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Aims CYP1A1 and CYP1B1, members of the cytochrome P450 protein family, are regulated by fluid shear
stress. This study describes the effects of duration, magnitude and pattern of shear stress on CYP1A1
and CYP1B1 expressions in human endothelial cells, towards the goal of understanding the role(s) of
these genes in pro-atherogenic or anti-atherogenic endothelial cell functions.
Methods and results We investigated CYP1A1 and CYP1B1 expressions under different durations, levels,
and patterns of shear stress. CYP1A1 and CYP1B1 mRNA, protein, and enzymatic activity were maximally
up-regulated at �24 h of arterial levels of shear stress (15–25 dynes/cm2). Expression of both genes was
significantly attenuated by reversing shear stress when compared with 15 dynes/cm2 steady shear
stress. Small interfering RNA knockdown of CYP1A1 resulted in significantly reduced CYP1B1 and throm-
bospondin-1 expression, genes regulated by the aryl hydrocarbon receptor (AhR). Immunostaining of
human coronary arteries showed constitutive CYP1A1 and CYP1B1 protein expressions in endothelial
cells. Immunostaining of mouse aorta showed nuclear localization of AhR and increased expression of
CYP1A1 in the descending thoracic aorta, whereas reduced nuclear localization of AhR and attenuated
CYP1A1 expression were observed in the lesser curvature of the aortic arch.
Conclusion CYP1A1 and CYP1B1 gene and protein expressions vary with time, magnitude, and pattern of
shear stress. Increased CYP1A1 gene expression modulates AhR-regulated genes. Based on our in vitro
reversing flow data and in vivo immunostained mouse aorta, we suggest that increased expression of
both genes reflects an anti-atherogenic endothelial cell phenotype.
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1. Introduction

Atherosclerosis is typically localized to the carotid artery
sinus, the coronary arteries, the abdominal aorta, and the
superficial femoral arteries.1 These are regions of complex
blood flow patterns including recirculation (reversing flow)
during each cardiac cycle, leading to the hypothesis that dis-
turbed haemodynamic patterns are atherogenic. Such
differences in haemodynamics alter the gene expression
profile and ultimately the structure and function of endo-
thelial cells, resulting in modulation of the interactions of
endothelial cells with blood-borne factors and underlying
smooth muscle cells, thus increasing the likelihood of
atherogenesis.2,3

Cytochrome P450s are a class of membrane-bound haemo-
proteins which, when complexed with an NADPH-
cytochrome P450 reductase and cytochrome b5, oxidize,

peroxidize, or reduce endogenous fatty acids and steroids,
as well as exogenous xenobiotics and pharmaceutical com-
pounds.4 Cytochrome P450, family 1, subfamily A, polypep-
tide 1 (CYP1A1) and cytochrome P450, family 1, subfamily B,
polypeptide 1 (CYP1B1) are classically recognized as
enzymes that metabolize exogenous compounds for elimin-
ation.5,6 Halogenated aromatic hydrocarbons and polycyclic
aromatic hydrocarbons have been shown to be strong
exogenous inducers of CYP1A1 and CYP1B1 genes by
binding to and activating the aryl hydrocarbon receptor
(AhR), a ligand-activated basic helix–loop–helix transcrip-
tion factor, which translocates from the cytoplasm to the
nucleus upon activation.7 Recently, endogenous activators
have been found for the AhR, which can also lead to
increased CYP1A1 and CYP1B1 transcription.8,9 In addition,
CYP1A1 and CYP1B1 enzymes can modulate cellular levels
of a variety of lipid signalling molecules, including arachido-
nic acid and retinoic acid metabolites that can directly
affect gene expression and vascular homeostasis.10* Corresponding author. Tel: þ1 404 894 5057; fax: þ1 404 385 5028.
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Recent work has shown that CYP1B1 is involved in the
generation of retinoic acid during chick embryogenesis.11

Mutations of CYP1B1 in humans are associated with glau-
coma,12 and CYP1B1 (2/2) mice have abnormalities in
their ocular drainage structure that resembles those in
human glaucoma patients.13,14 The ability of both genes to
affect lipid signalling and the association of CYP1B1
mutations with a human pathology strongly suggest that
CYP1A1 and CYP1B1 have important endogenous roles in
the maintenance of homeostatic functions.

