhR mRNA, while prenatal exposure fo a high dose of PCB126 (the 7.5 pg group; prolonged the higher expression
of CYPIAL and AhR mRNA. Western blotting and immunohistochemical analyses were consistent with mRNAs changes. Because DMBA
oxidation produces a highly mutagenic metabolite and is finally catalyzed by CYP1BI, a relatively low PCB126 dose might produce the
biological character to potentially increase the risk of DMBA-induced mammary carcinoma.
© 2005 Elsevier Inc. All rights reserved.

Kevwords: PCB126; DMBA; CYP1; AhR; Liver; Rat

Introduction stability and lipophilicity of PCBs and their resistance to

degradation results in their persistence and concentration in

Polychlorinated biphenyls (PCBs) are a heterogeneous
group of man-made organic compounds that are widely
present in the environment (JARC, 1997). The chemical

Abbreviations: PCBs, polychlorinated biphenyls; CYP, cytochrome
P450; AhR, aryl hydrocarbon receptor; ARNT, AhR nuclear translocator
protein; PCB126, 3,3 4.4 5-pentachlorobiphenyl: DMBA. 7,12-dimethyl-
benz[aJanthracene.
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food chains (Bro-Rasmussen, [996) as well as their
bicaccumulation in human adipose tissue (Kutz ot al,
1991}, blood (Murphy and Harvey, 1985), and breast milk
(Rogan et al, 1987). Moreover, transplacental and lacta-
tional wransfers of PCBs to a developing fetus and infant
have the potential to cause adverse effects (Safe and
Krishnan, 1995; van den Berg et al,, 1998).
7,12-Dimethylbenz[a]anthracene (DMBA) is a model
compeund that induces mammary carcinogenesis in rodents
(Huggins ot al., 1961; MacDonald et al., 2001; Rowlands st
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al,, 2001). We previously found that prenatal exposure to a
relatively low dose of 3,3,4,4,5-pentachlorobiphenyl
(PCB126) increases rat mammary carcinoma induced by
DMBA ingestion at 50 days old, and exposure to a high dose
of PCB126 acts as an inhibiting agent for it (Muto et al.,
2001). One of the most important factors determining
sensitivity to mammary carcinogenesis is the metabolic stage
of the carcinogenic agent. DMBA is a procarcinogen and
requires metabolic conversion to its ultimate carcinogenic
metabolite by oxidation, which is conducted by CYP1Al and
1B1 (CYP]) (Christou et al., 1987; Dipple, 1995; Shimada et
al., 1996). Both the proximate and ultimate metabolites of
DMBA that are formed in hepatocytes can be transported to
other organs, resulting in carcinogen-adducted DNA (Di
Giovanni and Juchau, 1980; Ginsberg and Atherholt, 1989).
Therefore, the liver has a primary role in the metabolism of
DMBA and is the most significantly affected organ following
the experimental exposure of DMBA to an animal (D1
Giovanni and Juchau, 1980; Kothari and Subramanian,
1992). Thus, the extent to which DNA adducts occur after
administration of DMBA depends on the level of oxidative
metabolism of DMBA due to CYP] activities (Dipple et al,
1999; CGranberg et al, 2000; MacDonald et al, 2001;
Rowlands et al., 2001).

Both PCB126, a prototypical coplanar halogenated
aromatic hydrocarbon, and DMBA, a polycyclic aromatic
hydrocarbon, bind and activate the aryl hydrocarbon receptor
(AhR), which is a basic helix—loop~helix (b-HLL) protein
(Burback et al.,, 1992). Ligand binding results in activation of
AhR and subsequent nuclear translocation, where it hetero-
dimerizes with another bHLH partner, the AhR nuclear
translocator protein (ARNT) (Hoffinan et al, 1991). The
AhR-ARNT dimer binds to specific regulatory elements,
xenobiotic responsive elements (XREs), upstream of the
responsive genes and enhances their transcripts, the CYP]
enzyme family (Dolwick et al,, 1993; Jones ¢t al., 1986; Okey
et al., 1994; Rowlands et al., 2001; Schmidt and Bradfield,
1996). Enzyme activation of catcinogens yields intermediate
metabolites that are chemically more reactive than the initial
compound (Cavalieri ctal., 2002). Hence, we investigated the
expressions of hepatic CYP! and AhR following ingestion of
DMBA by 50-day-old offspring of female rats that had been
exposed to PCB126 on days 13 to 19 post-conception.

