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Differential mRNA display showed that a cDNA
and disappeared after treatment of mice with
-methylcholanthrene (MC). The cDNA encoded low-
olecular-weight (LMW) prekininogen, known to be

he precursor of a potent vasodilator, bradykinin. MC
s generally known to bind to aryl hydrocarbon recep-
or (AhR) as an initial event to cause effects in vivo. In
ccordance with the results, Northern blot analysis
or LMW prekininogen mRNA using total RNAs from
ild-type and AhR-null mice indicated that the sup-
ression of the mRNA expression by MC was seen in
ild-type mice but not in AhR-null mice. The expres-

ion of LMW prekininogen mRNA was almost com-
letely lost within 1 h after treatment of mice with MC,
hile a clear increase of CYP1A2 mRNA, as a positive

ontrol, was noted 4 h after the treatment. The plasma
oncentration of bradykinin released from LMW pre-
ininogen was decreased by MC in wild-type mice, but
ot in AhR-null mice. Based on these results, we con-
lude that AhR inhibits bradykinin synthesis in mice
ia suppression of the expression of LMW prekinino-
en. Possible mechanism(s) responsible for hyperten-
ion caused by treatment of mice with MC is also
iscussed. © 2001 Academic Press

Exposure to halogenated aromatic hydrocarbons
uch as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)

Abbreviations used: Ah, aryl hydrocarbon; AhR, Ah receptor; Arnt,
hR nuclear translocator; bdw, body weight; C/EBP, CAAT/enhancer
inding protein; CYP, cytochrome P450; GST, glutathione S-trans-
erase; HMW, high molecular weight; LMW, low molecular weight;

C, 3-methylchoranthrene; NQO1, NAD(P)H: quinone oxidoreduc-
ase1; RT-PCR, reverse transcriptase-polymerase reaction; SDS, so-
ium dodecyl sulfate; SSC, sodium chloride–sodium citrate solution;
CDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; UGT, UDP-glucurono-
yltransferase; XRE, xenobiotic-responsive element.
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orted to cause various biological responses including
ypertension, epithelial hyperplasia, tumor promotion
nd the induction of enzymes responsible for the me-
abolism of xenobiotics (1–7). In addition, teratogenesis
uch as cleft palate and hydronephrosis is also noted
fter treatment with TCDD (8). Despite these results,
he molecular mechanism(s) responsible for the toxici-
ies seen with TCDD has not yet been well understood.

Most of the biological responses to TCDD and related
romatic hydrocarbons are thought to be mediated by a
ytosolic protein termed as AhR (9), which exists as a
art of a complex that has a molecular mass of about
80 kDa (10). After the binding of TCDD with AhR,
hR dissociates from the above complex and translo-
ates to the nucleus where it heterodimerizes with
rnt (11). The heterodimer AhR/Arnt complex binds to
everal copies of 5-bp sequence, named as XRE (59-
CGTG-39), located within the 59-flanking region of the
hR target genes, such as CYP1A1, CYP1A2, CYP1B1,
QO1, GST Ya, and UGT1A6 (12).
During the course of our study to search AhR target

enes involved in the occurrence of toxicities seen with
romatic hydrocarbons, we found that the expression of
MW prekininogen mRNA was suppressed by MC. LMW
rekininogen is known to be a kinin precursor protein
hat is synthesized in the liver. LMW prekininogen pro-
uces lysylbradykinin in plasma by cleavage with kal-
ikrein. Lysylbradykinin is further digested with amino-
eptidase to produce a potent vasodilator, bradykinin
13–14), which decreases blood pressure. In the present
tudy, a possible mechanism(s) responsible for hyperten-
ion caused TCDD or polycyclic aromatic hydrocarbons
een in rats and humans is also discussed.

XPERIMENTAL PROCEDURES

Materials. MC was purchased from Sigma Chemical (St. Louis,
O). Markit-bradykinin kit was from Dainippon Pharmaceutical
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



(Osaka, Japan). Other chemicals were of the highest grade commer-
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ially available.

Animal treatment. Adult male C57BL6/J mice (7 weeks old;
ankyo Experimental Animals, Tokyo, Japan) and adult male AhR-
ull mice (7 weeks old) (15) were treated with MC dissolved in corn
il at a dose of 80 mg/kg per bdw intraperitoneally for 2 days. Twenty
our hours after the last administration of MC, mice were sacrificed.
ivers were removed and were immediately used for following ex-
eriments.

