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observed previously whereas there was no similar localization in the
lungs of noninduced controls (1 1, 12).

The aim of the present study was to identify the cellular sites of
binding of [3H]Trp-P-1 in the lung of BNF-treated mice in vivo and in
vitro by microautoradiographic techniques, in order to pinpoint pul
monary cells containing catalytically active P4501A (13, 14). Since
the results revealed a pronounced binding of Tip-P-I in pulmonary
endothelium and type 2 pneumocytes of BNF-treated mice the study
was extended and the cellular sites of binding of Tip-P-i were also
determined in the liver and large vessels. In addition the effects of
1-3-C, a P4501A-inducing component of cruciferous vegetables, on
the tissue binding of [3H]Trp-P-1 was examined (15, 16).

MATERIALS AND METHODS

Animals. Female NMRI mice (20â€”28g) were obtained from B & K
Universal (Sollentuna, Sweden). The animals were housed over wood bed
dings in a temperature (22Â°C). and light-controlled environment with a 12-h
light/dark cycle and given a standard pelleted diet (Ewos AB, SÃ¶dertÃ¤lje,
Sweden) and tap water ad libitum.

Chemicals. [G-3H]Trp-P-l was synthesized by Chemsyn Science Labora
tories, Lenexa, KS. The specific activity was 13.4 Ci/mmol and the radio

chemical purity was >96%. The compound was dissolved in toluene or
methanol and stored at â€”20Â°C.BNF, ANF, 1-3-C,metyrapone, and ellipticine
were obtained from Sigma Chemical Co., St. Louis, MO. Unlabeled Trp-P-l
acetate was a gift from T. Sugimura, Tokyo, Japan.

Mlcroautoradiography in Vivo. Groups of mice were pretreated with
BNF (75 mg/kg/day i.p. dissolved in corn oil), 1-3-C(50 mg/kg/day p.o. or i.p.
dissolved in corn oil) or corn oil for 2 days. Twenty-four h following the last
injection the mice were given an i.p. or i.v. injection of [3H]Trp-P-l (100
,Lg/kg or 1.5 mg/kg; 6â€”7mCi/kg dissolved in 0.1â€”0.2ml saline). In addition
BNF-treated mice were pretreated with ellipticine (20 mg/kg i.p. dissolved
in corn oil:DMSO, 85:15; n = 3) for 45 mm, ANF (40 mg/kg i.p. dissolved
in corn oil; n = 2) for 1 h or metyrapone (100 mg/kg i.p. dissolved in
saline; n = 3) 20 mm before iv. injection of [3H]Trp.P.1.

Twenty-four h after the injection of [3H]Trp-P-1 the mice were killed by
exposure to gaseous CO2. This survival interval was selected in order to
decrease the level of unchanged Tip-P-i and nonbound Trp-P-1 metabolites in

the tissues (1 1). Pieces of the liver, lung, and large vessels (not in 1-3-C-treated

mice) were dissected and fixed in 4% formaldehyde in phosphate buffer
(pH 7). In a few mice, aqueous gelatin was injected via the trachea into the
lungs before fixation in order to keep the alveoli open. The tissues were
extracted in a graded series of ethanol solutions, embedded in methacrylate
(Historesin; LKB-produkter, Bromma, Sweden) and sectioned (2â€”4@tm).Five
to 10 glass slides/tissue were dipped in a liquid film emulsion (Kodak; NTB-2)
as described previously (17). Following 12 weeks of exposure at 4Â°Cthe film

was developed. The sections were stained with hematoxylin-eosin or with
toluidine blue following development of the film. Since the tissues were
repeatedly extracted with ethanol, these microautoradiograms will show only
the radioactivity which is firmly bound to the tissue.

Microautoradiography of Explants. Mice were treated with BNF or corn
oil as described above. Twenty-four h following the last injection the mice
were killed by exposure to gaseous CO2and exsanguinated. Slices of liver and
lung and cut pieces of the aorta/vena cava were incubated separately in 2.0 ml
of minimal Eagle's medium (SVA, Uppsala, Sweden) containing [3HJTrp-P-1
(0.75 ,xM; 20 pCi) for 60 mm at 37Â°C in a shaking water bath. In an additional
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ABSTRACT