Materials and methods

Animals, chemicals, and treatments. Forty-five female
and nine male 6-week-old Sprague-Dawley (slc) rats
(Japan SLC, Shizuoka, Japan) were housed, three per plastic
cage, on hardwood-chip bedding in an environment-
controlled room on a 12-h light/12-h dark cycle at 22 + 2
°C and 55% £ 5% relative humidity, with a conventional
diet (MF, Oriental Yeast, Tokyo, Japan). All experimental
procedures were conducted following approval of the
Animal Care and Use Committee of the Azabu University

School of Veterinary Medicine. Guidelines set by the
National Institute of Health and Public Health Service
Policy on the Humane Use and Care of Laboratory Animals
were followed at all times. PCB126 was obtained from
AccuStandard Inc., New Haven, CT, and DMBA was
obtained from Tokyo Chemical Industry Co. Ltd., Tokyo,
Japan. Seven-week-old rats were housed with five females
and a male per plastic cage.

A lifetime tolerable daily intake (TDI) of PCB126 has
been reported to range from 10 to 100 pg/kg/day (van den
Berg ctal., 1998). In this study, three doses of PCB126 were
selected using 25 pgikg/day as the TDI dose (Muto et al.,
2001): 10%-fold of the TDI dose, 10*-fold of the TDI dose,
and 3 x 10°-fold of the TDI dose. Groups of eight pregnant
rats were treated with 2.5 ng, 250 ng, or 7.5 pg/kg body (i.g.)
PCB126 or with an equivalent volume of com oil (~0.5 ml/
animal, i.g.), on days 13 through 19 post-conception. The
offspring were sexed at birth, and litters were reduced so that
each dam was left with eight offspring (four females/dam).
Weaning was carried out at day 21 post-partum. In this study,
we considered the group of rats with prenatal exposure to 2.5
ng, 250 ng, or 7.5 pg/kg body PCB126 or with an equivalent
volume of com oil as the 2.5-ng, the 250-ng, the 7.5-ug, or
the vehicle group, respectively.

Each PCB126-treated group (2.5-ng, 250-ng, or 7.5-ug
group) included forty-five females, and the vehicle group
included thirty-six females. For experiments, 135 fifty-day-
old female rats received 100 mg/kg DMBA in com oil/kg
body (i.g.), and 36 received an equivalent volume of corn oil
(~0.5 ml/animal, i.g.). In this study, the dose of DMBA was
selected following the study of Huggins et al. (1961) with
the conversion using animal body weight. Following
anesthesia by diethyl ether, liver samples were obtained
under deep anesthesia from five (DMBA-fed) and four (com
oil-fed) rats from each group at 6 h, 12 h, 1 day, 2 days, 5
days, 10 days, 20 days, and 30 days. Representative sections
of each liver were fixed in 10% phosphate-buffered formalin
and routinely processed for immunohistochemistry. In
addition, representative sections were frozen without fix-
ation and stored at —80 °C.

