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Abstract
The aim of this review is to discuss the contribution of cytochrome P450 (CYP) 1B1 in vascular
smooth muscle cell growth, hypertension, and associated pathophysiology. CYP1B1 is expressed
in cardiovascular and renal tissues, and mediates angiotensin II (Ang II)-induced activation of
NADPH oxidase and generation of reactive oxygen species (ROS), and vascular smooth muscle
cell migration, proliferation, and hypertrophy. Moreover, CYP1B1 contributes to the development
and/or maintenance of hypertension produced by Ang II-, deoxycorticosterone Nω-nitro-(DOCA)-
salt-, and L-arginine methyl ester-induced hypertension and in spontaneously hypertensive rats.
The pathophysiological changes, including cardiovascular hypertrophy, increased vascular
reactivity, endothelial and renal dysfunction, injury and inflammation associated with Ang II- and/
or DOCA-salt induced hypertension in rats, and Ang II-induced hypertension in mice are
minimized by inhibition of CYP1B1 activity with 2,4,3′,5′-tetramethoxystilbene or by Cyp1b1
gene disruption in mice. These pathophysiological changes appear to be mediated by increased
production of ROS via CYP1B1-dependent NADPH oxidase activity and extracellular signal-
regulated kinase 1/2, p38 mitogen-activated protein kinase, and c-Src.
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1. Introduction
Several neurohumoral factors including norepinephrine, angiotensin II (Ang II), and
aldosterone contribute to the regulation of blood pressure and increased levels of these
agents promote hypertension (1, 2). Both norepinephrine and Ang II activate one or more
phospholipases, mainly cytosolic phospholipase A2 (cPLA2), which releases arachidonic
acid (AA) (3–5). Metabolites of AA modulate the release of norepinephrine and mediate
and/or modulate the actions of several vasoactive agents including norepinephrine and Ang

© 2011 Elsevier Inc. All rights reserved.

Corresponding Author: Kafait U. Malik, D.Sc., Ph.D., Professor of Pharmacology, Department of Pharmacology, College of
Medicine, 874 Union Avenue, University of Tennessee Health Science Center, Memphis, TN 38163, kmalik@uthsc.edu, Ph:
(901)-448-6075, Fax: (901)-448-7206.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2013 August 01.

Published in final edited form as:
Prostaglandins Other Lipid Mediat. 2012 August ; 98(0): 69–74. doi:10.1016/j.prostaglandins.
2011.12.003.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



II (6). Products of AA generated via cyclooxygenase, lipoxygenase, and cytochrome P450
(CYP) 4A have been implicated in the regulation of blood pressure (6–9). AA metabolism is
also associated with generation of reactive oxygen species (ROS) that have been implicated
in vascular smooth muscle cell (VSMC) growth and various models of experimental
hypertension (10–15). In addition to CYP4A that expresses ω-hydroxylase activity, and
CYP2B, 2C, and 2J, the main epoxygenases (16), CYP1 enzymes that are involved in the
bioactivation of xenobiotics can also metabolize endobiotics including steroid hormones,
retinoids, and fatty acids (17–20). Among the CYP1 enzymes, CYP1B1 that has been shown
to metabolize AA into HETEs and EETs in vitro (20), may also contribute to the regulation
of cardiovascular and renal function. Although the role of CYP1B1 in cancer and
bioactivation of carcinogens have been well studied, there is very little information on the
implications of CYP1B1 in the cardiovascular system. This brief review will focus on its
contribution to hypertension and associated pathophysiology.

2. CYP1B1 and its expression in the cardiovascular system
CYP1B1 is a member of the cytochrome P450 enzyme family I, subfamily B, polypeptide 1.
The CYP1B1 gene was cloned in 1994 from tetrachloro-dibenzo-1/2-dioxin-treated human
keratinocyte cells and is currently the only known member of the CYP1B family (21, 22).
CYP1B1 is present in several non-hepatic tissues including those within the cardiovascular
system (23). Although CYP1B1 is expressed in normal tissues and is constitutively active,
its expression is increased in various cancer cells, particularly steroid sensitive cells (23, 24).
Several pro-carcinogenic polycyclic aromatic hydrocarbons that are metabolized by
CYP1B1 also increase its expression in various tissues including the heart, kidney, and
vascular cells (23, 25–27). In blood vessels, CYP1B1 is expressed mainly in VSMCs with
very little expression in endothelial cells, and its expression is increased in endothelial cells
by shear stress (28). CYP1B1 is also expressed in retinal endothelial cells and has been
implicated in angiogenesis in response to low oxidative stress (29).

