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Background-—We have reported that cytochrome P450 1B1 (CYP1B1), expressed in cardiovascular tissues, contributes to
angiotensin II–induced vascular smooth muscle cell (VSMC) migration and proliferation and development of hypertension in various
experimental animal models via generation of reactive oxygen species. This study was conducted to determine the contribution of
CYP1B1 to platelet-derived growth factor-BB–induced VSMC migration and proliferation in vitro and to neointimal growth in vivo.

Methods and Results-—VSMCs isolated from aortas of male Cyp1b1+/+ and Cyp1b1�/� mice were used for in vitro experiments.
Moreover, carotid arteries of Cyp1b1+/+ and Cyp1b1�/� mice were injured with a metal wire to assess neointimal growth after
14 days. Platelet-derived growth factor-BB–induced migration and proliferation and H2O2 production were found to be attenuated
in VSMCs from Cyp1b1�/� mice and in VSMCs of Cyp1b1+/+ mice treated with 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl, a
superoxide dismutase and catalase mimetic. In addition, wire injury resulted in neointimal growth, as indicated by increased intimal
area, intima/media ratio, and percentage area of restenosis, as well as elastin disorganization and adventitial collagen deposition
in carotid arteries of Cyp1b1+/+ mice, which were minimized in Cyp1b1�/� mice. Wire injury also increased infiltration of
inflammatory and immune cells, as indicated by expression of CD68+ macrophages and CD3+ T cells, respectively, in the injured
arteries of Cyp1b1+/+ mice, but not Cyp1b1�/� mice. Administration of 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl attenuated
neointimal growth in wire-injured carotid arteries of Cyp1b1+/+ mice.

Conclusions-—These data suggest that CYP1B1-dependent oxidative stress contributes to the neointimal growth caused by wire
injury of carotid arteries of male mice. ( J Am Heart Assoc. 2018;7:e010065. DOI: 10.1161/JAHA.118.010065.)
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V ascular endothelial cell injury caused by angioplasty
results in inflammation and activation of multiple

signaling pathways. This leads to migration of vascular
smooth muscle cells (VSMCs) from the media into the intimal
layer, where they proliferate and synthesize extracellular
matrix (ECM) components, resulting in vascular remodeling.1,2

The neointimal growth associated with vascular injury is

responsible for arterial restenosis after balloon angioplasty
and formation of atherosclerotic lesions.3 The development of
drug-eluting stents to inhibit VSMC hyperplasia has reduced
the incidence of restenosis after angioplasty, but their
usefulness is still limited because of stent-initiated thrombo-
sis requiring antiplatelet therapy.2,4 Therefore, elucidation of
the molecular mechanisms involved in neointimal growth
caused by vascular injury would allow the development of
novel therapeutic agents to treat vascular pathogenesis and
restenosis associated with angioplasty.

We have previously reported that cytochrome P450 1B1
(CYP1B1), a heme-thiolate monooxygenase expressed in
cardiovascular tissues, contributes to the development of
hypertension, and its associated pathogenesis.5 CYP1B1 also
mediates angiotensin II (Ang II)–induced migration, prolifera-
tion, and growth of rat VSMCs, via generation of reactive
oxygen species (ROS).6 The present study was conducted to
determine if CYP1B1 also contributes, via ROS production, to
the action of platelet-derived growth factor-BB (PDGF-BB) on
VSMC migration and proliferation. Because VSMC migration
and proliferation, initiated by vascular injury, are hallmarks
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of neointima formation, and PDGF and ROS have been
implicated in this process,7,8 these data led us to the
hypothesis that CYP1B1-generated oxidative stress con-
tributes to the pathogenesis of vascular remodeling and
restenosis after vascular injury. To test this hypothesis, we
investigated the effects of Cyp1b1 gene disruption and 4-
hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (Tempol), a
superoxide dismutase and catalase mimetic that scavenges
ROS, including superoxide, and facilitates H2O2

metabolism,9 on vascular remodeling and associated patho-
genesis in wire-injured carotid artery in male mice. The
results of our study show that CYP1B1 contributes to
PDGF-BB–induced VSMC migration and proliferation via ROS
production, and that Cyp1b1 gene disruption attenuates
neointimal growth in these mice, most likely by reducing
oxidative stress.

Methods
Specific data, analytic methods, and study materials, outlined
below, will be made available on reasonable request to the
corresponding author.

Materials
The following reagents were used for the study: Amplex
Red Hydrogen Peroxide/Peroxidase Assay Kit, dihydroethid-
ium, DMEM, M199 media, fetal bovine serum, and trypsin
from Invitrogen (Carlsbad, CA); von Willebrand factor, CD3,
CD68, Alexa Fluor 488 goat anti-rabbit, and Dylight 549

goat anti-rat antibodies from Abcam (Cambridge, MA);
PDGF-B and CYP1B1 antibodies from Santa Cruz Biotech-
nology (Dallas, TX); [3H]-thymidine from Perkin-Elmer (Bos-
ton, MA); Wizard SV Genomic DNA Purification System from
Promega (Madison, WI); and 2,30,4,50-tetramethoxystilbene
from Cayman Chemical (Ann Arbor, MI). All other chemi-
cals, kits, and antibodies were purchased from Sigma (St
Louis, MO).

Animals
All experiments were performed according to protocols
approved by the Institutional Animal Care and Use Committee
of University of Tennessee in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. Cyp1b1�/� mice were generated at the National
Cancer Institute, transferred to the University of Tennessee,
backcrossed 10 generations to a C57BL/6J background, and
then brother-sister mated to generate a homozygous line.
Male C57BL/6J (Cyp1b1+/+) mice were purchased from
Jackson Laboratory (Bar Harbor, ME). All animals weighed
20 to 30 g and were �8 weeks of age at the beginning of the
experiment. VSMCs were isolated from Cyp1b1+/+ and
Cyp1b1�/� mice and cultured, as described.10 Wire injury
was performed on the carotid artery of Cyp1b1+/+ and
Cyp1b1�/� mice, as described.11

Genotyping of Mice
The genotype of Cyp1b1+/+ and Cyp1b1�/� mice was
routinely assessed by polymerase chain reaction, as
described.12 For polymerase chain reaction analysis, genomic
DNA was obtained from tail snips using the Wizard SV
Genomic DNA Purification System, according to the manu-
facturer’s instructions. Animals of both genotypes were
randomized for control and experimental groups.