Chemical analvsis.  Analysis for PCB126 was carried out
following the alkaline alcohol digestion method (Tanabe at
al., 1987). Aliquots of homogenized rat mammary tumor
samples were refluxed in 1 N KOH - ethanol solution for | h.
The PCB126 thus extracted into ethanol was transferred to
100 mi of hexane by shaking in a separating funnel.
Subsequently, the hexane layer was concentrated and
purified by passing it through 1.5 g of silica gel (Wako gel
S-1, Wako Co., Ltd., Osaka, Japan)} packed in a glass column
(10 mm inside diameter X 200 mm length). PCB126 was
eluted with 200 ml of hexane at an clution rate of one drop
per second. The eluate was concentrated to 5 ml in a
Kuderna—-Danish concentrator and further purified with 5%
fuming sulphuric acid. All samples were injected into a gas
chromatograph-mass spectrometer (GC-MS: Shimadzu 9020
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DF with an SCAP-1123 data system, Shimadzu Co. Ltd.,
Kyoto, Japan) equipped with an electron-impact ion-source
and moving needle-type injection system for the determi-
nation and identification of PCB126. The column consisted
of a 0.23 mm 1D. x 30 m glass capillary, coated with
silicone. Operating conditions of the GC-MS were as
follows: column oven temperature was programmed to rise
from 190 °C to 230 °C at 0.5 °C min"!; injector and ion-
source temperatures were kept at 250 °C and 280 °C,
respectively. PCB126 was determined by selected ion
monitoring at m/z 326. The carrier flow of helium was

controlled at 0.6 ml min™ .

Immunohistochemistry. Immunohistochemical expres-
sions of CYP1Al and CYPIB! were analyzed using the
avidin—biotin complex (ABC) method. After deparaffiniza-
tion, 4 pm thick sections were treated sequentially with 0.3%
H,O, for 10 min, then blocked with 10% goat serum or
horse serum in PBS for 20 min. Sections were thawed, rinsed
in PBS, and treated with primary antibodies of rabbit anti-
rat-CYPIA] (Affiniti Res. Inc., Excter, UK diluted 1:1000)
and rabbit anti-CYP1B! (BD Biosciences, Bedford, MA;
diluted 1:50). Bound lgG was detected with biotinylated
goat anti-rabbit 1gG (Vector Lab., Burlingame, CA; diluted
1:100) followed by avidin—biotin complex (ABC)-perox-
idase (Vector Lab., Burlingame, CA) and diaminobenzidine
(Sigma, St. Louis, MO). Sections were then counterstained
with hematoxylin. As a negative control, non-immunized
rabbit serum was substituted for the primary antibody.

Real-time quantitative RT-PCR.  For each RNA sample,
100 ng was used as the template for first strand ¢cDNA
synthesis using a TagMan Reverse Transcription kit,
following the RT-PCR manufacturer’s two-step protocol
(PE Applied Biosystems, Foster City, CA). Controls
included for each reaction were the RNA sample without
reverse transcriptase (RNA - RT) and no RNA with reverse
transcriptase (no RNA + RT). The conditions of the final
reaction for reverse-transcription were as follows: | X
TagMan RT buffer; 5.5 mM MgCly; 500 uM dATP, dGTP,
and dCTP; 1 mM dTTP; Random Hexamers 0.25 uM; 1.25
Ul MulV reverse transcriptase and 0.4 U RNase inhibitor
(PE Applied Biosystems, Foster City, CA). Quantitative
analyses of target gene (CYPLAlL, CYPIBI, and AhR)
mRNA expression were performed by real-time quantitative
PCR using the ABI Prism 7700 Sequence Detection System
(PE Biosystems, Foster City, CA) with Taq Man chemistry
and probe. The TagMan probes and primers for target genes
were assay-on-demand gene expression products (PE
Applied Biosystems, Foster City, CA) and oligonucleotides
with fluorescent reporter and quencher dyes attached (Table
1). Optimal primer, probe, and ¢cDNA concentrations were
determined in a separate set of experiments to insure that
both target gene and GAPDH fragments were amplified
with equal efficiency. PCR reactions were performed with
first-strand cDNA synthesis (2 pl) from each sample, a
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Universal PCR Master Mix kit (PE Applied Biosystems,
Foster City, CA), 250 nM TagMan probe, 0.16 U of
AmpErase UNG (uracil N-glycosylase), and 900 nM
forward-reverse primers of the target gene and GAPDH.
Three measuremenis per sample were performed in each of
two independent experiments. Results were analyzed with
the ABL Sequence Detector software version 1.7 (PE
Applied Biosystems, Foster City, CA). For relative quanti-
fication of target gene expression, the standard curve
method was applied. The calibrated standard curve of each
target gene ¢cDNA and GAPDH amplification plots were
examined at five different dilutions (containing 100, 50, 25,
10, or 5 ng) of total RNA samples that were obtained from
each PCR product using a TOPO II TA Cloning Kit
(Invitrogen, Carlsbad, CA) following the manufacturer’s
recommendations. The target gene’s normalized value was
determined by dividing the average target gene value by the
average GAPDH value. The standard deviation (SD) of the
quotient is calculated from the SD of the target gene and
GAPDH using the following formula:

CV = (SD of the quotient}/(mean value of the quotient)
(CV)* = (CV1)* + (CV,)?

CV, = (SD of target gene value)
/(mean of target gene value)

CV, = (SD of GAPDH value)/(mean of GAPDH value)
The normalized target gene value is a unitless number that
can be used to compare the relative amount of the target
gene in different samples. One way to make this comparison
is to designate one of the samples as a calibrator. In this
study, the liver of 50-day-old rat of the vehicle group
without DMBA ingestion was designated as the calibrator,
and the averaged target gene value was divided by the
average calibrator value according to the manufacturer’s
instiuctions for quantification of relative gene expression
(User Bulletin #2; P/N 4303859, pp. 3-30, 36).

Western Dblot analysis.  Rat livers were homogenized in 50
mM Tris—HCI, 150 mM KCI (pH 7.4), 1% Triton X-100, and
0.25 mM phenylmethylsulfonyl fluoride (PMSF) and centri-
fuged at 8000 x g for 30 min at 4 °C. The supernatant
obtained was centrifuged at 100,000 x g for 90 min at 4 °C.

‘Table 1
ID numbers of TagMan probes and primers (Assay-on-Demand gene
expression products) used for real-time quantitative RT-PCR

Gene 1D
CYPlLAI Rn0048721..ml

CYPIBI Rn00564055..ml
AhR Rn00565750_ml
Assay-on-Demand gene expression products were supplied by PE Applied

Biosystems, Foster City, CA.
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Table 2
Body and liver weights of 50-day-old ferale rats afler prenatal PCB126
exposure

Group Body weight (mg) Liver weight (mg)
7.5 ng 242.25 + 4.07 12.06 + 0.89
250 ng 24532+ 4.21 12.22 £ 0.53
25ng ) 24326+ 5.82 11.70 £ 0.55
Vehicle 24322+ 6.22 11.86 + 0.76

Values represent mean * SEM Scheffé’s /' test, NS.

The pellet was suspended in 50 mM Tris—-HCl (pH 7.4), 1%
Triton X-100, and 1 mM PMSF, and the protein concen-
trations were determined with a bicinchonic acid protein
assay reagent kit (Pierce, Rockford, 1L) with bovine serum
albumin as a standard. Microsomal samples were subjected to
electrophoresis on a 10% SDS polyacrylamide gel using 10
ng of microsomes. The proteins were transferred for2hto a
nitrocellulose membrane that was blocked by immersing it in
5% non-fat dried milk in phosphate-buffered saline with
0.1% (v/v) Tween 20 (PBS-T). Western blot analysis was
performed using antitat-CYP1A1 (Affiniti Res., Exeter,
UK), anti-rat-CYPIB1 (BD Gentest, San Jose, CA), or anti-
ABR (H-211) (Santa Cruz, Santa Cruz, CA) antibodies.
CYPIAL, CYPIBI, and AhR antibodies were diluted
1:1000, 1:500, and 1:1000, respectively, i PBS-T and
incubated 1 h at room temperature on an orbital shaker. After
being washed three times with PBS-T, they were incubated
with a 1:2500 dilution of horseradish peroxidase-conjugated
anti-rabbit antibody (Amersham Biosciences, Piscataway,
NJ) for 1 h on an orbital shaker. After being washed three
times with PBS-T, the membranes were detected using the
ECL Plus Western Blotting Detection System (Amersham
Biosciences, Piscataway, NJ).