3. Contribution of CYP1B1 to VSMC migration and growth
Ang II-induced VSMC migration, proliferation and hypertrophy are mediated via AA
release by cPLA2 (30). Moreover, the demonstration that inhibition of AA metabolism with
5,8,11,14-eicosatetraynoic acid, and CYP1B1 activity with 2,4,3′,5′-tetramethoxystilbene
(TMS) or adenovirus CYP1B1 shRNA prevent Ang II- and AA-induced VSMC migration,
proliferation, and hypertrophy, suggest that these effects of Ang II and AA are dependent on
CYP1B1 activity (Fig. 1) (30). TMS or adenovirus CYP1B1 shRNA also inhibit Ang II- and
AA-induced ROS generation and extracellular signal-regulated kinase 1/2 (ERK1/2) and
p38 mitogen-activated protein kinase (p38 MAPK) activity without altering production of
HETEs (30). Since Tempol, a ROS inactivator (31), that inhibited these effects as well as
VSMC migration and growth produced by Ang II and AA without altering CYP1B1
activity, it appears that Ang II-induced VSMC migration and growth are mediated by ROS
generated from AA by CYP1B1 and activation of ERK1/2 and p38 MAPK (30). Our
preliminary experiments indicate that Ang II-induced neointimal growth is inhibited by
TMS and adenovirus CYP1B1 shRNA in balloon-injured rat carotid artery, and in wire-
injured mouse carotid artery by Cyp1b1 gene disruption (our unpublished data).

4. Contribution of CYP1B1 to hypertension and associated
pathophysiology
4.1. Cardiac hypertrophy, fibrosis, and inflammation

The evidence that ROS is involved in various experimental animal models of hypertension
(13–15), together with our finding that Ang II generates ROS and promotes VSMC growth
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via CYP1B1 (30), led us to investigate the role of CYP1B1 in Ang II-induced hypertension
and associated cardiovascular pathology. Infusion of Ang II (150 ng/kg/min) by
miniosmotic pump in rats increased mean arterial blood pressure (MAP). Administration of
the CYP1B1 inhibitor, TMS (300 μg/kg i.p. every third day), did not alter basal MAP but
abolished the Ang II-induced increase in MAP (32). In animals made hypertensive with Ang
II infusion for 8 days, injections of TMS (300 μg/kg, i.p. every second day), brought blood
pressure back to basal levels (32). Cardiac hypertrophy, as indicated by increased heart:
body weight ratio and brain natriuretic peptide mRNA associated with Ang II-induced
hypertension, were inhibited in animals treated with TMS. Moreover, cardiac fibrosis, as
observed by increased accumulation of α-smooth muscle actin-positive cells, and
inflammation, as indicated by an increase in macrophages in the myocardium, were
inhibited (32). These observations, together with a decrease in CYP1B1 activity in hearts
from TMS treated rats, suggested that CYP1B1 contributes to Ang II-induced hypertension
and associated cardiac hypertrophy, fibrosis, and inflammation. Further evidence that
CYP1B1 contributes to the development of hypertension and associated cardiac hypertrophy
was the demonstration that in CYP1B1 knockout (Cyp1b1−/−) mice, the effect of Ang II to
increase MAP was minimized (Figure 2) and heart: body weight ratio was reduced
compared to that observed in wild type (Cyp1b1+/+) mice (32).