Wire Injury and Measurement of Neointimal
Growth
Wire injury was performed on the carotid artery of Cyp1b1+/+

and Cyp1b1�/� mice, as described.11 Briefly, mice were
anesthetized by IP injection of ketamine/xylazine (87 mg/kg
per 13 mg/kg). The right common carotid artery of the
anesthetized mouse was exposed through a midline cervical
incision, and blood flow to the site was temporarily interrupted
by ligating with microclamps and silk suture. A small incision
was made, and a metal guide wire (0.381 mm in diameter)
(Cook Incorporated, Bloomington, IN) was introduced into the
artery and passed up and down 5 times with rotation through
the clamped section to denude the endothelium. Blood flow
was reestablished by removing the microclamps. The mice

Clinical Perspective

What Is New?

• This study demonstrated that platelet-derived growth factor-
BB, which is known to be involved in neointimal growth,
stimulates vascular smooth muscle cell migration and
proliferation via cytochrome P450 1B1–dependent reactive
oxygen species production.

• Cyp1b1 gene disruption minimized neointimal growth and
associated pathophysiological changes, including superox-
ide production, in wire-injured carotid artery of male mice.

• This study demonstrated that neointimal growth and
associated superoxide produced by vascular injury were
attenuated by 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl
(Tempol), a superoxide dismutase mimetic.

What Are the Clinical Implications?

• Development of selective cytochrome P450 1B1 inhibitors
could be useful to treat restenosis after balloon angioplasty
in men.
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were euthanized (1) 1 day, (2) 5 days, and (3) 14 days after
injury. Both injured and uninjured carotid arteries were
harvested and frozen for subsequent histological analysis.
The tissues were sectioned, as described below, and stained
with hematoxylin and eosin for analysis of neointimal growth.
The surface areas of the intima and media were calculated
using National Institutes of Health ImageJ 1.48v software, and
the intima/media ratio of randomly selected sections of
carotid arteries was analyzed.

In a separate series of experiments, Cyp1b1+/+ mice were
administered with the following: (1) Tempol, a superoxide
dismutase mimetic known to scavenge ROS,13 in drinking
water (2 mmol/L), 7 days before wire injury of carotid
artery; and (2) 2,30,4,50-tetramethoxystilbene, a selective
inhibitor of CYP1B1, or its vehicle dimethyl sulfoxide,
injected IP 300 lg/kg every third day, subjected to wire
injury of carotid artery and continued for 14 days before
euthanasia.

Immunohistochemical Analysis
At the completion of the experiments, mice were anes-
thetized, as described above, and the animals were perfused
with saline (3 minutes). The carotid arteries (both injured
and uninjured) were dissected and placed in optimal cutting
temperature compound (Sakura Finetek USA Inc, Torrance,
CA) and frozen at �80°C. Carotid artery sections (5 lm
thick) were cut using a cryostat (Leica Microsystems,
Bannockburn, IL; model CM1850) and stained for histolog-
ical and immunohistochemical analysis. Briefly, sections
were air dried, fixed in 10% formalin or cold acetone for
10 minutes, washed with PBS 3 times (3 minutes each),
incubated with 0.3% H2O2 for 10 minutes to quench
endogenous peroxides, washed with PBS for 3 minutes,
and blocked with serum appropriate for the species of the
secondary antibody for 1 hour. Sections were then incu-
bated with primary antibodies against von Willebrand factor
(for endothelial cells), a-actin (for smooth muscle cells),
CD68 (for macrophages), and CD3 (for T cells), overnight at
4°C. The sections were then washed with PBS 3 times
(3 minutes each) and incubated with corresponding horse-
radish peroxidase– or fluorophore-tagged secondary anti-
bodies for 1 hour, for chromogenic detection of horseradish
peroxidase activity with 3,30-diaminobenzidine substrate or
immunofluorescent detection, respectively. In addition, sec-
tions were stained with hematoxylin and eosin, Masson’s
trichrome for collagen deposition, and Verhoeff–Van Gieson
for elastin fibers, according to the manufacturer’s instruc-
tions (Sigma). Sections were viewed in a double-blinded
manner using an Olympus inverted system microscope
(Olympus America, Inc, Melville, NY; model BX41), pho-
tographed using a SPOT Insight digital camera (Diagnostic

Instruments, Inc, Sterling Heights, MI; model Insight 2MP
Firewire), and analyzed using ImageJ.

Measurement of ROS Production
To measure ROS production, carotid artery sections were
exposed to dihydroethidium, as described.14 Fresh, unfixed
tissue samples were placed in optimal cutting temperature
compound and frozen at �80°C. Tissue segments were cut
into 5-lm sections using a cryostat, sections were incubated
in PBS for 30 minutes at 37°C, and then further incubated in
dihydroethidium, 2 lmol/L, at 37°C in a light-protected
humidified chamber for 45 minutes. Sections were then
rinsed in PBS, and fluorescence was detected using a 585-nm
filter using an Olympus inverted system microscope (Olympus
America Inc; model IX50). Images were photographed with an
Olympus digital camera (Olympus America Inc; model DP71)
and analyzed using ImageJ.

VSMC Culture
Eight-week-old male Cyp1b1+/+ and Cyp1b1�/� mice (n=10
per genotype) were anesthetized with ketamine/xylazine (as
described above), and the thoracic aorta was excised and
rapidly removed. VSMCs were isolated and cultured as
described.10 Cultured cells were maintained under 5% CO2

in DMEM with fetal bovine serum (10%) and penicillin/
streptomycin (1%), at 37°C. Before each experiment, cells
were quiesced for 24 to 48 hours in M199 medium without
serum or antibiotics.