Microarray studies showed that gene expression of both
CYP1A115–17 and CYP1B115–21 are dramatically up-regulated
by arterial levels of shear stress in cultured human endo-
thelial cells. Han et al.22 recently showed that the AhR is
involved in CYP1A1 expression under laminar shear stress.
The most highly up-regulated genes in our array studies
under both steady shear stress16 and pulsatile non-reversing
shear stress23 were CYP1A1 and CYP1B1. We postulated that
their increases under shear stress resulted from uni-
directional arterial shear stresses and that low steady
shear stress or reversing pulsatile shear stress would not
up-regulate either gene.

To better characterize the increased expression of CYP1A1
and CYP1B1 genes and proteins in human aortic endothelial
cells (HAECs) and human umbilical vein endothelial cells
(HUVECs) subjected to shear stress, we modelled the flow
pattern in the common carotid sinus, a region prone to
atherosclerosis, to examine the effects of this flow
regimen on CYP1A1 and CYP1B1 gene and protein expression
in vitro. We demonstrate that these genes are maximally
up-regulated at arterial steady shear stresses of at least
15 dynes/cm2 and that reversing pulsatile shear stress atte-
nuated expression of both genes. Furthermore, AhR nuclear
localization and CYP1A1 protein expression correlate with
the flow patterns in the mouse aortic arch. Our results
strongly suggest that the AhR/CYP1 pathway promotes an
anti-atherogenic phenotype in the endothelium.

2. Methods

An online supplement is available with expanded methods.

2.1 Cell culture and shear stress experiments

HUVECs or HAECs (Lonza, Walkersville, MD, USA) were grown
as described previously.23 Steady shear stress experiments were
performed with a parallel plate flow chamber, as described
previously.24

A system was developed on the basis of computer simulated
data25 to produce a reversing shear stress pattern that mimics the
in vivo conditions at the carotid sinus wall (see Supplementary
material online, Figure S1). The waveform has a time-averaged
shear stress of 21 dynes/cm2, a maximum shear stress at
þ11 dynes/cm2, a minimum shear stress of 211 dynes/cm2, and a
cycle frequency of 1 Hz.

2.2 siRNA transfection

Cells were transfected 48 h prior to shear stress with 100 nM CYP1A1
(sense: 50-gguauccaaaaauguguaatt-30) or CYP1B1 (sense: 50-gggccca
augaauuauuautt-30) siRNA (Silencer Pre-designed siRNAs, Ambion,
Austin, TX, USA) using Oligofectamine reagent (Invitrogen, Carls-
bad, CA, USA), according to the manufacturer’s instructions. siRNA
sequences chosen knocked down target gene expression by at
least 75%. Control cells were transfected with 100 nM Cy3-labelled

nonsense siRNA (Silencer negative control #1, Ambion). Transfection
was verified using fluorescent microscopy.

2.3 Quantitative real-time polymerase chain
reaction and western blotting

Immediately after exposure to shear stress, total RNA and protein
were extracted using TRI-zol (Invitrogen). RNA was reverse-
transcribed into cDNA; the quantitative real-time–PCR (qRT–PCR)
and analysis were performed on a MyiQ (BioRad, Hercules, CA,
USA). Western blots were probed either with rabbit-anti-human
CYP1A1 (1:1000, Santa Cruz, Santa Cruz, CA, USA) or with
rabbit-anti-human CYP1B1 (1:1000, previously characterized26).
Membranes were then re-probed with mouse anti-human b-actin
(1:5000, Clone A-15, Sigma, St Louis, MO, USA) to normalize
protein loading. Band intensities were quantified by densitometry
with the EDAS 1D Imaging System (Kodak, Rochester, NY, USA).

2.4 CYP1A1 and CYP1B1 activity assay

Combined CYP1A1 and CYP1B1 activity was measured using the
CYP1A1/CYP1B1 P450 Glo Assay (Promega, Madison, WI, USA).27

Cells were exposed to 25 dynes/cm2 for 48 h. Following shear
stress, the medium was replaced with that containing 100 mM
luciferin-60 chloroethyl ether (luciferin-CEE), and cells were cul-
tured for an additional 3 h under static conditions. Medium was
then incubated 1:1 with the manufacturer-supplied luciferase-
developing reagent for 20 min and luminescence was measured
(Victor 3 plate reader, Perkin-Elmer, Waltham, MA, USA). CYP1B1
activity was inhibited with 1 mM 2,30,4,50-tetramethoxystilbene
(TMS) (Cayman Chemical, Ann Arbor, MI, USA) added to the media
simultaneously with luciferin-CEE. Luminescence was normalized
to total protein (DC Protein Assay, BioRad).