3-Amino-1,4.dimethyl-5H-pyrido[4,3-blindole (Trp-P-1) is a carcinogen
which is metabolically activated by cytocha-omeP4SO1A.This microauto
radiographic study showed that there was a highly selective solvent
resistant binding of radioactive substance in endothelial cells of the pal
monary and hepatic portal vascular system and of the vena cava and type
2 pneumocytes 1 day following i.p. or i.v. injection of [3H]Trp-P-1 (100
gig/kg) in NMRI mice treated with the cytochrome P4501A-inducing agent
fi-naphthoflavone (BNF). In mice treated with indole-3-carbinol, a dietary
cytochrome P4501A-inducing factor, a similar binding was observed in
the liver but not in the luag No binding in endothelial cells occurred in

vehicle-treated control mice given injections ofE3H]Trp-P-1. At Incubation
of tissues with [3H]Trp-P-1(0.75 saM)there was also a selective binding of
radioactive substance in endothellal cells of the lung and liver and in the

vena cava from BNF-treated mice but not from vehIcle-treated control
mice. Ellipticine but not a-naphthoflavone inhibited the endothelial bind
hag in BNF-treated mIce exposed to [3HlTrp-P-1 in vivo or in vitro. No
binding of radioactive substance occurred In hepatic central veins or in
the aorta of BNF-treated mice exposed to [3H]Trp-P-1 in vivo or in vitro.
Our data suggest an in situ metabolism of [3H]Trp-P-1 to a reactive
species, catalyzed by an BNF-inducible P450 form, possibly 1A1, in en
dothelial cells. The results of this study and reported heterocyclic amine

induced tumors in the rodent vascular system suggest that endothelial
cells are targets for food-derived mutagens.

INTRODUCTION

A number of heterocyclic amines detected in fried meat surfaces are
highly mutagenic by the Ames Salmonella assay and carcinogenic in
rodents (1, 2). TIp-P-i3 is a heterocyclic amine, belonging to the
amino-a-carboline class of food mutagens, which is formed at the
pyrolysis of tryptophan or protein (3). Tip-P-i has been detected in
broiled beef, cigarette smoke condensate, cigarette smoke-polluted
indoor air, air-borne particles, rainwater, and diesel exhaust particles
(4â€”6).The recent demonstrations of Trp-P-1 and Trp-P-1-hemoglo
bin adducts in human blood show that humans may be exposed to this
mutagenic compound (7, 8).

Tip-P-i is metabolically activated to the ultimate carcinogen by
cytochrome P4501A (9). The metabolic activation and mutagenic
activity of Tip-P-i are increased in liver preparations from animals
treated with cytochrome P4501A inducers such as BNF and Arochlor
1254 (10). A marked uptake of radiolabeled substance in the lungs of
BNF-treated mice and rats given injections of [â€˜4C]Trp-P-1has been
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times higher dose of Tip-P-i (1.5 mg/kg) the endothelial binding in
the portal vasculature was somewhat lower (Table 1).

In ellipticine-treated mice given [3H]Trp-P-1 (i.v.), the BNF-in
duced localization of silver grains in the hepatic portal endotheial
cells was abolished (Fig. 2D). In ANF-pretreated mice no inhibition
of the BNF-induced binding of radioactivity in endothelial cells was
observed but an increased labeling of perilobular hepatocytes had
occurred. Metyrapone reduced but did not change the BNF-induced
localization of silver grains in the hepatic portal endothelial cells in
mice given [3H]Trp-P-1 (i.v.).

In I-3-C-pretreated mice given [3H]Trp-P-1 the localization of
silver grains in endothelial cells of the liver was similar to that in
BNF-treated mice (Figs. lB and 28). In corn oil-treated mice given
[3H]Trp-P-1 (i.p. and i.v.) there was no selective localization of silver
grains in endothelial cells of branches of the portal vein or in the
portal venules but a low number of silver grains were homogeneously
distributed throughout the liver lobule (Fig. 2C).

Lung. As seen in Table 2 and in Fig. 1, C and D, there was a high
number of silver grains in the alveolar sepIa! walls, including cell
nuclei, of BNF-pretreated mice given [3H]Trp-P-1 (i.p. or i.v.). The
labeled cells may either be capillary endothelial cells and/or type 1
pneumocytes, the identity is difficult to establish at the light micro
scopic level. The nuclei of type 2 pneumocytes, localized in niches of
alveolar walls, also contained a high number of silver grains whereas
alveolar and interstitial macrophages were devoid of silver grains.
There was also a preferential localization of silver grains in the
endothelial cells, including cell nuclei and perinuclear regions, of
large veins (Fig. 3A). No silver grains were present in the muscle
layers of the large vessels. In addition no silver grains were present in
the epithelium of bronchioli, segmental bronchi, or bronchi.

The BNF-induced localization of silver grains in alveolar walls, in
endothelial linings of pulmonary veins, and in type 2 cells in mice
given [3H]Trp-P-1 (i.v.) was abolished by ellipticine pretreatment.
ANF or metyrapone pretreatment reduced but did not abolish the
BNF-induced binding of radioactivity in alveolar walls, in endothelial
linings of pulmonary veins, and in type 2 cells of mice given [3H]Trp
P-i (i.v.).

