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Abstract
We have investigated the effect of benzo[a]pyrene (B[a]P), a carcinogen of tobacco smoke and an
agonist for the aryl hydrocarbon receptor (AHR), on hypoxia-induced angiogenesis. Ischemia was
induced by femoral artery ligation in wild-type and AHR-null mice, and the animals were subjected
to oral administration of B[a]P (125 mg/kg) once a week. Exposure to B[a]P up-regulated the
expression of metallothionein in the ischemic hindlimb and markedly inhibited ischemia-induced
angiogenesis in wild-type mice. The amounts of interleukin-6 and of vascular endothelial growth
factor (VEGF) mRNA in the ischemic hindlimb of wild-type mice were reduced by exposure to B
[a]P. These various effects of B[a]P were markedly attenuated in AHR-null mice. Our observations
suggest that the loss of the inhibitory effect of B[a]P on ischemia-induced angiogenesis apparent in
AHR-null mice may be attributable to maintenance of interleukin-6 expression and consequent
promotion of angiogenesis through up-regulation of VEGF expression.
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Cigarette smoke is a major risk factor for ischemic heart disease, peripheral vascular disease,
and chronic obstructive pulmonary disease [1,2]. It has adverse effects on vascular biology,
inducing endothelial dysfunction and arterial stiffness [3], and it inhibits angiogenesis by
pulmonary artery endothelial cells in the setting of severe vascular obstruction and lung tissue
ischemia [4]. Angiogenesis, the development of new blood vessels from existing vessels, is a
tightly controlled physiological process [5]. Vascular endothelial growth factor (VEGF) is a
key angiogenic factor produced by ischemic tissue and growing tumors [6], and up-regulation
of VEGF expression at the transcriptional level is thought to be responsible for the progressive
development of the collateral circulation [7]. Although the association between smoking and
vascular disease is well established, the mechanism by which cigarette smoke inhibits
angiogenesis has remained unclear.
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The effects of benzo[a]pyrene (B[a]P) in cigarette smoke and of other polycyclic and
halogenated aromatic hydrocarbons in the environment are mediated by the aryl hydrocarbon
receptor (AHR) [8]. The ligand-bound form of the AHR and AHR nuclear translocator
(ARNT), which belongs to the Per-Arnt-Sim (PAS) family of basic helix-loop-helix
transcription factors, form a heterodimeric transcription factor [9] that binds to xenobiotic
response elements (XREs) in the promoter regions of target genes such as that encoding
cytochrome P4501A1 (CYP1A1) [10]. Activation of the VEGF gene is mediated by the binding
of another basic helix-loop-helix transcription factor, hypoxia-inducible factor-1α (HIF-1α)
[11], which also dimerizes with ARNT [12]. We previously showed that AHR-ARNT signaling
plays an important role in the regulation of ischemia-induced angiogenesis [13]. Given that
smoking is a risk factor for ischemic heart disease and peripheral vascular disease, we
hypothesized that B[a]P might impair angiogenesis and that AHR signaling might contribute
to such an effect. We have now investigated this hypothesis with the use of AHR-null mice
and an animal model in which ischemia is induced surgically in a hindlimb.

Materials and methods
Animals

Twelve-week-old male wild-type (WT) or AHR-null mice backcrossed with C57BL/6N mice
for more than eight generations were studied. AHR-null mice were obtained from the National
Cancer Institute colony [14] and maintained by the Animal Resource Facility at Nagoya
University Graduate School of Medicine. Animals were subjected to left femoral artery ligation
as described previously [13]. All experimental procedures were performed in accordance with
Institutional Guidelines for Animal Research, and the study was approved by the Animal Ethics
Committee of Nagoya University Graduate School of Medicine.