2.5 Mouse aorta immunohistochemistry

C57BL/6 mice (6–8-week-old males, The Jackson Laboratory, Bar
Harbor, ME, USA) were euthanized by CO2 inhalation, and the
aortas were perfusion-fixed with 10% formalin. The aortas were
carefully cleaned in situ, and the arches and thoracic aortas were
dissected and stained with anti-AhR IgG (1:100, a gift from
R. Pollenz, University of South Florida)28 or anti-CYP1A1 IgG
(1:100, a gift from F. Guengerich, Vanderbilt University)29 anti-
bodies. The aortas were opened and separated into regions of
lesser curvature, greater curvature, and thoracic artery. En face
images were collected with an LSM 510 META confocal microscope
(Zeiss, Jena, Germany).30 The investigation conforms with the
Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication no. 85-23,
revised 1996). Approval for use of animal studies was provided by
the Emory University Institutional Animal Care and Use Committee.

2.6 Human coronary artery immunohistochemistry

Frozen sections of human coronary artery explants from patients
undergoing heart transplants were prepared31 and stained
with either rabbit anti-human CYP1A1 (1:100, a gift from
F. Guengerich, Vanderbilt University)29 or rabbit anti-human
CYP1B1 (1:100, previously characterized26). The investigation con-
forms with the principles outlined in the Declaration of Helsinki.
Approval for use of human tissue was granted by the Emory Univer-
sity School of Medicine Institutional Review Board.

2.7 Statistics

Results are expressed as mean+standard error of the mean. All
measures of significance were performed using either Student’s
t-test or one-way analysis of variance (ANOVA), with post hoc analy-
sis using Tukey’s multiple comparison test as indicated. Values of
P , 0.05 are considered significant.
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3. Results

A time course of the response of CYP1A1 and CYP1B1 genes
to 25 dynes/cm2 was performed at 1, 2, 4, 8, 24, 48, and
72 h and compared with cells cultured under static con-
ditions (Figure 1). Shear stress up-regulated CYP1A1 and
CYP1B1 mRNA in a time-dependent manner (Figures 1A
and 1B). Following 24 h of 25 dynes/cm2, CYP1A1 mRNA
was up-regulated 32.1 + 5.0-fold and CYP1B1 mRNA was
up-regulated 428.9 + 82.6-fold. CYP1A1 protein was not
quantifiable in static cultures and at 1, 2, 4, and 8 h, but
was observed at 24–72 h under 25 dynes/cm2 (Figure 1C).
CYP1B1 protein was elevated time-dependently, reaching a
maximal induction of 5.6 + 1.5-fold at 48 h (Figure 1D and
E). Static controls isolated at each time point (0–72 h)
showed no significant differences in CYP1A1 and CYP1B1
mRNA expressions (data not shown).

Total CYP1A1 and CYP1B1 activity, measured by dechlor-
oethylation of luciferin-60 CEE, was 7.2 + 1.0-fold higher
in cells shear stressed for 48 h at 25 dynes/cm2 compared
with static controls (Figure 2). Shear-stressed cells simul-
taneously treated with the CYP1B1 inhibitor (1 mM TMS)
had a 3.5 + 1.1-fold increase in activity over static cells,
a decrease of over 50% when compared with shear-stressed
cells assayed without the inhibitor. The activity of static
controls treated with TMS was not significantly different
from untreated static cells.

To determine whether the expression level of these genes
depended on shear stress magnitude, cells were exposed to
0 (static), 2, 5, 10, 15, or 25 dynes/cm2 shear stress for 24 h
(Figure 3). CYP1A1 and CYP1B1 mRNA and CYP1B1 protein

Figure 1 Time course of CYP1A1 and CYP1B1 mRNA and protein expression under shear stress. Human umbilical vein endothelial cells were exposed to 0 (static),
1, 2, 4, 8, 24, 48, or 72 h of 25 dynes/cm2 steady shear stress (n ¼ 3–8). Both CYP1A1 (A) and CYP1B1 (B) mRNA were maximally induced by 24–72 h of shear
stress. CYP1A1 protein (C) was usually detected only after 24 h of shear stress. CYP1B1 (D and E) protein was maximally induced after 24 h. Equal loading in
(C) and (D) is indicated by reblotting the membranes with a b-actin antibody. Fold changes are relative to static values. Significance was assessed using analysis
of variance followed by Tukey’s post hoc test. *P , 0.05 vs. 0–8 h shear stress, ‡P , 0.05 vs. indicated durations, #P , 0.05 vs. 0–8 h shear stress.