In I-3-C-pretreated mice given [3H]Trp-P-1 there was no localiza
tion of silver grains in the alveolar walls, endothelial linings of
pulmonary veins or type 2 cells (Table 2). Similar results were
obtained in corn oil-treated mice given [3H]Trp-P-1 (i.v.).

Large Blood Vessels. As seen in Fig. 1E there was a high number
of silver grains in endothelial cells of the abdominal vena cava in the
BNF-pretreated mice given [3HJTrp-P-1 (i.p. or i.v.). The silver grains
were preferentially localized in the nuclei but also the perinuclear
region and the cytoplasm contained numerous silver grains. There was

experiment the effects of ellipticine (10 ,xMdissolved in DMSO) and ANF (10
@.LMdissolved in DMSO) at incubation of [3H]Trp-P-1 (1 @.tM;27 @Ci)with

slices of lung and aorta/vena cava from BNF-treated mice were also studied.
After incubation, the vessels were chilled on ice and the tissue slices were
transferred to dialysis tubes (Spectrapor No. 1; Spectman, Houston, TX)

containing 5 ml of ice cold saline. The dialysis tubes were then transferred to
a beaker containing 500 ml saline and were continuously rotated for 20 h at
5Â°Cin order to decrease the level of Tip-P-i and reversibly bound metabolites
in the tissues. The saline in the beaker was changed 5 times during this period.
The tissues were then transferred to 4% formaldehyde in a phosphate buffer
(pH 7) and processed for microautoradiography as described above. The films
were developed following 4 weeks of exposure at 4Â°C.

Tape Section Autoradlography. Mice were pretreated with BNF (n = 2)
or corn oil (n = 1) as described above. Twenty-four h following the last
injection the mice were given i.v. injections of [3H]Trp-P-1 (130 pg/kg; 8
mCi/kg; dissolved in 0.1 ml saline). One of the BNF-pretreated mice was also
treated with ANF (40 mg/kg i.p., dissolved in corn oil) 1 h before the i.v.
injection of [3H]Trp.P-1. The mice were killed as above 24 h following the
[3H]Trp-P.1-injections,frozen, and processed for tape section autoradiography
(18). A series of tissue sections (20 @m)were taken on tape, freeze-dried, and
pressed against X-ray film (Hyperfllm-3H;Amersham). The films were devel
o_ following 8 weeks of exposure at 4Â°C.

Quantitatlon of TIssue Radioactivity. Groups of mice were pretreated
with BNF, 1-3-C, or corn oil as described above. Twenty-four h following the
last injection the mice were given i.v. injections of [3H]Trp-P-1(40 pg/kg; 2.6
mCi/kg; dissolved in 0.1 ml saline). In an additional experiment BNF-treated
mice were treated with ellipticine, ANF, or metyrapone as described above and
the mice were then given iv. injections of [3H]Trp-P.1(4 gxgfkg;0.25 mCi/kg;
dissolved in 0.1 ml saline).The mice were killed as above 24 h following the
[3H]Trp-P-1-injections, and pieces of the livers and lungs were dissected. The

tissue pieces were weighed and solubiized in Beckman BTS 450, bleached

with H2O2 and a liquid scintillation cocktail was added. The radioactivity was
determined in a LKB liquid scintillator.

RESULTS

in Vivo

Liver. As seen in Table 1 and in Figs. IA and 2A there was a high
number of silver grains in endothelial cells in branches of the portal
vein and in portal venules of BNF-pretreated mice given [3H]Trp-P-1
(i.p. or i.v.). The silver grains were preferentially localized in the
nuclei of the endothelial cells but the perinuclear region and cyto
plasm also contained silver grains. The number of silver grains in the
sinusoidal endothelium, the endothelium of the central veins, sublob
ular veins, and hepatic veins or in the endothelium of the hepatic
arteries did not exceed that of the background (Fig. IA). A low
number of silver grains was present in hepatocytes in the centrilobular
area. No binding was observed in the bile duct epithelium (Figs. IA
and 2A). In mice given a similar amount of radioactivity but a 15

Table 1 Localization of (3HJTrp-P-1 binding in the liver in vivoÂ°

a NMRI mice were given injections of [3HJTrp.P-1 (100 g.@g/kg) and killed 24 h later. The tissues were excised and processed for microautoradiography.

b Ã· Ã·,@ Ã·,@ relative numbers of silver grains.

CCorn oil was administered i.p. to mice 48 and 72 h before death.
d BNF (75 mg/kg) was administered i.p. to mice 48 and 72 h before death.