Migration Assay
To determine VSMC migration, we measured wound closure at
different time points by using the wound healing approach.15

VSMCs from Cyp1b1+/+ and Cyp1b1�/� mice were treated
with PDGF-BB (10 ng/mL) or its vehicle in the presence or
absence of Tempol (2 mmol/L) in 6-well plates. The wells
were scratched with a sterile pipette tip across the diameter
to produce 1- to 1.5-mm-wide wounds. Images of the wounds
were collected at 910 magnification with an Olympus CKX41
inverted microscope equipped with an Olympus Altra20
camera using Microsoft Analytical Suite software. Using a
motorized stage system (Prior OptiScan II, Rockland, MA)
along with marking x, y, and z coordinates of each wound
location allowed us to acquire images of the same wound
locations at different time points. The outline of the wound in
the field was measured, and the wound area was calculated
using ImageJ at the initial time of wounding (0) and after
24 hours. Data are shown as a percentage of the 0-hour
wound area closure to normalize variability in wounding from

DOI: 10.1161/JAHA.118.010065 Journal of the American Heart Association 3

CYP1B1 Gene Disruption Prevents Neointimal Growth Mukherjee et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



well to well and experiment to experiment. Wound widths
measured from 5 locations in the same well from 3 different
wells were averaged. Experiments were repeated at least 3
times for confirmation.

Proliferation Assay
DNA synthesis for proliferation was determined by measuring
the incorporation of [3H]-thymidine in VSMCs, as described.16

Subconfluent VSMCs from Cyp1b1+/+ and Cyp1b1�/� mice
were treated with PDGF-BB (20 ng/mL) or its vehicle in the
presence or absence of Tempol (2 mmol/L) in 24-well plates
along with addition of [3H]-thymidine (0.5 lCi/well), and
radioactivity in the cells was measured after 24 hours. To
determine radioactivity, after washing the cells with ice-cold
PBS, trichloroacetic acid (10%), and ethanol/ether solution
(2:1), [3H]-labeled cells were incubated with 0.1% SDS and
0.1 mmol/L NaOH for 3 hours; then, the radioactivity was
measured as disintegrations per minutes per well by using
liquid scintillation spectrometry. The data are shown as an
average fold change from vehicle from at least 6 different
wells of each treatment condition. Experiments were repeated
at least 3 times for confirmation.

H2O2 Production Assay
H2O2 released from VSMCs was measured using an Amplex
Red Hydrogen Peroxide/Peroxidase Assay Kit following
manufacturer’s instructions. Briefly, subconfluent VSMCs
from Cyp1b1+/+ and Cyp1b1�/� mice were quiesced for
24 hours, and then pretreated with Tempol (2 mmol/L) or
its vehicle in 24-well plates for 1 hour. The cells were then
stimulated with PDGF-BB (20 ng/mL) or its vehicle in the
presence or absence of Tempol for 30 minutes in a
prewarmed reaction mixture (37°C; 10 minutes) containing
50 lmol/L Amplex Red reagent and 0.1 U/mL horseradish
peroxidase in Krebs-Ringer phosphate buffer (145 mmol/L
NaCl, 5.7 mmol/L NaH2PO4, 4.86 mmol/L KCl,
0.54 mmol/L CaCl2, 1.22 mmol/L MgSO4, and 5.5 mmol/
L glucose, pH 7.35). The cell supernatant-reaction mixture
(100 µL) was then transferred to a 96-well plate, and
fluorescence was measured (excitation, 530 nm; emission,
590 nm) using a Synergy H1 multiplate reader (BioTek,
Winooski, VT).

Western Blot Analysis
Western blot analysis was performed, as described previ-
ously.17 Briefly, VSMCs were scraped from the culture plates
and lysed, and protein was isolated. An equal amount of
protein from each lysate was subjected to SDS-PAGE and
transferred onto a nitrocellulose membrane. The blots were

then probed with anti-CYP1B1, anti–PDGF-B, and anti–b-actin
primary antibodies and corresponding secondary antibodies
(anti-rabbit and anti-mouse), and intensity of the bands was
measured using ImageJ.

CYP1B1 Activity Assay
To determine CYP1B1 activity in VSMCs, we used a P450 Glo
assay kit, according to the manufacturer’s instructions
(Promega, Madison, WI). Briefly, cells were incubated with
PDGF-BB (20 ng/mL) or its vehicle for 24 hours. Cells were
washed with PBS. KPO4 solution (0.1 mol/L) was added to
the plate, and cells were scraped and sonicated. Protein
concentrations of the samples were quantitated by Bradford
assay, and luciferin-60 chloroethyl ether (100 lmol/L), a
substrate for CYP1B1, along with nicotinamide-adenine din-
ucleotide phosphate, reduced form (NADPH; 100 lmol/L),
were added to the samples in a white 96-well plate. After
45 minutes, an equal volume of luciferin detection reagent
was added to each well, mixed by gently shaking, and
equilibrated at room temperature for 20 minutes. Lumines-
cence was measured from each well using a Synergy H1
spectrophotometer (BioTek), and relative luminescent units
were measured.

Statistical Analysis
Data were analyzed by 1-way ANOVA, followed by Dunnett’s
post hoc test; 2-way ANOVA, followed by Tukey’s multiple
comparison test; or Student t test with Welch’s correction. The
values of a minimum of 3 different experiments are expressed
as the mean�SEM. P<0.05 was considered statistically
significant and expressed as *P<0.05, **P<0.01,
***P<0.001, and ****P<0.0001.

Results

Cyp1b1 Gene Disruption Prevents
PDGF-BB–Induced Migration and Proliferation of
VSMCs via Production of ROS
To determine if CYP1B1 contributes to PDGF-BB–induced
VSMC migration and proliferation through ROS generation, we
examined the effect of PDGF-BB on VSMCs isolated from
Cyp1b1+/+ and Cyp1b1�/� mice. Treatment with PDGF-BB
stimulated migration of VSMCs from Cyp1b1+/+ mice, follow-
ing a scratch wound, as indicated by the percentage of 24-
hour wound closure, whereas PDGF-BB–induced wound
healing was attenuated in VSMCs from Cyp1b1�/� mice
(Figure 1A and Figure S1A). PDGF-BB also increased the
proliferation of VSMCs from Cyp1b1+/+ mice, as determined
by [3H]-thymidine uptake, which was attenuated in cells from
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Cyp1b1�/� mice (Figure 1B). PDGF-BB did not alter expres-
sion of CYP1B1 protein levels in VSMCs from Cyp1b1+/+ mice,
and as expected, CYP1B1 expression was absent in VSMCs
from Cyp1b1�/� mice (Figure S2A and S2B). PDGF-B
expression was also not affected in VSMCs from Cyp1b1+/+

and Cyp1b1�/� mice (Figure S2C and S2D). PDGF-BB also did
not alter the activity of CYP1B1 in VSMCs (Figure S3).