Statistical analysis.  For cach set, the mean value, standard
deviation, and standard error of the mean were calculated and
compared using Scheffé’s £ test or a chi-square test using the
computer statistical analysis system Stat View-J 5.0 (Abacus
Concepts, Cary, NC).

Results

Body and liver weights, and concentration of PCB126 in liver

Prenatal PCB126 treatment of dams resulted in offspring
with body weights and liver weights that were similar

Table 3

Concentration of PCB126 in livers of female rats after prenatal exposure

Group 50-day-old 80-day-old
7.5 ug 73.05 & 8.68% 5.01+3.79
250 ng 235+ 139 - 0.26 1 0.96
2.5ng 0.30 £ 0.98 0.21 +0.88
Vehicle 0.20 £ 0.42 0.19 £ 0.37

Values represent mean = SEM ng/g.
#* Scheffé’s F test, £ < 0.05.

between groups at 50 days old (Table 2). The concentration
of PCB126 in the liver of 50-day-old rats compared to the
vehicle group was about 365 times higher in the 7.5-ug
group, about 12 times higher in the 250 ng group, and about
1.5 times higher in the 2.5 ng group, and that of 80-day-old
rats compared to the vehicle group was about 26 times
higher in the 7.5-pg group, about 1.4 times higher in the
250-ng group, and about 1.1 times higher in the 2.5-ng
group (Table 3).

Quantitative RT-PCR for CYPIAl and CYPIBI mRNA
expression in prenatally PCB126-exposed ral liver

In 50-day-old rats, the 7.5-pg group showed significantly
increased expression of hepatic CYPIAI mRNA (33-fold)
and CYP1B!1 mRNA (15-fold), and the other groups
showed lower expression of CYPIAL mRNA (1- to 3-fold)
and CYPIBI mRNA (1- to |.7-fold) (Figs. I, 2). As they
grew older, the CYP] mRNA expression levels of the 7.5-
ng group gradually decreased, but remained at significantly
higher levels compared with that of the other groups until
they were 70 days old (Figs. 1, 2).
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Fig. 1. Effect of prenatal exposure to PCB126 on CYPIAl mRNA
expression in rat liver. The indicated mRNA levels were determined by
real-time quantitative RT-PCR, with analysis using the standard curve
method described under Materials and methods. Each Jevel was normalized
to that of the endogenous housekeeping gene GAPDH in each tissue, as
described under Materials and methods. Values represent mean = SD. (%)
Scheffé’s F test £ < 0.01.
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Quantitative RI-PCR for CYPIAImRNA expression
Jollowing DMBA ingestion in prenatally
PCBI26-exposed rat liver

At 6 h after DMBA ingestion, the expression of CYPIA
mRNA was significantly higher in all PCB126-ireaied
groups (33~ to 34-fold) than in the vehicle group (25-fold)
(Fig. 3). After 12 h, all groups showed a similarly high level
(Fig. 3). After | day, CYPIA! mRNA expression of all
PCB126-treated groups remained at high levels, but that of
the vehicle group decreased to 25-fold (Fig. 3). After 2 days,
CYPIA] mRNA expression of the 7.5-ug and 250-ng
groups remained at similarly high levels, but that of the 2.5
ng and vehicle groups decreased to 13- to 17-fold (Fig. 2).
At 5 days after, CYPIAL mRNA expression of the 7.5-ug
and 250-ng groups showed a 28- to 32-fold increase, and
that of 2.5-ng group had decreased 12-fold, while in the
vehicle group, it had decreased to the calibrator level (Fig.
3). Subsequently, CYP]A] mRNA expression of the 7.5-ug
and 250-ng groups was gradually decreased to 22- to 28-
fold at 10 days after, 18- to 20-fold at 20 days after, and
CYPIA!l mRNA expression of the 2.5 ng and vehicle
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Fig. 2. Effect of prenatal exposure to PCBI126 on CYP1BI mRNA
expression in rat liver. The indicated mRNA levels were determined by
real-time quantitative RT-PCR, with analysis using the standard curve
method described under Materials and methods. Fach level was nomalized
to that of the endogenous housekeeping gene GAPDH in each tissue, as
described under Matenials and methods. Values represent mean £ SD. (*%)
Scheffé’s F test P < 0.01. (¥) Scheffé’s F test P < 0.05.
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groups had returned to the calibrator level at 10 o 20 days
affer (Fig. 3). At 30 days after, CYPIA] mRNA expression
of all groups had retumed to the calibrator level (Fig. 3).