Figure 2 Effect of shear stress on CYP1A1 and CYP1B1 activity. Cells were
exposed to 25 dynes/cm2 or maintained under static conditions for 48 h and
subsequently incubated under static conditions with 100 mM luciferin-
chloroethyl ether (CEE) for an additional 3 h (n ¼ 8). The CYP1B1 inhibitor
[1 mM 2,30,4,50-tetramethoxystilbene (TMS)] was added to the media simul-
taneously with luciferin-CEE in the indicated samples. Luminescence was nor-
malized to total protein. Significance was assessed using analysis of variance,
followed by Tukey’s post hoc test; *P , 0.05 vs. static conditions and
‡P , 0.05 between shear-stressed cells with and without TMS.
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expression varied with shear stress magnitude. CYP1A1
protein was not detectable in cells subjected to shear
stresses ,15 dynes/cm2 (data not shown). Both CYP1A1
and CYP1B1 mRNA and CYP1B1 protein were up-regulated
by as little as 2 dynes/cm2 and maximally induced at
25 dynes/cm2.

The expression of CYP1A1 and CYP1B1 genes was investi-
gated in HUVECs under reversing shear stress when com-
pared with steady shear stresses (15 or 1 dyne/cm2)
(Figure 4). The increased expression of both CYP1A1 and
CYP1B1 mRNA by 15 dynes/cm2 shear stress was significantly
attenuated under reversing shear stress (Figure 4A and B),
and under steady shear stress of 1 dyne/cm2 (the time
average of the reversing shear stress profile). CYP1A1
protein levels were highest at 15 dynes/cm2 and were
reduced under reversing flow, 1 dyne/cm2, and static con-
ditions (Figure 4C). CYP1B1 protein levels were consistent
with CYP1B1 mRNA levels (Figure 4C). Similar results were
observed in HAECs, with attenuation of CYP1A1 and
CYP1B1 mRNA and protein under reversing shear stress and
1 dyne/cm2 compared with 15 dynes/cm2 (Figure 4D–F).

To examine whether CYP1A1 or CYP1B1 modulates down-
stream gene expression, siRNA against CYP1A1 or CYP1B1
was transfected into HUVECs, which were then subjected
to 24 h of 25 dynes/cm2 (Figure 5). Gene expression in
these conditions was compared with that occurring in cells
transfected with non-silencing nonsense siRNA exposed to
identical shear stress conditions. qRT–PCR was performed

on target genes as well as genes previously shown to be
regulated by AhR activation to determine whether these
effects were mediated by either CYP1A1 or CYP1B1. Knock-
down of CYP1A1 resulted in significant decreases in CYP1B1
and thrombospondin-1 mRNA expression under shear stress
(Figure 5A). Knockdown of CYP1B1 did not result in signifi-
cant gene expression changes of potential downstream
genes examined (thrombospondin-1, CYP1A1) after shear
stress (Figure 5B).

Immunohistochemical staining of AhR and CYP1A1 protein
was performed on fixed mouse aortas, which were then iso-
lated into regions of the greater curvature, lesser curvature,
and thoracic aorta. AhR (Figure 6A) was localized to the
endothelial nuclei in the thoracic aorta, but in the region of
the lesser curvature, the AhR was found in both the nuclei
and the cytoplasm of the endothelial cells. The expression
of CYP1A1 (Figure 6B) was increased in the thoracic aorta,
but attenuated in the region of lesser curvature. Staining of
the greater curvature showed trends in AhR localization and
CYP1A1 expression similar to that of the thoracic aorta
(data not shown). Negative control samples (without
primary antibody) showed no positive staining (data not
shown). Immunohistochemistry of CYP1A1 and CYP1B1 pro-
teins was performed on cross-sections of human coronary
artery from two individuals. The sections stained positive
for CYP1A1 exclusively in the endothelium, whereas CYP1B1
was present in the endothelium, media, and adventitia (see
Supplementary material online, Figure S2).