C 1-3-C (50 mg/kg) was administered p.o. or i.p. to mice 48 and 72 h before death.
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Fig. 1. Microautoradiograms of(A) the liver from a BNF-treated mouse given an i.v. injection of [3HJTrp-P-1 (100 @gfkg)and killed 24 h later, (B) the liver from a 1-3-C-treated
(i.p.) mouse given an i.v. injection of [3HJTrp-P-1 (100 g@gfkg)and killed 24 h later, (C) the lung from a BNF-treated mouse given an i.v. injection of [3HlTrp-P-1 (100 pg/kg) and
killed 24 h later, (D) the lung from a BNF-treated mouse given an i.p. injection of [3HJTrp-P-1 (100 p@Jkg) and killed 24 h later, (E) the abdominal vena cava and aorta from a
BNF-treated mouse given an i.v. injection of [3H]Trp-P-1 (100 @.&g/kg)and killed 24 h later, (F) a BNF-treated mouse liver slice incubated with [3H)Trp-P-1 (0.75 psi) for 1 h, (G)
a BNF-treated mouse lung slice incubated with [3H]Trp-P-1 (1.0 @xso)for 1 h, (H) a BNF-treated mouse lung slice incubated with [3Hfl'rp-P-l (1.0 @M)in the presence of ellipticine
(10psi) for 1 h.A,B,F. Thereisa highlevelof silvergrainsinendothelialcellsof branchesof theportalvein(PV)in BNF-or 1-3-C-treatedmicewhereasnosilvergrainsarepresentin
endothelial cells of the hepatic (1W) or central vein (CV) or in bile ducts (thick arrows). C, B, G, H. There a high level of silver grains in endothelial cells of branches of pulmonary veins
(PUV; thin short arrows), alveolar walls(thin longarrows)and type 2 pneumocytes(thickarrows)whereas no silver grains are present in bronchiolar epithelium (BE). E. There is a high level
of silver@ in endotheial cells of vena cava (VC) and vasa vasorum (Vv) whereas no silver grains are present in endothelial cells of the aorta (A). Black silver grains correspond to
nonextractabletissue bound [3HJTrp-P-1-derivedradioactivity.A, B, E, X 80; C, X 40; D, G, H, X 160.A-F, H & E-stainedtissue section; G, H, toluldine-stainedtissue section.
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Table2 Localizationof[3HJTrp-P-1bindingin the lung inWv?No.

ofRoute ofLevel

ofbindingâ€•EndotheliumAlveolaranimalsDose

(mg/kg)administrationpulmonary veinsType 2 cellswalis
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Fig. 2. Microautoradiograms of the liver showing
periportal regions from (A) BNF-treated mouse, (B)
1-3-C-treatedmouse,(C) cornoil-treatedmouse,(D)
BNF- and ellipticine-pretreated mouse. Each mouse
was given an iv. injection of [3HlTrp-P.1 (100 @&g/
kg) and killed 24 h later. There is a high level of
silver grains in nuclei and perinuclear regions of
endothelial cells in portal venules of BNF- or 1-3-C-
treated mice whereas no silver grains are present in
endothelial cells of the corn oil-treated mouse or
the BNF-treated mouse treated with ellipticine. Thick
arrows, bile duct. Thin arrows, nuclei. H & E-stained
tissue sections. X 160.

also a high number of silver grains in endothelial cells of vasa
vasorum. In contrast the number of silver grains in endothelial cells of
the abdominal aorta of BNF-treated mice given injections of [3H]Trp
P-i did not exceed that of the background (Fig. 1E). In the muscle
layer of these vessels the level of radioactivity did not exceed that of
the background (Fig. IE).

The BNF-induced localization of silver grains in endothelial cells
of the abdominal vena cava of mice given [3H]Trp-P-1 (i.v.) was
abolished by ellipticine pretreatment. No inhibition by ANF on the
BNF-induced localization of silver grains in endothelial cells of the
abdominal vena cava of mice given [3H]Trp-P-1 (i.v.) was observed.
The effects of metyrapone were not examined.

In corn oil-treated control mice given [3H]Trp-P-1 (i.p. or i.v.) the
level of silver grains in endothelial cells of the abdominal vena cava
and in the abdominal aorta of did not exceed that of the background.

Treatment

Corn OilC
Corn oil
BNFâ€•
BNF
BNF
1-3-Cp@â€¢C
1-3-Ci.p.

a NMRI mice were given injections of [3HlTrp-P-1 (100 xg/kg) and killed 24 h later. The tissues were excised and processed for microautoradiography.

b@ @,@ @,@@ @,relative numbers of silver grains.

CCorn oil was administered i.p. to mice 48 and 72 h before death.
d BNF (75 mg/kg) was administered i.p. to mice 48 and 72 h before death.
C 1-3-C (50 mg/kg) was administered p.o. or i.p. to mice 48 and 72 h before death.