CYP1B1 was also found to contribute to the development and/or maintenance of Ang II-
independent and genetic models of hypertension. DOCA-salt treatment causes hypertension
independent of Ang II by increasing salt and water retention and increasing levels of
vasopressin, catecholamines, and endothelin-1 (ET-1), and by stimulating ROS production
(33–36). These agents also activate cPLA2 and release AA (4, 37, 38) that could generate
ROS through CYP1B1 and promote development and/or maintenance of hypertension and
associated cardiac hypertrophy. Supporting this view were our findings that administration
of TMS reversed the increase in blood pressure and associated cardiac hypertrophy
produced by DOCA-salt treatment in rats (39). DOCA-salt- and Nω-nitro-L-arginine methyl
ester hydrochloride (L-NAME)-induced hypertension are minimized in Cyp1b1−/− mice, and
treatment with TMS reduces blood pressure in spontaneously hypertensive rats (our
unpublished data).

4.2. Increased vascular reactivity, hypertrophy and endothelial dysfunction associated
with hypertension

In experimental models of hypertension, the vascular response to vasoconstrictor agents is
enhanced, and there is also endothelial dysfunction as a result of nitric oxide inactivation by
increased oxidative stress (13–15, 40). Our studies indicate that increased vascular reactivity
to the vasoconstrictor agents, phenylephrine and ET-1, associated with Ang II- and DOCA-
salt-induced hypertension in the rat is abolished by inhibition of CYP1B1 activity with TMS
(32, 39). Also the increase in vascular reactivity to these agents associated with Ang II-
induced hypertension was diminished in Cyp1b1−/− mice (32). The increased vascular
reactivity in Ang II-induced hypertension was also associated with hypertrophy of the aorta
and mesenteric and femoral arteries in the rat, and of the aorta in mice, as indicated by an
increase in media: lumen ratio that was inhibited by treatment with TMS or disruption of the
Cyp1b1 gene in mice (32). Similarly, treatment with TMS prevented the increase in
response of the mesenteric artery and aorta caused by DOCA-salt hypertension in the rat
(39). Moreover, endothelial dysfunction, as indicated by a decrease in acetylcholine-induced
relaxation of the aorta observed in Ang II-induced hypertension in rats and mice, or DOCA-
salt induced hypertension in rats, was prevented by treatment with TMS, and by Cyp1b1
gene disruption in mice (32, 39). Since Ang II-induced hypertension in rats and mice and
DOCA-salt-induced hypertension in rats was associated with increased NADPH oxidase
activity and/or ROS production in the aorta that were inhibited by TMS (32, 39) or by
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Cyp1b1 gene disruption in mice (Figure 3) (32), it appears that ROS generated via CYP1B1
are most likely responsible for endothelial dysfunction in these models of experimental
hypertension. Metabolite(s) of AA generated via CYP1B1 that activate NADPH oxidase, as
observed in VSMCs, do not appear to be 5-, 12-, 15-, or 20-HETE (30). Whether it is one or
more lipid peroxide(s) generated from AA that activates NADPH oxidase and produce ROS
remains to be determined.

4.3. Renal dysfunction, injury and inflammation associated with hypertension
Hypertension is known to be associated with renal dysfunction and end organ damage,
which has been attributed to increased renal perfusion pressure and ROS production (41–
45). In a recent study, we found that Ang II infusion in rats at 150 ng/kg/min that caused
hypertension, cardiovascular hypertrophy, and cardiac fibrosis and inflammation, did not
result in renal dysfunction. However, infusion of Ang II at 300 ng/kg/min that produced a
similar increase in systolic blood pressure to that of Ang II at a concentration of 150 ng/kg/
min, also served to increase water consumption and urine output, increase urinary sodium
and potassium excretion, cause proteinuria and albuminuria, and decrease urine osmolality
in rat. Similar effects of Ang II infusion at 700 ng/kg/min were observed in Cyp1b1+/+ mice;
these effects of Ang II were prevented or minimized by treatment with TMS in rats and by
Cyp1b1 gene disruption in mice (46, 47). Moreover, Ang II infusion increased renal
vascular resistance and vascular reactivity to vasoconstrictor agents and endothelial
dysfunction in rats and in Cyp1b1+/+ mice that were inhibited by TMS in rats and in
Cyp1b1−/− mice (46, 47). In addition, the renal dysfunction associated with DOCA-salt-
induced hypertension is minimized by TMS in rats (39). These observations, together with
our findings that these pathophysiological changes caused by Ang II- and DOCA-salt-
induced hypertension are associated with increased renal NADPH oxidase activity and ROS
production (39, 46, 47), suggest that CYP1B1 via ROS generation also contributes to renal
dysfunction in these models of hypertension.