Quantitative RT-PCR for CYPIBImRNA expression

Jollowing DMBA ingestion in prenatally

PCB126-exposed rat liver

At 6 h after DMBA ingestion, the expression of CYP1B]
mRNA of all PCB126-treated groups had increased (24- to
26-fold), but that of the vehicle group remained at the
calibrator level (Fig. 4). After 12 h to I day, CYPIB!
mRNA expression of the 7.5-pug and 250-ng groups
increased further to 25- to 27-fold, and that of vehicle
group also increased (o 17- to 18-fold (Fig. 4). At 2 days
afler, CYP1B1 mRNA expression of the 7.5-pg and 250-ng
groups remained at similarly high levels, but in the vehicle
group it had decreased to 14-fold (Fig. 4). At 5 days afier,
CYPIB] mRNA expression of the 250-ng group showed a
20-fold increase, which was significantly higher than that of
the 7.5-pg and 2.5-ng groups (9- to 10-fold), and the vehicle
group had decreased to the calibrator level (Fig. 4). After 10
to 20 days, CYPIB1 mRNA expression of the 250-ng group
was 18-fold, which was significantly higher than that of the
7.5-ug group (8-fold), and the 2.5-ng and vehicle groups
had returned to the calibrator level (Fig. 4). After 30 days,
CYPIBI mRNA expression of the 250-ng group was 2-
fold, which was significantly higher than that of the 2.5-ng
and vehicle groups (Fig. 4).

Quantitative RI-PCR for AhR mRNA expression following
DMBA ingestion in prenatally PCB126-exposed rat liver

At 6 h after DMBA ingestion, the expression of AhR
mRNA had increased, but those of all PCB | 26-treated groups
(33-fold) were significantly higher than that of the vehicle
group (25-fold) (Fig. 5). At 12 hatter, AhR mRNA expression
of all groups showed similarly high levels (Fig. 5). At 1-2
days after, AhR mRNA expression of the vehicle group
gradually decreased (Fig. S). At 5 days after, AhR mRNA
expression of the 250-ng group was 35-fold, which was
significantly higher than that of the 7.5-pg and 2.5-ng groups,
and in the vehicle group, it had decreased to the calibrator
level (Fig. 5). At 10--20 days after, AhR mRINA expression of
the 250-ng group gradually decreased, but it was significantly
higher than that of the 7.5-ug group, and in the 2.5-ng and
vehicle groups, it was at the calibrator level (Fig. 5). After 30
days, all groups were at the calibrator level (Fig. ).

Immunohistochemistry for CYPIAl and CYPIBI. and
Western blot analyses of CYPIAI, CYPIBI, and AhR
expression following DMBA ingestion in prenatally
PCB126-exposed rat liver