2890

of Explants

Liver. In BNF-treated mice a high number of silver grains was
present in endothelial cells in branches of the portal vein and in portal
venules in liver slices incubated with [3H@Trp-P-1(0.75 or 1 ,.tM)for
1 h; the silver grains were preferentially localized in the nuclei but
also the perinuclear region contained silver grains (Fig. iF). There
was also a high number of silver grains in some but not all Kupifer
cells. In liver slices of corn oil-treated mice and boiled liver slices a
low number of silver grains was homogeneously distributed through
out the tissue.

Lung. In BNF-treated mice a high number of silver grains was
present in alveolar septal walls and in type 2 pneumocytes in lung
slices incubated with [3H]Trp-P-1 (0.75 or 1 @.LM)for 1 h (Fig. 1G). In
addition endothelial linings oflarge pulmonary veins contained a high
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incubated with [3H]Trp-P-1 (0.75 or 1 pM) for 1 h (Fig. 3D). The level
of silver grains in the endothelium of the abdominal aorta incubated
with [3HJTrp-P-1 did not, however, exceed that of the background.
Addition of ellipticine abolished the binding of radioactivity in the
vena cava and vasa vasorum of BNF-treated mice whereas addition of
ANF had no such effect. In the vena cava of corn oil-treated mice a
low number of silver grains were homogeneously distributed through
out the tissue.

Tape Section Autoradiography

As shown in Fig. 4 there was a high level of radioactivity in the
lung tissue of the BNF-treated mouse given [3HJTrp-P-1 (130 p.g/kg
Lv.) as compared to the corn oil-treated control. Thus the results are
in agreement with previous studies following higher doses of 14C-
Trp-P-1 in BNF-treated mice (1 1, 12). Very low levels of radioactivity
were present in the blood, bronchial or bronchiolar epithelium, nasal
mucosa, or central nervous system. There was a considerable level of
radioactivity in the kidney and a marked labeling in the liver and
brown fat of the BNF-treated mouse given [3H]Trp-P-1. In the corn
oil-treated mouse the highest level of radioactivity was present in the
liver and no preferential uptake of radioactivity was present in the
lung parenchyma, kidney, or brown fat (Fig. 4B). No inhibition by
ANF of the BNF-induced localization of radioactivity in the lung was
observed. In the BNF-treated and the ANF + BNF-treated mice there
was a lobular distribution of radioactivity in the liver whereas in the
liver of the control there was a homogeneous distribution of radioac
tivity (Fig. 44).
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Fig. 3. Microautoradiograms of: (A) lung and (B) liver from a BNF-treated mouse
given an i.v. injectionof [3H]Trp-P-1(100 pg/kg) and killed24 h later, and (C) a
BNF-trcated mouse abdominal vena cava and aorta incubated with [3H]Trp-P-1 (0.75
p@M) for 1 h. There is a high level of silver grains in nuclei (thin arrows) and
perinuclearregionsof endothelialcells of branchesof the pulmonaryvein (PuV),
portal vein (PV), vena cava (VC) and vase vasorum (thick arrows), whereas no silver
grains are present in the bronchiolar epithelium (BE) or aorta (A). H & E-stained
tissuesections.A, B, x 160;C, X 40.

lung liver lung liver
Fig. 4. Details of tape-section autoradiograms from (A) a BNF-treated mouse and (B)

a corn oil-treated mouse given an iv. injection of [3Hfl'rp-P-l (130 gig/kg). There is a
selective localization of radioactivity in the lung in the BNF-treated mouse whereas no
similar localization is observed in the corn oil-treated mouse. A lobular distribution of
radioactivityis presentin theliverof theBNF-treatedmouse.Whiteareas correspondto
high levels of radioactivity in freeze-dried tissue sections.

Table3 Tissueradioactivityfollowinginjectionoff3HJTrp-P-1:
effects ofP-450 inducersÂ°

a NMRI mice were given iv. injections of [@â€˜H}Trp.P-1 (40 pg/kg; 2.6 g.iCi/g body

weight) and killed 24 h later. The tissues were excised and processed for liquid scintil
lation.

b Corn oil was administered i.p. to mice 48 and 72 h before death.
CMean Â±SE (a = 3-4).
a BNF (75 mg/kg)wasadministeredi.p. to mice48 and72 h beforedeath.
e p < 0.001, Student's : test.

@â€˜I-3-C(50 mg/kg) was administered p.o. or i.p. to mice 48 and 72 h before death.
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number of silver grains. The silver grains were preferentially localized
in the nuclei but also the perinuclear region and cytoplasm contained
silver grains. The level of radioactivity in the epithelium of bronchioli
and bronchi, in alveolar and interstitial macrophages, and in the
muscle layer of the large vessels did not exceed that of the back
ground. Addition of 10 pM ellipticine abolished the binding of radio
activity in the lung of BNF-treated mice whereas addition of 10 @tM
ANF had no such effect (Fig. UI). In lung slices of corn oil-treated
mice and boiled lung slices a low number of silver grains was
homogeneously distributed throughout the tissue.