To determine if ROS contributes to PDGF-BB–induced
VSMC migration and proliferation, we examined the effect of
Tempol, a superoxide dismutase and catalase mimetic,9 on
VSMC migration and proliferation. Tempol attenuated PDGF-
BB–induced migration (Figure 1C and Figure S1B) and
proliferation of VSMCs from Cyp1b1+/+ mice (Figure 1D).
PDGF-BB also increased ROS production, measured as H2O2

generated from metabolism of superoxide by superoxide
dismutase, in VSMCs from Cyp1b1+/+ mice; this increase was

reduced by Cyp1b1 gene disruption as well as by Tempol
(Figure 1E).

Cyp1b1 Gene Disruption Attenuates Neointimal
Growth and Associated Pathophysiological
Changes in Wire-Injured Carotid Artery of Male
Mice
To determine the contribution of CYP1B1 to neointimal
growth, the effect of Cyp1b1 gene disruption on neointima
formation in carotid arteries of male Cyp1b1+/+ and
Cyp1b1�/� mice, injured with a metal guide wire, was
analyzed for neointimal growth 14 days after injury. Denuda-
tion of the endothelial layer by wire injury was confirmed by
absence of staining with antibody against von Willebrand
factor, a marker of endothelial cells, after 1 day of injury in

Figure 1. Cytochrome P450 1B1 (Cyp1b1) gene disruption prevents platelet-derived growth factor-BB (PDGF-BB)–induced migration and
proliferation of vascular smooth muscle cells (VSMCs) via production of reactive oxygen species. Quantitative analysis of migration of VSMCs
expressed as percentage of wound closure after 24 hours of scratch wound healing assay in VSMCs from Cyp1b1+/+ and Cyp1b1�/� mice
treated with vehicle or PDGF-BB (10 ng/mL; A) and VSMCs from Cyp1b1+/+ mice treated with vehicle or PDGF-BB (10 ng/mL; C) in presence or
absence of 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (Tempol; 2 mmol/L). n=15 (5 scratch wound areas per well for 3 wells) for each
treatment condition, for each experiment, with experiments repeated at least 3 times. Quantitative analysis of proliferation (as measured by
[3H]-thymidine uptake) expressed as average fold change from vehicle in VSMCs from Cyp1b1+/+ and Cyp1b1�/� mice treated with vehicle or
PDGF-BB (20 ng/mL; B) and VSMCs from Cyp1b1+/+ mice treated with vehicle or PDGF-BB (20 ng/mL; D) in presence or absence of Tempol
(2 mmol/L). n=6 (6 different wells) for each treatment condition, for each experiment, with experiments repeated at least 3 times. E,
Quantitative analysis of H2O2 production measured by Amplex Red assay kit and expressed as arbitrary units (A.U.s) of fluorescence intensity in
VSMCs from Cyp1b1+/+ mice treated with vehicle or PDGF-BB (20 ng/mL) in presence or absence of Tempol (2 mmol/L). n=5 for Cyp1b1+/+

group (5 different wells), and n=6 for Cyp1b1�/� group (6 different wells). Data are expressed as mean�SEM. **P<0.01, ****P<0.0001.
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Cyp1b1+/+ and Cyp1b1�/� mice (Figure S4A and S4B).
Extensive neointimal growth was observed in sections of
injured but not uninjured contralateral carotid arteries of
Cyp1b1+/+ mice (Figure 2A). Neointimal growth in response
to injury was markedly lower in Cyp1b1�/� mouse arteries
examined after 14 days (Figure 2B). Quantification of the
hematoxylin and eosin staining revealed a significant reduc-
tion in total intimal area (Figure 2C), intima/media area ratio
(Figure 2D), and percentage of total area of carotid artery
restenosis in the injured carotid arteries of Cyp1b1�/� mice
compared with Cyp1b1+/+ mice (Figure 2E).

After 14 days of injury, carotid arteries demonstrated
extensive elastin disorganization, degradation, and disruption
in the Cyp1b1+/+ mice, whereas the uninjured carotid arteries
exhibited the usual wavy appearance of the elastin fibers
(Figure 2F). In contrast, elastin disorganization and fragmen-
tation were attenuated in the injured carotid arteries of
Cyp1b1�/� mice (Figure 2G). The extent of elastin damage in
the injured carotid arteries was quantified by scoring them
into different grades of damage: grade 1 (straightening of
elastin fibers), grade 2 (lighter elastin/degradation of elastin),

grade 3 (short breaks in elastin fibers), and grade 4 (long
breaks in elastin fibers). All 4 grades of elastin disorganization
were minimized, with a significant reduction in grades 3 and 4
of elastin fragmentation, in the injured carotid arteries of
Cyp1b1�/� mice, compared with those in Cyp1b1+/+ mice
(Figure 2H).

Injured carotid arteries of Cyp1b1+/+ mice displayed
extensive deposition of collagen, a marker of ECM formation,
in the adventitial layers, which was attenuated in injured
arteries of Cyp1b1�/� mice (Figure 2I through 2K). Uninjured
carotid arteries of both Cyp1b1+/+ and Cyp1b1�/� mice had
much lower collagen deposition in the adventitia (Figure 2I
and 2J). In addition, the medial layers and neointimal area in
injured carotid arteries of Cyp1b1+/+ mice stained positively
for presence of a-smooth muscle actin, indicating that most
cells in the neointimal lesion were VSMCs (Figure S5A and
S5B). Because no differences were observed in the structural
and pathological features of uninjured carotid arteries
between Cyp1b1+/+ and Cyp1b1�/� mice, we used param-
eters of only injured carotid arteries of Cyp1b1+/+ and
Cyp1b1�/� mice for quantitation.