To determine whether the mRNA modulation of the
CYP1 and AhR correlates with changes in protein expres-
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Fig. 3. Effect of prenatal exposure to PCB126 on CYPLAL mRNA expression in rat liver following DMBA ingestion. The indicated mRNA levels were
determined by real-time quantitative RI-PCR, with analysis using the standard curve method described under Materials and methods. Each level was
normalized to that of the endogenous housekeeping gene GAPDH in each tissue, as described under Materials and methods. Values represent mean + SD. (*#)
Schetfe’s F test P < 0.01 (¥) Scheffé’s F test P < 0.05.
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Fig. 4. Effect of prenatal exposure to PCB126 on CYPIB1 mRNA expression in rat liver following DMBA ingestion. The indicated mRNA levels were
determined by real-time quantitative RT-PCR, with analysis using the standard curve method described under Materials and methods. Each level was
normalized to that of the endogenous housekeeping gene GAPDH in each tissue, as described under Materials and methods. Values represent mean + SD. (¥%)
Scheftd’s F test P < 0.01 (*) Scheffé’s F test P < 0.05.
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Fig. 5. Effect of prenatal exposure to PCB126 on AhR mRNA expression in rat liver following DMBA ingestion. The indicated mRNA levels were determined
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sion, immunohistochemistry, and/or Western blot analyses
were performed. The protein expression was qualitatively
consistent with the pattemns observed for CYP1A1 mRNA,
CYPIB] mRNA, and AhR mRNA (Figs. 6—8).

Discussion

PCBs arc ubiquitous envirommental contaminants that
produce a spectrum of adverse biochemical and biological
effects, including carcinogenic effects in people and a wide
variety of animals (IARC, 1997). The induction of CYP!
expression by PCBs and DMBA has been extensively
investigated (Angus et al,, 1999, Christou et al, 1987;
Rowiands et al, 2001; Schmidt and Bradfisld, 1996;
Whitiock, 1999), and it has been established that the nuclear
AhR/ARNT heterodimeric complex acts as a ligand-
activated transcription factor that binds to XREs in the
regulatory region of CYP! genes (Evans, 198X).

QOur previous study found that rats given 250 ng
PCB126/kg/day (from days 13 through 19 post-conception)
had a higher incidence of DMBA-induced mammary
carcinogenesis than a group given 7.5 pg PCBI126/kg/day
(from days 13 through 19 post-conception) (Muto et al,
2001). PCBs are considered non-genotoxic carcinogens
because they do not produce DNA adducts and are negative
for genotoxic tests (Twrteltaub et al., 1990), while DMBA, a
member of the polyeyclic aromatic hydrocarbons (PAHs), is
a procarcinogen and requires metabolic conversion to its
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ultimate carcinogen metabolite, DMBA-3 4-dihydrodiol-
}.2-epoxide (Dipple et al., 1984; Slaga et al., 1979; Slims
and Grover, 1981), by a process that includes two separate
oxidations, produces 3,4-dihydrodiol, and is catalyzed by
either CYP1AL or CYPIBI (Christou et al, {987; Cioline
et al., 2002). The second oxidation produces the highly
mutagenic 3,4-dihydrodiol-1,2-epoxide metabolite and is
catalyzed by CYP1BI (Shimada et al,, 1996). These data
suggest that CYPIBI is an essential enzyme for metabolic
activation, and thus the carcinogenic potential of DMBA is
dependent on it. In this study, the 7.5-ug group showed
higher expression of CYPIA! until 20 days after DMBA
ingestion, while the 250-ng group showed higher expression
of CYPIAL until 20 days after and higher expression of
CYPIBI until 30 days after. The mechanisms controlling
the tissue-specific transcription of CYPIBI are now not
known (Sasaki ot al, 2003). Our results are the first
demonstration, to our knowledge, of a modulation of
CYP1BI expression by PAHSs. Indeed, it has been suggested
that CYPIB! possesses a greater capacity than CYPIAT to
bioactivate a number of PAH procarcinogens (MacDouaid et
al., 2001; Shimada et al., 1996). Because Western blotting
and immunohistochemical analyses were qualitatively con-
sistent with each mRNA change, increased activities of
these enzymes would also be revealed in the increased
protein expression.

When DMBA was ingested at 50 days old, only the 7.5-
ug group showed a high level of hepatic CYP! expression,
and it had decreased to that of the calibrator level at 80 days
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