Differential mRNA display. Total RNAs were prepared from the
ivers of mice by the guanidinium/cesium chloride method (16). RT-
CR-based differential mRNA display was performed by using fluores-
ence differential display kit (Takara, Kyoto, Japan) essentially accord-
ng to the manufacturer’s instructions (17) with minor modifications.
riefly, total RNA (0.5 mg) and two-base-anchored 59-fluorescein-

abeled oligo(dT) primer (59-T13–16AC-39) were used for RT reaction.
DNA was synthesized by means of PCR using an arbitrary primer
59-GATCATAGTCC-39 (for clone A67) or 59-GATCTGACAC-39 (for
lone B20). PCR products were separated on a 6% DNA sequencing gel
nd analyzed by autofluorography (FLA2000, Fuji Film, Tokyo, Japan).
ifferentially expressed cDNAs were recovered from a gel, and then
mplified using the same PCR primers. Amplified cDNAs were sub-
loned into pGEM-T Easy Vector (Promega, Madison, WI) and trans-
ormed into competent E. coli cells. Plasmids which contained inserts
ere subjected to sequencing. Sequencing was performed with a bigdye
rimer cycle sequencing kit (PE Applied Biosystems, Foster City, CA)
n an ABI 310 automated sequencer (PE Applied Biosystems, Foster
ity, CA). The sequence similar to the isolated cDNA was sought by
sing BLAST 2.1 program.

Northern blot analysis. Total RNAs were prepared from the liv-
rs of wild-type mice or wild-type mice treated with MC as previously
eported (16). A fragment of LMW prekininogen cDNA (18) (from
ucleotides 996 to 1317 relative to initiation codon) was used as a
robe. A part of CYP1A2 cDNA (19) (from nucleotides 1525 to 1653)
as also used as a probe. Total RNA (20 mg) was electrophoresed in
0.8% agarose gel containing 18% formaldehyde and was trans-

erred to a nylon membrane (Nytran N, Schleicher & Schuell, Dassel,
ermany). The membrane was hybridized with 32P-labeled cDNA by
sing a DNA labeling system (Nippon Gene, Tokyo, Japan). Hybrid-

zation was carried out as described previously (20). The membrane
as washed twice with 13 SSC containing 0.2% SDS at 50°C for 30
in.

Blood collection. Under ether anesthesia, blood was collected
rom the inferior vena cava of mice to plastic tubes containing 3.8%
odium citrate. Plasma was prepared by centrifugation at 1500g for
5 min at 25°C (21).

Determination of LMW prekininogen level in plasma. The plasma
evel of LMW prekininogen was determined essentially according to
he method of Majima et al. (21) with minor modifications. Briefly,
lasma was incubated with a glass powder (Wako, Tokyo, Japan) at
7°C for 1 h. The plasma was adjusted to pH 2.0 and was incubated
ith trypsin (Wako, Tokyo, Japan) (0.1 mg/ml plasma), followed by
eutralization with sodium hydroxide. The amounts of kinin which
as released from LMW prekininogen by cleavage with trypsin were
etermined by a bradykinin enzyme immunoassay (20). Protein con-
entration was determined using a protein assay kit (Bio-Rad, Her-
ules, CA) (22).

ESULTS AND DISCUSSION

Using a differential mRNA display technique to de-
ect molecular alteration caused by treatment of mice
ith MC, we found cDNA bands disappeared (clone
67) (Fig. 1A), or were induced (clone B20) (Fig. 1B) in

he livers of wild-type mice treated with MC. These
302
DNA bands were excised from a gel and were sub-
ected to sequencing. Sequence analysis followed by a
omology search with BLAST 2.1 program revealed
hat the sequences of clone A67 and clone B20 were
ompletely identical to those of LMW prekininogen and
YP1A2 cDNAs, respectively (data not shown). LMW
rekininogen is a kinin precursor protein that is syn-
hesized in the liver (13). Bradykinin is known to be a
otent vasodilator (13). CYP1A2 is induced by aro-
atic hydrocarbons including MC and is responsible

or the bioactivation of carcinogenic compounds such as
eterocyclic amines (23).
To further confirm that the expression of LMW pre-

ininogen mRNA is suppressed by MC, Northern blot
nalysis was performed using total RNAs from wild-
ype mice or wild-type mice treated with MC (Fig. 2). In
greement with the results shown in Fig. 1, the expres-
ion of LMW prekininogen mRNA was clearly de-
reased by treatment of mice with MC. In addition, to
xamine whether or not the decreased expression of
MW prekininogen by MC was mediated by AhR, total
NAs from AhR-null mice or AhR-null mice treated
ith MC were also analyzed by Northern blot analysis.
s expected, the expression of LMW prekininogen
RNA in AhR-null mice was unaffected by the treat-
ent of the mice with MC. The inducibility of CYP1A2

xpression by MC was monitored as a positive control
Fig. 2). The MC-induced expression of CYP1A2 was
een in wild-type mice but not in AhR-null mice. Thus,
t appeared that the suppression of LMW prekininogen