Figure 2. Cyptochrome P450 1B1 (Cyp1b1) gene disruption attenuates neointimal growth and associated pathophysiological changes in wire-
injured carotid artery of male mice. Representative images of hematoxylin and eosin staining in uninjured and injured carotid arteries of
Cyp1b1+/+ mice (A) and Cyp1b1�/� mice (B) after 14 days of injury. Bars: 200 lm (top panels); 50 lm (bottom panels). Quantitative analysis of
neointimal growth in injured carotid arteries of Cyp1b1+/+ and Cyp1b1�/� mice, as represented by total intimal area (C), intima/media ratio (D),
and percentage area of restenosis (E) (n=20 for Cyp1b1+/+ group, and n=14 for Cyp1b1�/� group). Representative images of Verhoeff–Van
Gieson staining of elastin fibers in uninjured and injured carotid arteries of Cyp1b1+/+ mice (F) and Cyp1b1�/� mice (G). Bar=50 lm. H,
Quantitative analysis of extent of elastin disorganization/degradation in injured carotid arteries of Cyp1b1+/+ and Cyp1b1�/� mice (average
number [arbitrary units {A.U.s}] of assigned scores of images from 3 different sections of each mouse; n=12 for Cyp1b1+/+ group, and n=7 for
Cyp1b1�/� group). Representative images of Masson’s trichrome staining of collagen deposition in uninjured and injured carotid arteries of
Cyp1b1+/+ mice (I) and Cyp1b1�/� mice (J) (collagen: blue; smooth muscle cell: red). Bar=50 lm. K, Quantitative analysis of percentage area of
collagen deposition in injured carotid arteries of Cyp1b1+/+ and Cyp1b1�/� mice (average areas of images from 3 different sections of each
mouse; n=4 for Cyp1b1+/+ group, and n=5 for Cyp1b1�/� group). Data are expressed as mean�SEM. *P<0.05, **P<0.01, ***P<0.001.
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Cyp1b1 Gene Disruption Prevents Macrophage
and T-Cell Infiltration in Wire-Injured Carotid
Artery of Mice
Carotid arteries of Cyp1b1+/+ mice displayed infiltration of
CD68+ macrophages after 5 days of wire injury, which was
diminished in the injured carotid arteries of Cyp1b1�/� mice
(Figure 3A and 3B). Also, after 14 days of wire injury,
extensive accumulations of CD3+ T cells were observed in
carotid arteries of Cyp1b1+/+ mice, which were attenuated in
the Cyp1b1�/� mice (Figure 3C and 3D).

Tempol Administration Prevents Neointimal
Growth and Associated Pathological Changes in
Wire-Injured Carotid Artery of Cyp1b1+/+ Mice
To determine if CYP1B1-generated ROS contributes to the
neointimal growth after vascular injury, we exposed the
arteries to dihydroethidium and analyzed the fluorescence of
2-hydroxyethidium as a marker of ROS generation in injured
and uninjured carotid arteries of Cyp1b1+/+ and Cyp1b1�/�

mice. ROS production was increased after wire injury in
carotid arteries of Cyp1b1+/+ but not Cyp1b1�/� mice
(Figure S6). Hence, to determine if inhibition of ROS

production attenuates neointimal growth, we administered
Tempol to Cyp1b1+/+ mice in drinking water, 7 days before
wire injury of the carotid artery, and continued until eutha-
nizing the animals after 14 days of injury. Administration of
Tempol attenuated neointimal growth, as evaluated by total
intimal area, intima/media ratio, and percentage area of
restenosis in wire-injured carotid arteries of Cyp1b1+/+ mice
(Figure 4A through 4D). Tempol also minimized elastin
disorganization and fragmentation (Figure 4E) and adventitial
ECM formation (Figure 4G). Treatment with Tempol decreased
all 4 grades of elastin disorganization/fragmentation (Fig-
ure 4F), as well as the percentage area of collagen deposition
(Figure 4H), in wire-injured carotid arteries of Cyp1b1+/+

mice. Also, Tempol reduced ROS generation, as measured by
2-hydroxyethidium fluorescence, in wire-injured carotid arter-
ies of Cyp1b1+/+ mice (Figure 4I and 4J).

CYP1B1 Inhibitor, 2,30,4,50-Tetramethoxystilbene,
Minimized Neointimal Growth Caused by Wire
Injury of Carotid Arteries
Administration of selective CYP1B1 inhibitor 2,30,4,50-tetra-
methoxystilbene,18 but not its vehicle, attenuated neointima
formation after 14 days of carotid artery injury in Cyp1b1+/+

Figure 3. Cytochrome P450 1B1 (Cyp1b1) gene disruption prevents macrophage and T-cell infiltration in
wire-injured carotid artery of mice. A, Representative images of infiltration of CD68+ macrophages (red) and
nuclear staining with 40,6-diamidino-2-phenylindole (DAPI) (blue). B, Quantitative analysis of total number of
CD68+ macrophages per high-power field (hpf) in injured carotid arteries of Cyp1b1+/+ and Cyp1b1�/�

mice after 5 days of injury. n=5 for each group (A and B). C, Representative image of infiltration of CD3+ T
cells (green) and nuclear staining with DAPI. D, Quantitative analysis of total number of CD3+ T cells per hpf
in injured carotid arteries of Cyp1b1+/+ and Cyp1b1�/� mice after 14 days of injury. n=5 for each group (C
and D). Scale bars: 200 lm (left panels); 50 lm (right panels). Data are expressed as mean�SEM.
**P<0.01.
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mice, as observed by reduced intimal area, intima/media
ratio, and percentage area of restenosis (Figure S7A through
S7E).