Ang II infusion at 300 ng/kg/min, but not 150 ng/kg/min in rats produced renal fibrosis as
manifested by increased interstitial accumulation of α-smooth muscle actin, tubular damage,
as indicated by tubular dilation, proteinaceous cast formation, and inflammation, as
observed by increased T-lymphocyte (CD-3+ cells) infiltration in the glomerulus (46). Ang
II infusion at 700 ng/kg/min for13 days that caused renal dysfunction in mice did not
produce renal injury or inflammation (47). However, infusion of Ang II for 28 days
produced a similar degree of renal damage in Cyp1b1+/+ mice, as that described above in the
rat (46); these deleterious effects of Ang II in the kidney were minimized by treatment with
TMS in the rat (46), and by Cyp1b1−/− gene disruption in the mice (47). It has been reported
that renal damage produced by Ang II infusion at 2ng/kg/min i.v. with 4% salt in drinking
water in rats is primarily due to increased renal perfusion pressure (42). Therefore, it appears
that administration of salt with Ang II or a prolonged increase in pressure such as in mice
without salt is obligatory for renal injury and inflammation. The renal injury and
inflammation caused by Ang II infusion in rats and mice were also associated with increased
renal NADPH oxidase activity and ROS production (46, 47). Since the increased renal
perfusion pressure caused by hypertension can produce ROS independently that cause renal
damage (21–25), and Ang II stimulates VSMC growth via CYP1B1-dependent ROS
production in vitro (30), it is possible that ROS generated via CYP1B1 contributes to the
renal injury and inflammation associated with Ang II-induced hypertension by a renal
perfusion pressure- dependent as well as -independent mechanism. The renal damage caused
by Ang II + L-NAME-induced hypertension has been reported to be independent of renal
perfusion pressure, and is probably due to increased oxidative stress and inflammation
resulting from ischemia as a result of increased renal vasoconstriction (48).
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5. Mechanism of CYP1B1-mediated pathophysiological changes associated
with hypertension

The increased ROS production associated with Ang II- and DOCA-salt-induced
hypertension could result from AA metabolites generated via CYP1B1. CYP1B1 can
metabolize AA in vitro into HETEs including 12- and 20-HETE (29) that can increase
NADPH oxidase activity and/or ROS production (49–51). However, in rat VSMCs, the
conversion of AA into HETEs was not affected by inhibition of CYP1B1 activity with TMS
or CYP1B1 shRNA (30) and plasma levels of 12- and 20-HETE were also not altered in
Ang II- and DOCA-salt-induced hypertension in rats (32, 39). Moreover, renal levels of
these HETEs were not altered in rats infused with Ang II with or without TMS (46).
Therefore, ROS produced by Ang II- or DOCA-salt-induced hypertension in rats appear to
be independent of 12- or 20-HETE. However, Ang II-induced renal dysfunction was
associated with increased levels of 12- and 20-HETE in Cyp1b1+/+ mice, but not in
Cyp1b1−/− mice, suggesting that these HETEs may contribute to renal dysfunction by
increasing ROS production and/or by their direct tubular and vascular actions (47). Since
renal levels of 12/15 lipoxygenase, Cyp4a10/a12/a14, and Cyp4f13/f15 protein were not
altered in the kidneys of Cyp1b1−/− mice; they appear unlikely to be involved in the
increased production of 12- and 20-HETEs by Ang II in mice (47). These observations also
suggest species-specific production of these HETEs via CYP1B1.