RNA expression by MC as well as the induction of
YP1A2 occurred dependent on AhR.
Northern blot analysis of total RNAs showed that

he expression of LMW prekininogen mRNA was lost
h after treatment with MC (Fig. 3). The expression of
MW prekininogen mRNA apparently tended to re-
tore 4 h after treatment with MC. On the other hand,

FIG. 1. Identification of differentially expressed cDNAs in the
iver of wild-type mice treated with MC. Total RNA (0.5 mg) from the
ivers of mice treated with MC was converted to cDNA. Differential

RNA display was performed as described under Experimental Pro-
edures. Samples were run on a 6% polyacrilamide/8 M urea gel. (A)
lone A67 was identified as LMW prekininogen mRNA. (B) Clone
20 was identified as CYP1A2 mRNA.
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he expression of CYP1A2 mRNA was clearly induced
y MC 4 h after treatment with MC. Thus, it seemed
hat the responsiveness of the LMW prekininogen gene
o MC occurred faster than that of the CYP1A2 gene.

LMW prekininogen produce bradykinin (13). Thus,
he functional consequence of the down-regulation of
MW prekininogen expression by MC was examined.
t was found that the plasma level of bradykinin was
educed by MC in wild-type mice, but not in AhR-null
ice (Fig. 4). These results confirmed that the rapid

FIG. 2. Influence of MC treatment on the expression of LMW
rekininogen and CYP1A2 mRNAs. A portion (20 mg) of total RNA
as allocated to Northern blot analysis as described under Experi-
ental Procedures. (A) The expression of LMW prekininogen mRNA

s indicated by an arrow. (B) CYP1A2 mRNA expression is indicated
s control. A 28S and a 18S ribosomal RNA were stained with
thidium bromide to verify the amounts of RNA loaded (lower panel).

FIG. 3. Time course of the suppression of LMW prekininogen
xpression by MC. Total RNAs were prepared from the livers of mice
, 2, 4, 10, 24, or 48 h after treatment with MC. A portion (20 mg) of
otal RNA was allocated to Northern blot analysis as described under
xperimental Procedures. (A) The expression of LMW prekininogen
RNA as indicated by an arrow. (B) CYP1A2 mRNA expression as a

ositive control. (C) The same blots were stained with ethidium
romide to verify the amounts of RNA loaded.
303
oss of the expression of the LMW prekininogen mRNA
aused the reduced plasma level of bradykinin in the
iver by a mechanism(s) dependent on AhR.

Prekininogen gene encodes HMW and LMW prekini-
ogens. These prekininogens were reportedly produced
y alternative splicing (14). In the present study, we
ound that the expression of HMW prekininogen was
lso decreased by the treatment of mice with MC, in-
icating that the down-regulation of LMW prekinino-
en expression by MC was not caused by the abnormal
lternative splicing. An AhR/Arnt complex binds to
everal copies of XRE (59-GCGTG-39), located within
he 59-flanking region of the AhR target genes (12).
lthough we could not find any XREs within the pro-
oter regions up to 2427 of the rat K-kininogen gene

24) and up to 22 kb of the human kininogen gene
GenBank accession number NT005962), the expres-
ion of LMW prekininogen was decreased by MC. De-
ailed mechanism(s) accounting for the discrepancy are
ot known at present. It has been reported that the
xpression of rat K-kininogen is regulated by C/EBP
amily (24–25). The C/EBP binding site is present
ithin the K-kininogen promoter region. Interestingly,

he C/EBP binding site is also conserved in the 59-
pstream region (2181 to 2190) of the human kinino-
en gene. The expression of C/EBPa is known to be
uppressed by TCDD (26). Thus, the down-regulation
f the expression of LMW prekininogen by MC may be
aused by the suppression of C/EBPa expression.

FIG. 4. Effect of treatment of wild-type and AhR-null mice with
C on the plasma level of bradykinin. The measurement of brady-

inin concentration in plasma was performed as described under
xperimental Procedures. Plasma was collected 24 h after the last
dministration. Values are means 6 SD of at least five mice.



Exposure to aromatic hydrocarbons causes hyper-
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ension (7). In the present study, we found that the
reatment of mice with MC reduced the plasma level of
radykinin that functions as a potent vasodilator.
hus, the hypertension caused by an exposure to aro-
atic hydrocarbons can be accounted for, at least in

art, by the AhR-mediated suppression of LMW pre-
ininogen and bradykinin levels.
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