Systolic blood pressure and laser Doppler perfusion imaging
Systolic blood pressure of conscious mice was measured by the tail-cuff method (BP-98A,
MCP-1; Softron, Tokyo, Japan) immediately before and each week after arterial ligation.
Evidence for ischemia-induced functional changes in vascularization was obtained by laser
Doppler perfusion imaging with a laser Doppler blood flow analyzer (Moor LDI; Moor
Instruments, Axminster, UK) immediately as well as each week after surgery, as previously
described [13]. After scanning, the stored images were analyzed to quantify blood flow, and
the average flows of the ischemic and nonischemic hindlimbs were calculated. To avoid
interference from ambient light and body temperature, we expressed blood flow in the ischemic
leg relative to that in the nonischemic leg.

Oral exposure to B[a]P
The effect of B[a]P treatment on angiogenesis induced by femoral artery ligation was examined
in WT and AHR-null mice. B[a]P (Sigma–Aldrich Japan, Tokyo, Japan) was first administered
to WT mice by oral gavage in corn oil (10 ml/kg) at 125, 25, or 5 mg/kg once per week as
described [15], with the first dose being administered immediately before surgery. Ischemia-
induced functional changes in vascularization were evaluated by laser Doppler perfusion
imaging immediately as well as 7, 14, and 21 days after surgery. Given that B[a]P at only the
dose of 125 mg/kg per week induced significant inhibition of the recovery of blood flow in the
ischemic hindlimb of WT mice, the effects of B[a]P were compared between WT and AHR-
null mice at this dose.

RT-PCR and immunoblot analyses
Total RNA was extracted from ischemic or nonischemic thigh muscles isolated 3 days after
surgery and was subjected to quantitative reverse transcription (RT) and polymerase chain
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reaction (PCR) analysis with primers and probes specific for HIF-1α, ARNT, AHR, CYP1A1,
VEGF, VEGF receptor (Flt-1, Flk-1), Ang-1, Ang-1 receptor (Tie2), metallothionein (MT)-1,
MT-2, and interleukin (IL)-6 mRNAs. The mRNA for β-actin was used as an internal standard.
Protein extracts of ischemic or nonischemic thigh muscles isolated 1 week after surgery were
subjected to immunoblot analysis with rabbit polyclonal antibodies to mouse VEGF (Santa
Cruz Biotechnology, Santa Monica, CA), to mouse Ang-1 (Alpha Diagnostic, San Antonio,
TX), and to human MT (Santa Cruz Biotechnology) at dilutions of 1:500, 1:1000, and 1:200,
respectively, as well as with a mouse monoclonal antibody to mouse β-actin (Sigma, St. Louis,
MO) at a dilution of 1:2000. Immune complexes were detected with enhanced
chemiluminescence (ECL) reagents (GE Healthcare Bio-Science, Piscataway, NJ).

Assay of IL-6
Protein extracts prepared from ischemic or nonischemic thigh muscles isolated 1 week after
surgery were assayed for IL-6 with an enzyme-linked immunosorbent assay (ELISA) kit
(Pierce/Endogen, Rockford, IL) as described [16]. The assay was performed in duplicate, and
absorbance at 450 nm was measured with a microtiter plate reader. The tissue content of IL-6
was expressed as picograms per milligram of protein.

Statistical analysis
Data are presented as means ± SEM. Statistical significance of differences was evaluated by
one-way analysis of variance followed by Dunnett's post hoc test for comparisons among four
or eight means. A P value of <0.05 was considered statistically significant.

Results
Body weight and systolic blood pressure

Body weight did not differ between AHR-null and WT mice either before or for up to 4 weeks
after arterial ligation to induce hypoxia in the left hindlimb (Fig. 1A). Weekly oral
administration of B[a]P (125 mg/kg) beginning immediately before surgery did not affect body
weight in either mouse strain (Fig. 1A). Systolic blood pressure remained at basal levels for
up to 4 weeks after surgery and also did not differ between AHR-null and WT mice (Fig. 1B).
Exposure to B[a]P did not affect systolic blood pressure in AHR-null or WT mice (Fig. 1B).