Figure 3 Effect of shear stress magnitude on CYP1A1 and CYP1B1 mRNA and protein expression. Human umbilical vein endothelial cells were subjected to 0
(static), 2, 5, 10, 15, or 25 dynes/cm2 shear stress for 24 h (n ¼ 4–5). Both CYP1A1 (A) and CYP1B1 (B) mRNA expression and CYP1B1 protein (C and D) expression
were maximal at 25 dynes/cm2 shear stress. Significance was assessed using analysis of variance, followed by Tukey’s post hoc test. *P , 0.05 with respect to
static conditions, #P , 0.05 vs. 0–10 dynes/cm2, ‡P , 0.05 vs. 0–15 dynes/cm2.
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4. Discussion

This study shows that both CYP1A1 and CYP1B1 gene
expressions are regulated by fluid shear stress in a time-
and magnitude-dependent manner. Both CYP1A1 and
CYP1B1 mRNA and protein expressions are strongly elevated
in response to prolonged exposure to arterial levels of shear
stress (15–25 dynes/cm2),32 demonstrating that the increase
of levels in these two genes is not transiently induced by the
initial application of shear stress (Figure 1). The continued
elevation in expressions of CYP1A1 and CYP1B1 out to 72 h
suggests that endothelial cells upregulate these two genes
as an adaptation to chronic arterial levels of shear stress. It
may be that high expression levels of CYP1A1 and CYP1B1
reflect a more physiological phenotype that is lost in

statically cultured endothelial cells. This is consistent with
our observation that these two genes are expressed in sec-
tions of human coronary arteries (see Supplementary
material online, Figure S2). Also consistent with our results,
Dekker et al.20 showed maximal induction of CYP1B1 mRNA
of HUVECs exposed to 25 dynes/cm2 for 6 and 24 h, although
our data showed an order of magnitude greater induction of
this gene. Our finding that increased shear stress magnitude
led to increased expression of CYP1A1 and CYP1B1 mRNA
and protein (Figure 3) suggests that in vivo these genes
would likely have higher expression levels in arterial than
venous endothelial cells (human mean arterial shear stresses
range from 10 to 30 dynes/cm2, whereas mean venous shear
stresses range from 1 to 7 dynes/cm2).32

Figure 4 Effect of shear stress pattern on CYP1A1 and CYP1B1 mRNA and protein expression. Human umbilical vein endothelial cells (HUVECs) (n ¼ 5–9) or
human aortic endothelial cells (HAECs) (n ¼ 4) were subjected to one of three different flow regimes: low shear stress (1 dyne/cm2), steady arterial shear
stress (15 dynes/cm2), or carotid sinus reversing shear stress for 24 h. CYP1A1 and CYP1B1 mRNA and protein expression in HUVECs (A–C) were highest under
15 dynes/cm2 and greatly reduced under reversing shear stress. CYP1A1 and CYP1B1 had similar trends of expression in HAECs (D–F). Significance was assessed
using analysis of variance, followed by Tukey’s post hoc test; *P , 0.05 vs. static conditions and ‡P , 0.05 between indicated conditions.

Figure 5 Effect of siRNA knockdown of CYP1A1 and CYP1B1 gene expressions. Human umbilical vein endothelial cells were treated with either CYP1A1 (A) or
CYP1B1 (B) siRNA 48 h prior to 24 h of 25 dynes/cm2 shear stress (n ¼ 4). mRNA levels of CYP1A1, CYP1B1, and thrombospondin-1 were compared with cells
treated with a non-silencing nonsense control and subjected to identical shear conditions. The knockdown of CYP1A1 caused significant decreases in CYP1B1
and thrombospondin-1. The knockdown of CYP1B1 caused no significant gene changes other than the target knockdown of CYP1B1. Significance was measured
using paired Student’s t-test; *P , 0.05 between targeted knockdown and nonsense control.
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The reversing shear stress results (Figure 4) suggest that
CYP1A1 and CYP1B1 gene expressions would be higher in
the arterial regions of the vasculature, which have non-
reversing flow than in those regions exposed to reversing
flow, this hypothesis is confirmed by our mouse en face stain-
ing data (Figure 6), which showed decreases in AhR nuclear
localization and CYP1A1 expression in the lesser curvature of
the mouse aorta, a region that experiences fluid shear stress
reversal.30 The development of lipid deposits at the lesser
curvature in mice lacking low-density lipoprotein (LDL)
receptors or apolipoprotein E30 correlates disturbed flow
with atherogenesis in this part of the aorta. Our results
are also supported by Dai et al.,17 who showed reduced
CYP1A1 and CYP1B1 mRNA expressions under reversing,
athero-prone shear stress when compared with athero-
protective, pulsatile non-reversing shear stress. As reversing
flow has been hypothesized to be atherogenic and non-
reversing flow to be athero-protective, CYP1A1 and
CYP1B1 gene expressions may be important in maintaining
an athero-protective endothelial phenotype. There were
no significant differences in CYP1A1 and CYP1B1 expressions
under 1 dyne/cm2 steady shear stress compared with