Discussion
This study shows, for the first time, that CYP1B1 contributes
to PDGF-BB–induced VSMC migration and proliferation
in vitro, and plays a critical role in neointimal growth and
restenosis in response to vascular injury via generation of
ROS in male mice. Injury during angioplasty/stent placement
results in deendothelialization of the vessel wall, leading to
platelet activation and inflammation, ultimately leading to

migration and proliferation of VSMCs from medial as well as
adventitial layers to form the neointimal lesion.2,19 Among
many agents, including cytokines, Ang II, and growth factors,
PDGF is considered to be a primary stimulator of VSMC
migration and proliferation, acting on the PDGF-b receptor in
medial SMCs and leading to neointimal growth.7,20 Ang II–
and PDGF-BB–induced VSMC migration and proliferation
in vitro are mediated via generation of ROS.6,21 Ang II
stimulates ROS production in VSMCs via activation of
nicotinamide adenine dinucleotide phosphate (NADPH oxi-
dase), which is dependent on arachidonic acid (AA).22

Previously, we have reported that Ang II–induced VSMC
migration and proliferation are mediated by ROS generated
from the metabolism of AA by CYP1B1, resulting in

Figure 4. 4-Hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (Tempol) administration prevents neointimal growth and associated pathophysiolog-
ical features in wire-injured carotid artery of cytochrome P450 B1 (Cyp1b1)+/+ mice. A, Representative images of hematoxylin and eosin staining
in injured carotid arteries of Cyp1b1+/+ mice treated with vehicle or Tempol in drinking water (2 mmol/L) (started 7 days before injury) after
14 days of injury. Bars: 200 lm (top panels); 50 lm (bottom panels). Quantitative analysis of neointimal growth in injured carotid arteries of
Cyp1b1+/+ mice treated with vehicle or Tempol, as represented by total intimal area (B), intima/media ratio (C), and percentage area of
restenosis (D) (n=11 for vehicle group, and n=10 for Tempol group). Representative images of Verhoeff–Van Gieson staining of elastin fibers (E)
and quantitative analysis of extent of elastin disorganization/degradation (F) in injured carotid arteries of Cyp1b1+/+ mice treated with vehicle or
Tempol. Bar=50 lm. (Average number [arbitrary units {A.U.s}] of assigned scores of images from 3 different sections of each mouse; n=12 for
vehicle group, and n=9 for Tempol group). Representative images of Masson’s trichrome staining of collagen deposition (G) and quantitative
analysis of percentage area of collagen deposition (H) in injured carotid arteries of Cyp1b1+/+ mice treated with vehicle or Tempol (collagen:
blue; smooth muscle cell: red). Bar=50 lm. (Average areas of images from 3 different sections of each mouse; n=4 for vehicle group, and n=3
for Tempol group). Representative images of superoxide production, as indicated by fluorescence of 2-hydroxyethidium (2-OHE) (red) (I) and
quantitative analysis of 2-OHE fluorescence intensity (J) in injured carotid arteries of Cyp1b1+/+ mice treated with vehicle or Tempol (n=5 for
each group). Bar=50 lm. Data are expressed as mean�SEM. *P<0.05, **P<0.01, ***P<0.001.
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stimulation of ≥1 signaling molecules.6 In the present study,
the PDGF-BB–induced increase in ROS, measured as H2O2 in
VSMCs, and their migration and proliferation were attenuated
by Cyp1b1 gene disruption and by Tempol, which does not
alter CYP1B1 activity6 and inactivates superoxides as well as
H2O2 by superoxide dismutase– and catalase-like actions,
respectively.9 This suggested that these effects of PDGF-BB are
also dependent on CYP1B1. In the present study, PDGF-BB did
not alter CYP1B1 protein expression or its activity, and Cyp1b1
gene disruption also did not alter expression of PDGF-B in
VSMCs. CYP1B1 is constitutively active and requires sub-
strate to generate ROS.6 Therefore, the demonstration that
PDGF-BB activates cPLA2 (cytosolic phospholipase A2) and
releases AA, which participates in VSMC proliferation23 and
migration,24 suggests that PDGF-BB most likely also gener-
ates ROS via CYP1B1-catalyzed AA metabolism, similar to Ang
II.6 The mechanism by which AA metabolism by CYP1B1 leads
to the activation of NADPH oxidase still remains to be
elucidated and is one of the limitations in our study. In human
lens epithelial B3 cells, PDGF via AA metabolites, generated
by 5- or/and 15-lipoxygenase pathway, has been proposed to
translocate protein kinase C to NADPH oxidase complex and
results in ROS production.25 However, Ang II–induced release
of AA and its subsequent metabolism by CYP1B1 is associ-
ated with increased generation of ROS in VSMCs, which, in
turn, activates extracellular signal-regulated kinase (ERK) 1/2
and p38 mitogen-activated protein kinase.6 Our preliminary
data show that extracellular signal-regulated kinase 1/2 and
p38 mitogen-activated protein kinase, activated by CYP1B1-
generated ROS, stimulate NADPH oxidase in VSMCs (C.Y.S.
and K.U.M., unpublished data). Whether AA released by PDGF
also stimulates NADPH oxidase via CYP1B1 in VSMCs
remained to be determined.

To determine the contribution of CYP1B1-dependent VSMC
migration and proliferation and ROS production in vivo to
neointimal growth and its pathogenesis, we used the carotid
artery wire-injury mouse model. The vascular injury model is
widely used to study the mechanism of restenosis, because it
closely resembles the angioplasty procedure in humans that
results in endothelial cell denudation, VSMC proliferation, and
other pathological features of restenosis.11 After 14 days of
wire injury of carotid artery, the total intimal area, intima/
media ratio, and percentage area of restenosis were markedly
reduced in Cyp1b1�/� compared with Cyp1b1+/+ mice,
suggesting that CYP1B1 is required for neointimal growth
caused by vascular injury.