Blood flow ratio
The ischemic/nonischemic blood flow ratio of AHR-null mice was significantly greater than
that of WT mice at 1 week after surgery, and this difference remained apparent for up to 4
weeks (Fig. 1C and D). Blood flow recovered in the ischemic hindlimb of WT mice exposed
to B[a]P. However, 1 week after surgery, the ischemic/nonischemic blood flow ratio of WT
mice exposed to B[a]P was significantly smaller than that of vehicle-treated WT mice, and this
difference also remained apparent for up to 4 weeks (Fig. 1C and D). Furthermore, the blood
flow ratio was significantly greater in AHR-null mice exposed to B[a]P than in WT animals
exposed to this agent.

Expression of VEGF, Ang-1, and their receptors
The amounts of mRNAs for the angiogenic factors, VEGF and Ang-1, in the ischemic hindlimb
were significantly greater for AHR-null mice than for WT mice at 3 days after surgery (Fig.
2A). The abundance of VEGF mRNA in the ischemic hindlimb was also significantly reduced
in WT mice exposed to B[a]P compared with that in vehicle-treated WT mice. The amounts
of VEGF and Ang-1 mRNAs in the ischemic hindlimb were significantly greater for AHR-
null mice exposed to B[a]P than for WT animals exposed to this agent. Immunoblot analysis
revealed similar changes in the abundance of VEGF and Ang-1 proteins at 1 week after surgery
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(Fig. 2B). With regard to the expression of genes encoding receptors for VEGF (Flt-1, Flk-1)
or for Ang-1 (Tie2), the amount of Flk-1 mRNA in the ischemic hindlimb was significantly
greater for AHR-null mice than for WT mice (Fig. 2C). However, B[a]P had no effect on the
abundance of Flt-1, Flk-1, or Tie2 mRNAs in the ischemic hindlimb of either mouse strain,
and there were no differences in the amounts of these mRNAs in the ischemic hindlimb between
AHR-null or WT mice exposed to B[a]P (Fig. 2C).

Expression of HIF-1α, ARNT, AHR, and CYP1A1
Quantitative RT-PCR analysis revealed that, whereas the amounts of both HIF-1α and ARNT
mRNAs were significantly greater for the ischemic hindlimb than for the nonischemic hind-
limb of AHR-null or WT mice at 3 days after surgery, they were also significantly greater for
the ischemic hindlimb of AHR-null mice than for that of WT mice (Fig. 3A and B). Exposure
to B[a]P did not affect the amounts of HIF-1α or ARNT mRNAs in AHR-null or WT mice.
The amount of AHR mRNA in skeletal muscle of WT mice did not differ between the ischemic
and nonischemic hindlimbs and was also not affected by exposure to B[a]P (data not shown).
There was no difference in the abundance of CYP1A1 mRNA between the ischemic and
nonischemic hindlimbs of either mouse strain (Fig. 3C). Exposure to B[a]P induced significant
increases in the amount of CYP1A1 mRNA only in WT mice (Fig. 3C).

Expression of MT-1 and MT-2
The amounts of MT-1 and MT-2 mRNAs were increased in the ischemic hindlimb of both
AHR-null and WT mice compared with those in the corresponding nonischemic hindlimb at
3 days after surgery (Fig. 4A). Exposure to B[a]P resulted in significant increases in the
abundance of MT-1 and MT-2 mRNAs in the ischemic hindlimb of WT mice but not in that
of AHR-null mice (Fig. 4A). Immunoblot analysis also revealed similar changes in the
abundance of MT at 1 week after surgery (Fig. 4B).

Expression of IL-6
The amount of IL-6 mRNA was increased in the ischemic hindlimb of both AHR-null and WT
mice compared with that in the corresponding nonischemic hindlimb at 3 days after surgery
(Fig. 4C). This effect of ischemia was more pronounced in AHR-null mice than in WT mice.
The abundance of IL-6 mRNA in the ischemic hindlimb of AHR-null mice exposed to B[a]P
was also significantly greater than that for WT mice exposed to this agent. The amount of IL-6
immunoreactivity was also increased in the ischemic hindlimb of both AHR-null and WT mice
compared with that in the corresponding nonischemic hindlimb at 1 week after surgery (Fig.
4D). IL-6 immunoreactivity in the ischemic hindlimb of WT mice exposed to B[a]P was
significantly reduced compared with that for vehicle-treated WT mice. It was also significantly
greater in the ischemic hindlimb of AHR-null mice exposed to B[a]P than in that of WT animals
exposed to this agent.