Large Vessels. In BNF-treated mice there was a high number of
silver grains in the cell nuclei, perinuclear region and cytoplasm of
endotheial cells of the vasa vasorum and in the abdominal vena cava
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Table 4 Tissue radioactivity following injection of (3HJTrp.P-l:
effects of P.450 inhibitorsâ€•

been found in endothelial linings, the presence of catalytically active
P4501A in this cell type has been questioned (22, 24, 27). There are,
however, alternative sources of electrons, e.g., cytochrome b5 and it is
notable that the hepatic form of P.450 activating the 4-demethylated
TIp-P-i analogue, Trp-P-2, to a mutagenic metabolite has a unique
character and requires cytochrome b5 for its maximal activity (28).

There are several reasons to believe that the endothelial binding of
radioactivity in BNF- or 1-3-C-treated mice was not due to a ligand
binding of [3H]Trp-P-1 to a catalytically inactive enzyme: (a) immu
nohistochemical localization of P4501A was confined to the cyto
plasm and pennuclear portion of the endothelial cells (26, 27),
whereas the [3HJTrp-P-1-derived radioactivity was present both in the
cell nuclei and in the cytoplasm; (b) the [3HJTrp-P-1-derived radio
activity in the endothelial linings was firmly, presumably covalently,
bound. The tissues used for light microscopic autoradiography were
fixed and further extracted in a graded series of ethanol. Our previous
studies have shown that the binding of [3H]TCDD in the tissues will
disappear following the processing of tissues for light microscopy
whereas the binding of radiolabeled procarcinogens such as N-nitro
samines will resist this processing (29â€”31);(c) the mice were studied
24 h following administration of [3H]Trp-P-1 when most of the parent
compound has been metabolized and excreted; (d) the labeling of
endothelial linings in BNF-treated mice considerably exceeded all
other cell types in the liver and lung (except type 2 pneumocytes),
suggesting a high level of endothelial P450. Induction of high levels
of catalytically inactive P450 in endothelial cells seems to be of little
value unless P450 has a hitherto unknown physiological function in
this cell type.

Liver. The cellular distribution of bound [3H]Trp-P-1 in the
branches of the hepatic portal vein and portal venules of BNF or
1-3-C-treated mice is consistent with the immunochemical localization
of P4501A in the liver of TCDD-treated rabbits (21). In the hepatic
vascular system of BNF-, TCDD-, and 3-MC-treated rats or mice no
similar localization has been reported but immunoreactivity was
found only in hepatocytes (33â€”36).Indeed, a binding of [3H]Trp-P-1
was also observed in hepatocytes of BNF-treated mice but this bind
ing was considerably lower than that in the endothelial linings of the
portal vascular system. Thus there is no consistent correlation between
the localization of Trp-P-1-derived radioactivity and immunohisto
chemical localization of P4501A suggesting that other forms of P450
may be involved in the metabolic activation of Tip-P-i or that the
specific activity of P4501A in various cell types may vary. Studies by
others have for instance shown that there is not a correlation between
the level of immunodetectable P4501A1 and aryl hydrocarbon hy
droxylase activity in extrahepatic tissues (37, 38).

In the present study no binding of [3H]Trp-P-1 in the sinusoidal
linings or in the central veins was observed following administration
in vivo, although another carcinogen, aflatoxin, is bound to DNA in
this cell type (39). In BNF-induced liver slices incubated with
[3H]Trp-P-1 there was also a binding in some but not all Kupffer cells.
Rat Kupifer cells have been reported to contain low levels of P4501A-
dependent enzyme activities; therefore, it cannot be excluded that this
cell type may activate Trp-P-1 (40). However, since we found no
selective binding in Kupffer cells in vivo, it should be considered
whether the labeling of these cells following incubation with [3H]Trp
P-i in vitro also may include phagocytosis of radiolabeled debris.