ECM remodeling is a pathological hallmark of injury-
induced neointimal growth.2 Vascular injury is also associated
with structural changes in elastin and its degradation.26,27 In
the present study, the extensive disorganization and degra-
dation of elastic fibers in the injured carotid arteries of
Cyp1b1+/+ mice was minimized in the Cyp1b1�/� gene

disrupted mice. Strikingly, the most prominent difference in
elastin remodeling between Cyp1b1+/+ and Cyp1b1�/� mice
was observed in grades 3 and 4 of the elastin degradation
index, implying that a breakage of elastin fibers in Cyp1b1+/+

mice might have permitted medial SMCs to breach the ECM
and migrate to form neointima. These results, coupled with
our in vitro findings of attenuated migration of VSMCs by
Cyp1b1 gene disruption, along with our previous work in
mouse models of atherosclerosis and abdominal aortic
aneurysms,28,29 indicate that CYP1B1 plays an important role
in elastin metabolism/degradation.

It is well established that inflammation is a major
component of restenosis.2,30 Our demonstration that the
infiltration of CD68+ macrophages and CD3+ T cells in
injured carotid artery was attenuated by Cyp1b1 gene
disruption suggests that CYP1B1 also plays a crucial role in
inflammation associated with restenosis. Because CYP1B1
is expressed in extrahepatic tissues, including VSMCs,6,31

macrophages,32 and T cells,33 further studies using VSMC-,
macrophage-, and T-cell–specific conditional knockout
mouse models are required to determine the contribution
of CYP1B1 in these cell types to injury-induced neointimal
growth.

An interesting finding in the present study was the
significant amount of adventitial fibrosis and/or ECM forma-
tion in the injured carotid arteries of Cyp1b1+/+ mice, as
indicated by extensive deposition of collagen in the adven-
titia, similar to “neoadventitia” formation during vascular
remodeling.34 The neoadventitia formation is one of the
earliest events after vascular injury34 and hence can be used
as an alternative predictor of carotid artery disease.35 We
have reported that CYP1B1 plays a critical role in collagen
deposition and fibrosis in several tissues in hypertension, and
in atherosclerosis and abdominal aortic aneurysms.28,29,36

Adventitial fibrosis associated with vascular injury also
requires CYP1B1, and Cyp1b1 gene disruption decreased
adventitial collagen deposition in injured mouse carotid
arteries. Adventitia is well known to play a dynamic role in
vascular inflammation.37 Migration of adventitial38 and circu-
lating myofibroblasts39 and an early recruitment of inflamma-
tory cells, such as macrophages,19,30,39 in the adventitia are
considered to be the major contributors to neointima
formation. In the present study, expression of CD68+

macrophages in the adventitia of carotid arteries of
Cyp1b1�/� mice was significantly reduced compared with
those in Cyp1b1+/+ mice. These observations also implicate
CYP1B1 in the inflammation and collagen production that
contribute to the pathogenesis of neointimal growth caused
by vascular injury.

Increased ROS generation is one of the key pathological
features of vascular injury, which acts as a signaling
mechanism for neointimal growth.8,40,41 We have previously
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reported that ROS generated via CYP1B1 contribute to the
development of hypertension in different animal models,
atherosclerosis, and abdominal aortic aneurysms.5,28,29 In the
current study, wire injury of the carotid arteries increased
superoxide production, as detected by 2-hydroxyethidium
fluorescence in Cyp1b1+/+ mice, which was reduced in
Cyp1b1�/� mice. Moreover, treatment with Tempol attenu-
ated neointimal growth and associated pathophysiological
changes in injured carotid arteries. Although ROS measured
by 2-hydroxyethidium staining was reduced in the carotid
arteries of Cyp1b1�/� mice and by Tempol in Cyp1b1+/+

mice, it did not reach the level of statistical significance. This
could be because of rapid conversion of superoxide into H2O2,
which is not detected by the 2-hydroxyethidium fluorescence
method. However, an effective in vivo method for measuring
H2O2 in mouse carotid arteries is still lacking. Therefore, these
observations, together with our finding that PDGF-BB induced
migration, proliferation, and H2O2 production, were attenu-
ated in VSMCs derived from Cyp1b1�/� mice, or by
treatment with Tempol of VSMCs from Cyp1b1+/+ mice,
indicate that neointimal growth and associated pathological
changes are mediated most likely by superoxides generated
via CYP1B1. However, further studies are required to confirm
the measurement of superoxides using high-performance
liquid chromatography–based assay or electron spin reso-
nance spectroscopy.42 Moreover, further studies are required
to establish the contribution of ROS, generated by CYP1B1, to
endogenous PDGF-stimulated neointimal growth during vas-
cular injury.

One of the limitations of our study that remains to be
addressed is the relationship between CYP1B1 and other AA-
metabolizing enzymes in neointimal growth caused by vascu-
lar injury. The major AA-metabolizing enzymes cyclooxyge-
nase 2, via production of prostaglandin E2 acting on EP3
receptor,43 12/15 lipoxygenase, and CYP4A1/A2, most likely
through generation of AA metabolites 12-, 15-, and 20-
hydroxyeicosatetraenoic acids, respectively, also contribute
to neointimal growth.44–47 Whether these enzymes and
CYP1B1 act in a sequential or parallel and redundant manner
is not known. Previously, we have reported that Cyp1b1 gene
disruption does not affect the expression of other AA-
metabolizing enzymes examined in the VSMCs and the
kidney.6,48 However, the cross talk between 12/15-lipox-
ygenase and cyclooxygenase 2 pathways, where they can
activate each other, has been reported in mesangial cells.49

Because AA metabolism via these enzymes is also associated
with generation of ROS,50–52 it is possible that ROS and/or
AA metabolites generated via different enzyme systems
stimulate neointimal formation caused by vascular injury, by
activating ≥1 common signaling pathways, including extracel-
lular signal-regulated kinase 1/2 and p38 mitogen-activated
protein kinase.53,54

The present study provides novel insight into the role of
CYP1B1 in neointimal growth and associated pathogenesis
via superoxide production in wire-injured carotid artery of
male mice. However, CYP1B1 is known to metabolize 17b-
estradiol into 2-hydroxyestradiol, and that is subsequently
metabolized into 2-methoxyestradiol, which minimizes Ang II–
induced hypertension and oxidative stress in female mice55;
both estradiol and 2-methoxyestradiol reduce neointimal
growth in response to balloon angioplasty.56,57 Therefore, it
would be important to determine if Cyp1b1 gene disruption
or 2,30,4,50-tetramethoxystilbene treatment enhances neoin-
timal growth and associated pathophysiological changes in
response to vascular injury by increasing oxidative stress in
female mice.