Discussion
Exposure to cigarette smoke has a negative effect on endothelial function, serum lipid profile,
and hemostatic factors [17]. Smoking plays a central role in the initiation and progression of
Buerger's disease, a nonatherosclerotic condition that most commonly affects small and
medium-sized arteries and veins as well as nerves of the extremities [18]. To examine the
effects of cigarette smoke on angiogenesis, we treated mice with B[a]P, one of the polycyclic
and halogenated aromatic hydrocarbons found in tobacco smoke. Oral exposure to B[a]P
resulted in significant inhibition of the increase in blood flow induced by hypoxia in WT mice.
Furthermore, we found that this inhibition of angiogenesis by B[a]P was associated with
inhibition of hypoxia-induced up-regulation of VEGF expression. Cigarette smoke was
previously shown to inhibit secretion of the soluble form of the VEGF receptor Flt-1 in a dose-
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dependent manner [19]. Inhibition of the VEGF receptor Flk-1 was also shown to augment the
vascular and endothelial dysfunction induced by cigarette smoke [20]. However, we detected
no significant effect of B[a]P on the abundance of Flt-1 or Flk-1 mRNAs in ischemic hindlimb
of WT mice in the present study.

MTs are cysteine-rich metal-binding proteins with diverse physiological functions, including
protection against metal toxicity and oxidants [21]. Furthermore, MT expression has been
shown to be increased at the transcriptional level by hypoxia acting through metal response
elements in the proximal promoter region of MT genes [22]. In the present study, we detected
a marked increase in the expression of MT-1 and MT-2 in the ischemic hindlimb of both AHR-
null and WT mice. Moreover, B[a]P induced a further marked increase in MT expression in
the ischemic hindlimb of WT mice. This observation is consistent with previous studies
showing that MT expression was induced in response to B[a]P exposure [23]. Such an increase
in MT expression may reflect a protective response to B[a]P-induced oxidative stress. We also
found that B[a]P induced a decrease in the amount of IL-6 in the ischemic hindlimb of WT
mice. IL-6 has been shown to induce MT expression by binding to IL-6-responsive elements
in the gene promoter [24]. On the other hand, the lipopolysaccharide-induced increases in the
circulating concentration of IL-6 as well as in the expression of IL-6 in lung, kidney, and liver
were markedly greater in mice deficient in MT-1 and MT-2 than in WT mice [25]. Furthermore,
overexpression of MT-1 inhibited up-regulation of ectopic IL-6 expression in astrocytes of
transgenic mice [26]. IL-6 has also been shown to support angiogenesis by up-regulating the
expression of VEGF [27]. The increase in MT expression in the ischemic hindlimb of WT mice
induced by B[a]P in the present study may thus result in down-regulation of IL-6 expression,
which in turn may lead to impairment of hypoxia-induced angiogenesis.

AHR-null mice are relatively unaffected by the potent AHR ligand 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) at doses that induce severe toxic and pathological effects in WT mice [28].
Moreover, genotoxic and carcinogenic responses to B[a]P or dibenzo[a,l]pyrene are greatly
diminished in AHR-null mice [29]. In the present study, the increase in the amount of CYP1A1
mRNA induced by B[a]P in WT mice was not apparent in AHR-null mice, consistent with our
finding that AHR deficiency attenuated the inhibition of ischemia-induced angiogenesis by B
[a]P. The expression of MT induced by B[a]P in the ischemic hindlimb of WT mice was not
detected in that of AHR-null mice. The amount of IL-6 in the ischemic hindlimb of AHR-null
mice was not affected by exposure to B[a]P, consistent with the lack of an effect of B[a]P on
MT expression and possibly contributing to the diminution of the impairment of ischemia-
induced angiogenesis by B[a]P in these mice.