Lung. In agreement with previous studies there was a 5â€”10-fold
increased level of radioactivity in the lung in BNF-treated mice given
[3H]Trp-P-1 as compared to controls, showing that BNF-induced
effects in this tissue occur in major cell populations (1 1, 12). The
majority of all endothelial cells in the body are known to be present
in the pulmonary microcirculation (41). The localization of bound
[3H]Trp-P-1 metabolites is consistent with immunochemical localiza

Corn oilâ€• 287.1 Â±15.8c 88.2 Â±5.0
BNFâ€• 236.7 Â±20.5c 836.9 Â±49.1
BNF + ANI@â€• 243.4 Â±17.2 568.0 Â±55.4
BNF + ellipticine( 386.9 Â±41.6 86.4 Â±I l.8@
BNF + metyraponeâ€• 290.8 Â±24.0 308.0 Â±2O.9@

a Groups ofNMRl mice were given iv. injections of[3H@Trp-P.1 (4 gxgfkg; 0.25 gxCi/g

body weight) and killed 24 h later. The tissues were excised and processed for liquid
scintillation.

b Corn oil was administered i.p. to mice 48 and 72 h before death.

C Mean Â± SE (n = 4).

d BNF (75 mg/kg) was administered i.p. to mice 48 and 72 h before death.

C ANF (40 mg/kg) was administered i.p. to mice 60 mm before injection of

[3HJTrp-P- 1.
J Ellipticine (20 mg/kg) was administered i.p. to mice 45 mm before injection of

[3HlTrp-P-1.
g p < 0.001, Student's t test.

h Metyrapone (100 mg/kg) was administered i.p. to mice 20 mm before injection of

[3H]Trp-P- I.

Quantitation of Radioactivity in Liver and Lung

As seen Tables 3 and 4 there was a 5â€”10-foldincreased level of
radioactivity in the lung of BNF-treated mice as compared to corn
oil-treated mice given injections of [3H]Trp-P-1. No increased level of
radioactivity was observed in the liver of the BNF-treated mice as
compared to control. In 1-3-C treated mice (p.o. or i.p.) no increased
level of radioactivity in the liver or lung was observed (Table 3).

In ellipticine-treated mice the BNF-induced radioactivity in the
lung was abolished and decreased to the same level as that in corn
oil-treated mice (Table 4). In ANF- and metyrapone-treated mice the
level of radioactivity in the lung was decreased to 68 and 37% of that
in the BNF-treated mice. In the liver ellipticine treatment increased
the radioactivity whereas ANF or metyrapone had no effects.

DISCUSSION

The present study has demonstrated the induction of a highly
selective binding of radioactivity in pulmonary and hepatic portal
endothelial cells and in the endothelium of the vena cava inferior and
its vasa vasorum of BNF-treated mice following exposure to the
heterocyclic amine [3H]Trp-P-1. The labeling of endothelial cells in
BNF-treated mice given [3H]Trp-P-1 exceeded considerably all other
cell types except type 2 pneumocytes. In mice treated with 1-3-C, a
nonnutritive component of cruciferous vegetables, [3H]Trp-P- 1-de
rived radioactivity was bound in the hepatic portal endothelial cells
but not in the endothelium of the pulmonary vasculature. Since BNF
and 1-3-C are inducers of cytochrome P4501A (13â€”16)it seems likely
that the high binding of [3HJTrp-P-1-derived radioactivity was due to
an increased level of P450 in endothelial cells. Considering that
binding occurred also after incubation of tissue slices from BNF

treated mice, the endothelial binding of [3H]Trp-P-1 seems to be due
to metabolites formed in situ.

Trp-P-1 is known to be metabolized by P4501A to an electrophilic
nitrenium ion, the mutagenic and presumably carcinogenic metabolite
(9, 10). Ellipticine, a P4501A inhibitor (19, 20) previously shown to
inhibit the BNF-inducible uptake of Trp-P-1 in the rodent lung (11,
12) abolished the endothelial binding of [3H]Trp-P-1-derived radio
activity in BNF-treated mice in vivo and in vitro whereas another
P4501A inhibitor, ANF, had no such effects. Previous immunohisto
chemical studies have demonstrated the presence of P4501A in en
dothelial linings of TCDD- or 3-MC-induced animals, whereas con
stitutive P4501A in this cell type has not been reported (21â€”27).Since
no or very low levels of NADPH-cytochrome P450 reductase have
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lion of P4501A in 3-MC-treated mice and rats, in TCDD-treated
rabbits, and in human smokers (21â€”27).The endothelium of the
pulmonary alveolar capillary network is difficult to discern by light
microscopy and the binding of [3H]Trp-P-1 in the alveolar septal
walls of BNF-treated mice may be due to a binding either in type 1
pneumocytes or more likely in the capillary endothelial cells. Con
flicting data exist as to whether P4501A1 or -1A2 is induced in
pulmonary endothelium. On the basis of lack of immunoreactivity to
antibodies to P4501A1 in murine pulmonary endothelial linings, Fork
ert et al. (25) have suggested that only P4501A2 is present in the
pulmonary vascular system of 3-MC induced mice. On the other hand,
Keith et aL (23) detected immunoreactivity towards P4501A1 in the
pulmonary vascular system of 3-MC-treated rats and Overby et al.
(27) have suggested localization of P4501A1 in endothelial linings of
TCDD-treated rabbits. Since a P4501A1-mediated activation of Trp
P-2 to mutagenic metabolites in pulmonary microsomes recently has
been observed in BNF-treated rats the involvement of P4501A1 also
in the pulmonary activation and binding of Trp-P-1 seems likely (42).
In contrast to the results obtained with Tip-P-i in BNF-treated mice,
there was no similar pulmonary localization in BNF-treated mice
given radiolabeled 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline
and 2-amino-1-methyl-6-phenylimidazo[4,5-6]pyridine, belonging to
other classes of food mutagens (43â€”45).Shimada et aL (42) have in
addition suggested that 2-amino-3,5-dimethylimidazo[4,5-f]quinoline
and 2-amino-3-methylimidazo[4,5-fJquinoline are activated by
P4501A2 in BNF-treated rat.