The mechanism by which ROS produced via CYP1B1 causes cardiovascular hypertrophy,
increased vascular reactivity, endothelial dysfunction, and renal dysfunction, proteinuria,
injury, and inflammation associated with Ang II-induced hypertension in rats and mice and
DOCA-salt-induced hypertension in rats, is most likely due to activation of one or more
signaling molecules including ERK1/2, p38 MAPK and c-Src. These kinases are known to
be involved in various actions of Ang II including VSMC growth and various models of
hypertension (52–55). Supporting this view is the demonstration that an increase in ERK1/2
and p38 MAPK activities in aorta, heart, and kidney associated with DOCA-salt induced
hypertension was inhibited by treatment with TMS in rats (39). Moreover, Ang II-induced
hypertension and renal dysfunction, injury and inflammation that are associated with
increased activities of NADPH oxidase, ERK1/2, p38 MAPK and c-Src and ROS production
in the kidneys of rats and Cyp1b1−/− mice are diminished by treatment with TMS, and in
Cyp1b1−/− mice, respectively (46, 47).

6. Conclusion
The increased activity of neurohumoral factors including Ang II increase cPLA2 activity
which releases AA. One or more metabolite(s) of AA generated via CYP1B1 stimulates
NADPH oxidase that increases ROS production, which by activating various signaling
molecules including ERK1/2, p38 MAPK, and c-Src stimulate VSMC growth, and
contribute to the development of hypertension and associated pathophysiological changes
including cardiovascular hypertrophy, increased vascular reactivity, endothelial and renal
dysfunction, injury, and inflammation (Figure 4). Therefore, CYP1B1 could serve as a novel
target for the development of therapeutic agents for the treatment of hypertension and
associated cardiovascular and renal dysfunction, injury, and inflammation.
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Figure 1. Ang II-induced migration and DNA and protein synthesis depend on CYP1B1 in
VSMCs
A–C. Quiescent VSMCs were transduced with Adenovirus CYP1B1 shRNA (Ad-shRNA),
Ad-scrambled (Sc) CYP1B1 shRNA (Ad-Sc) or Ad empty vector (Ad-EV) (200 MOI each)
for 24 hr and then treated with Ang II (200 nmol/L) or its vehicle in the presence of Ad for
24 hr for measurement of migration and proliferation or 48 hr for measurement of protein
synthesis. Migration of VSMCs was determined by wound healing method, proliferation and
protein synthesis by [3H]thymidine and [3H]leucine incorporation, respectively. *P<0.05
vehicle vs. corresponding value from Ang II-treated group; #P<0.05 Ad-shRNA vs. Ad-Sc
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(n = 3 for each group, and data are expressed as mean ± SEM) (Hypertension.
2010;55:1461–1467).
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Figure 2. CYP1B1 contributes to the development of Ang II-induced hypertension in mice
Cyp1b1+/+ and Cyp1b1−/− mice were infused with either Ang II (700 ng/kg/min) or vehicle
with miniosmotic pumps for 13 days, and blood pressure was measured by tail cuff every 3rd

day. *P < 0.05 vehicle vs. corresponding value from Ang II-treated animal; †P < 0.05
Cyp1b1+/+ Ang II vs. Cyp1b1−/− Ang II (n = 4 for all experiments, and data are expressed as
mean ± SEM). (Hypertension. 2010;56:667–674).
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Figure 3. Cyp1b1 gene disruption reduces vascular oxidative stress associated with Ang II-
induced hypertension in mice
Cyp1b1+/+ and Cyp1b1−/− mice were infused with either Ang II or vehicle as described in
Figure 2 legend. ROS production was determined in aortic sections by DHE fluorescence. §P
< 0.05 Cyp1b1+/+ vehicle vs. Cyp1b1−/− vehicle; *P < 0.05 vehicle vs. corresponding value
from Ang II-treated animal; †P < 0.05 Cyp1b1+/+ Ang II vs. Cyp1b1−/− Ang II (n = 4 for all
experiments, and data are expressed as mean ± SEM). (Hypertension, 2010;56:667–674).
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Figure 4.
Activation of cPLA2 by Ang II and other vasoactive agents releases AA from tissue
phospholipids (PLs). One or more metabolite(s) of AA generated via CYP1B1 stimulates
NADPH oxidase activity and generates ROS, that in turn by stimulating one or more
signaling molecules (ERK 1/2, p38MAPK and c-Src) results in hypertension and associated
pathophysiological changes.
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