In conclusion, oral exposure to B[a]P resulted in a marked impairment of angiogenesis in
response to surgically induced hindlimb ischemia. Furthermore, the impairment of ischemia-
induced angiogenesis by B[a]P was greatly reduced in AHR-null mice. Our observations
suggest that the loss of the inhibitory effect of B[a]P on ischemia-induced angiogenesis
apparent in AHR-null mice may be attributable to maintenance of IL-6 expression and
consequent promotion of angiogenesis through up-regulation of VEGF expression.
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Fig. 1.
Changes in body weight, systolic blood pressure, and blood flow ratio after arterial ligation in
the left hindlimb of AHR-null or WT mice exposed to B[a]P or vehicle. (A,B) Body weight
(A) and systolic blood pressure (B) before (time 0) and for up to 4 weeks after surgery and the
onset of weekly oral administration of B[a]P (125 mg/kg) or vehicle. (C) Laser Doppler
perfusion imaging of blood flow immediately and 4 weeks after surgery and the onset of weekly
administration of B[a]P or vehicle. (D) The ratio of blood flow in the ischemic (left) hindlimb
to that in the normal (right) hindlimb measured immediately as well as each week after surgery
and the onset of weekly administration of B[a]P or vehicle. All quantitative data are means ±
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SEM of values from eight animals per group. *P < 0.05 versus corresponding value for vehicle-
treated WT mice; †P < 0.05 versus corresponding value for B[a]P-treated WT mice.
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Fig. 2.
Expression of VEGF, Ang-1, and their receptors in the ischemic hindlimb of AHR-null or WT
mice exposed to B[a]P or vehicle. (A) Quantitative RT-PCR analysis of VEGF and Ang-1
mRNAs in ischemic skeletal muscle isolated 3 days after surgery and oral administration of B
[a]P or vehicle. Data are normalized by the abundance of β-actin mRNA. (B) Representative
immunoblot analysis of VEGF and Ang-1 in ischemic skeletal muscle isolated 1 week after
surgery and administration of B[a]P or vehicle. (C) Quantitative RT-PCR analysis of Flt-1,
Flk-1, and Tie2 mRNAs in ischemic skeletal muscle isolated 3 days after surgery and
administration of B[a]P or vehicle. All quantitative data are means ± SEM of values from eight
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mice per group. *P < 0.05 versus corresponding value for vehicle-treated WT mice; †P < 0.05
versus corresponding value for B[a]P-treated WT mice.
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Fig. 3.
Expression of HIF-1a, ARNT, and CYP1A1 in the ischemic and nonischemic hindlimbs of
AHR-null or WT mice exposed to B[a]P or vehicle. The amounts of HIF-1α (A), ARNT (B),
and CYP1A1 (C) mRNAs in tissue isolated 3 days after surgery and administration of B[a]P
or vehicle were determined by quantitative RT-PCR analysis. Data are normalized by the
abundance of β-actin mRNA and are means ± SEM of values from eight mice per group. *P
< 0.05 versus corresponding value for the ischemic hindlimb of vehicle-treated WT mice; †P
< 0.05 versus corresponding value for the ischemic hindlimb of B[a]P-treated WT mice.
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Fig. 4.
Expression of MT and abundance of IL-6 mRNA and IL-6 immunoreactivity in the ischemic
and nonischemic hindlimbs of AHR-null or WT mice exposed to B[a]P or vehicle. (A)
Quantitative RT-PCR analysis of MT-1 and MT-2 mRNAs in tissue isolated 3 days after
surgery and administration of B[a]P or vehicle. Data are normalized by the abundance of β-
actin mRNA. (B) Representative immunoblot analysis of MT in tissue isolated 1 week after
surgery and administration of B[a]P or vehicle. (C) Quantitative RT-PCR analysis of IL-6
mRNA in tissue isolated 3 days after surgery and administration of B[a]P or vehicle. (D) IL-6
immunoreactivity in tissue isolated 1 week after surgery. All data are means ± SEM of values
from eight mice per group. *P < 0.05 versus corresponding value for the ischemic hindlimb
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of vehicle-treated WT mice; †P < 0.05 versus corresponding value for the ischemic hindlimb
of B[a]P-treated WT mice.
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