No selective labeling of pulmonary endothelial linings or in the
type 2 pneumocytes was observed in 1-3-C-treated mice given
[3HJTrp-P-1 although p.o. administration of 1-3-C has been reported
to increase P4501A1-related enzyme activities in rat lung (15). Also
in 1-3-C-treated animals given benzo(a)pyrene, known to be activated
by P4501A1, no increased pulmonary binding was observed as corn
pared to controls (16). Thus the effect of 1-3-C on pulmonary P450
seems to be unclear.

In humans the P4SO1A system may be induced by components in
the diet, smoking, or environmental chlorinated pollutants (46). Re
cent immunochemical studies have shown localization of P4501A in
human pulmonary endothelial linings in smokers (26). In hornoge
nates of human lung no metabolism of Trp-P-2 was observed, how
ever, but the previous exposure of these lungs samples to P4501A-
inducing agents; e.g., smoking was not reported (47).

Large Vessels. The high and selective binding of radioactivity in
the endothelium of the vena cava inferior and its vasa vasorum was
notable, since the aortic endothelium was devoid of radioactivity
following in vivo or in vitro exposure of BNF-induced tissue to
[3H]Trp-P-1. To our knowledge no studies on P450 in large veins
have been published. P4501A1 has been reported to occur in aortic
smooth muscle but to be absent from the aortic endotheliurn of BNF
and TCDD-treated rats and rabbits (48, 49). P450-dependent enzyme
activity has also been shown to occur in BNF-induced rabbit pulmo
nary arteries (50, 51). The absence of Tip-P-i activation in the aortic
endothelium of BNF-treated mice thus suggests a differential distri
bution of P450 forms in endothelial cells. The induction of P450 in
some but not all endothelial cells may have a physiological role in for
instance the production of vasoactive substances. Notably arachidonic
acid may be metabolized to vasoactive products and recent reports
have shown that reconstituted rat hepatic P4501A1 hydroxylates
arachidonic acid (52).Thus, arachidonic acid could be an endogeneous
substrate for BNF-inducible P450 in endothelial cells.

Concluding Remarks. A number of heterocyclic arnines includ
ing 2-amino-6-methyldipyrido[1,2-a:3',2'-d]imidazole, 2-aminodi
pyrido[1,2-a:3',2'-dJimidazole, 2-amino-a-carboline, and 2-amino-3-
methyl-a-carboline induce hemangioendothelial sarcomas in mice

following long-term dietary exposure (2, 53, 54). All these blood
vessel carcinogens are closely related to Trp-P- 1 and belong to the
pyridoimidazole or -indole class of food mutagens. Recent studies have
revealed the presence of DNA adducts in the heart following short-term
exposure to some of these food mutagens, the highest level was observed
in Trp-P-1-exposed rats (55). In addition, short-term exposure of mice to
2-amino-6-methyldipyrido[1,2-a:3',2'-djimidazole induced calcification
and angioproliferation in the epicardium (56).

This report has demonstrated induction of a binding of [3H]Trp-P-1
in endothelial cells of the pulmonary and hepatic portal vascular
system and the vena cava of BNF-treated NMRI mice. The level of
binding in endothelial cells exceeded considerably the binding in all
other cell types except type 2 pneumocytes. Our data suggest that the
labeling of endothelial cells is due to metabolic activation and cova
lent binding in situ of [3HJTrp-P-1, catalyzed by a BNF-inducible
enzyme, possibly P4501A1 . The binding of [3H]Trp-P-1 in endothe
hal cells of the hepatic portal vessels but not in central veins, in the
vena cava but not in the aorta, indicates that induction of the Trp-P
1-activating enzyme in endothelial cells may differ considerably. The
results of this study and reported heterocyclic amine-induced tumors
in the rodent vascular system suggest that endothelial cells are targets
for food-derived mutagens.
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