In conclusion, results of the present study suggest that
CYP1B1 is a unique molecule that plays a critical role in
neointimal growth caused by vascular injury in male mice. Our
finding that the CYP1B1 inhibitor 2,30,4,50-tetramethoxystil-
bene minimizes hypertension, atherosclerosis, and abdominal
aneurysms,5,28,29 while also attenuating neointimal growth in
wire-injured carotid artery of Cyp1b1+/+ male mice, further
supports our hypothesis that CYP1B1 is required for neoin-
timal growth and suggests an important translational impli-
cation of this work. Thus, CYP1B1 could serve as a potential
target for the development of novel agents for the treatment
of restenosis after balloon angioplasty, or to coat drug-eluting
stents as antiproliferative agents in male mice.
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Figure S1. Cytochrome P450 1B1 (Cyp1b1) gene disruption prevents platelet-derived 

growth factor-BB (PDGF-BB)-induced migration of vascular smooth muscle cells 

(VSMCs). 

 

 



 
 

 

Representative images of migration after 0 h and 24 h of scratch wound healing assay in VSMCs 

from (A) VSMCs from Cyp1b1+/+ and Cyp1b1-/- mice treated with vehicle or PDGF-BB (10 

ng/mL) and (B) VSMCs from Cyp1b1+/+ mice treated with vehicle or PDGF-BB (10 ng/mL) in 

presence or absence of Tempol (2 mmol/L). (n=15 (5 scratch wound areas per well for 3 wells) 

for each treatment condition, for each experiment, with experiments repeated at least 3 times).  

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

Figure S2. Treatment with platelet-derived growth factor-BB (PDGF-BB) does not alter 

expression of cytochrome P450 1B1 (CYP1B1) in vascular smooth muscle cells (VSMCs) of 

Cyp1b1+/+ mice, and PDGF-B expression is not altered in VSMCs from Cyp1b1+/+ and 

Cyp1b1-/- mice. 

 

 



 
 

 

 

 

 

(A) Representative Western blot image of protein expression of CYP1B1 and -actin in VSMCs 

from Cyp1b1+/+ and Cyp1b1-/- mice treated with vehicle or PDGF-BB (10 ng/mL and 20 ng/mL) 

for 24 h. (C) Representative Western blot image of protein expression of PDGF-B and -actin in 

VSMCs from Cyp1b1+/+ and Cyp1b1-/- mice. Quantitation of (B) CYP1B1 and (D) PDGF-B 

protein levels normalized against -actin, which was used as a loading control. Values are the 

mean ± SEM density of bands of CYP1B1 and PDGF-B and -actin from four different 

experiments. 

Figure S3. Treatment with platelet-derived growth factor-BB (PDGF-BB) does not alter 

activity of cytochrome P450 1B1 (CYP1B1) in vascular smooth muscle cells (VSMCs).  

 

 

 



 
 

 

 

CYP1B1 activity as measured by luminescence using luciferin detection reagent in VSMCs from 

Cyp1b1+/+ and Cyp1b1-/- mice treated with vehicle or PDGF-BB (20 ng/mL) for 24 h. 

Experiments were repeated six times and data are expressed as mean ± SEM. 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Wire injury causes denudation of endothelial layer of carotid artery in mice. 

 

 

 



 
 

 

 

 

Representative images of immunohistochemical detection of von Willebrand factor (vWF) 

expression (brown) in uninjured and injured carotid arteries of (A) Cyp1b1+/+ and (B) Cyp1b1-/- 

mice, after 1 day of injury. Scale bars represent 200 µm (upper panel) and 50 µm (lower panel). 

 

 

 

 

 

 

 

 

 

 

Figure S5. Cytochrome P450 1B1 (Cyp1b1) gene disruption attenuates smooth muscle actin 

deposition in wire-injured carotid artery of mice. 

 



 
 

 

 

Representative images of immunohistochemical detection of smooth muscle α-actin expression 

(brown) in uninjured and injured carotid arteries of (A) Cyp1b1+/+ and (B) Cyp1b1-/- mice, after 

14 days of injury. Scale bars represent 50 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. Cytochrome P450 1B1 (Cyp1b1) gene disruption minimizes reactive oxygen 

species generation in wire-injured carotid artery of mice. 

 



 
 

 

 

 

Representative images of reactive oxygen species production as indicated by fluorescence of 2-

hydroxyethidium (2-OHE) (red) in uninjured and injured carotid arteries of (A) Cyp1b1+/+ and 

(B) Cyp1b1-/- mice, after 14 days of injury. Scale bars represent 200 µm (upper panel) and 50 µm 

(lower panel). (C) Quantitative analysis of 2-OHE fluorescence intensity in uninjured and 

injured carotid arteries of Cyp1b1+/+ and Cyp1b1-/- mice; n=4 for Cyp1b1+/+ uninjured, n=5 for 

Cyp1b1+/+ injured, n=5 for Cyp1b1-/- uninjured, n=4 for Cyp1b1-/- uninjured. Data are expressed 

as mean ± SEM. 

 

 

 

 

 

 

 

Figure S7. Treatment with 2,3',4,5'-tetramethoxystilbene (TMS) prevents neointimal 

growth and associated pathophysiology in wire-injured carotid artery of Cytochrome P450 

1B1 (Cyp1b1)+/+ mice. 

 



 
 

 

 

 

 

Representative images of Hematoxylin and Eosin (H&E) staining in injured carotid arteries of 

Cyp1b1+/+ mice treated with (A) vehicle (Dimethyl sulfoxide, DMSO) or (B) TMS (300 µg/kg; 

i.p., every 3rd day) after 14 days of injury. Scale bars represent 200 µm (upper panel) and 50 µm 

(lower panel). Quantitative analysis of neointimal growth in injured carotid arteries of Cyp1b1+/+ 

mice treated with vehicle or TMS, as represented by (C) total intimal area, (D) intima-to-media 

ratio and (E) percentage area of restenosis (n=10 for vehicle group and n=9 for TMS group). 