reversing shear stress, suggesting that this pathway is
more sensitive to the time-averaged shear stress than to
shear stress reversal.

Combined CYP1A1 and CYP1B1 enzymatic activity was
increased significantly (7.2-fold) following shear stress
(Figure 2). TMS, a specific CYP1B1 inhibitor,33 reduced the
measured activity in shear stressed cells by over 50%, indi-
cating that both CYP1A1 and CYP1B1 contribute significantly
to the dramatic change in activity. We also used alpha-
naphthoflavone in an effort to specifically block CYP1A1
activity, but found that it blocked all activity (data not
shown). Although alpha-naphthoflavone has been used as a
CYP1A1 inhibitor, it has been shown to equally inhibit
CYP1B1.34 The change in activity we observed under shear
stress is nearly two-fold greater than that reported by Han
et al.22 and is likely due to the more sensitive luciferase
activity assay. Our data also have the added advantage of
distinguishing CYP1A1 from CYP1B1 through the use of a
specific CYP1B1 inhibitor.

Recent studies have shown the existence of endogenous
AhR-activating ligands.7–9,35 We previously reported
that conditioned media from shear-stressed cells increase

Figure 6 Expression of aryl hydrocarbon receptor (AhR) and CYP1A1 protein in mouse aorta. Whole mouse aortas were stained for AhR (n ¼ 3) or CYP1A1
(n ¼ 7), and the lesser curvature and thoracic aorta were mounted en face. Endothelial cell integrity was confirmed with CD31 counterstaining. AhR (A) was
expressed in the cytoplasm and nucleus in the region of lesser curvature, but was principally localized in the nucleus in the thoracic aorta. CYP1A1 (B) staining
was strongest in the thoracic aorta, with attenuated staining in the region of lesser curvature. Bar is 20 mm.
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CYP1A1 and CYP1B1 in naive cells in static culture.36

McMillan and Bradfield37 showed that in the absence of
cells, shear stress alone can directly modify LDL into an
AhR ligand capable of up-regulating CYP1A1 and CYP1B1
when shear stress-conditioned media are applied to static
cells. Our finding that CYP1A1 and CYP1B1 expressions
depend on shear stress magnitude (Figure 3) supports the
hypothesis that shear stress produces a circulating AhR
ligand in a shear stress magnitude-dependent manner. Inter-
estingly, the observation of regional differences in AhR
nuclear localization in the mouse aorta (Figure 6) suggests
a novel (and possibly synergistic) mechanism, in which
the local haemodynamic environment directly affects the
cellular response to circulating AhR ligands through a
mechanotransduction-sensitive signalling pathway.

Expression of target genes and thrombospondin-1 as a
marker of AhR activation8,38 were examined following siRNA
treatment and shear stress exposure. In addition to knocking
down CYP1A1, CYP1A1 siRNA treatment significantly
decreased both CYP1B1 and thrombospondin-1 mRNA expre-
ssions compared with the nonsense control (Figure 5A). As the
CYP1A1 siRNA sequence is not complementary to CYP1B1
mRNA, a possible explanation is that CYP1A1 is necessary
for endogenous AhR activation. Chiaro et al.9 have shown
the existence of an auto-regulatory feedback loop between
AhR and CYP1A1. This study showed that AhR null mice had
dramatically reduced CYP1A1 mRNA expression and lower
levels of AhR ligands in heart tissue when compared with
wild-type animals, suggesting that in the heart, CYP1A1 was
necessary for the activation of endogenous AhR ligands.
Thrombospondin-1 has been recently shown in endothelial
cells to be up-regulated by activated AhR through an AhR-
binding site in its promoter.8 Isenberg et al.39 showed that
thrombospondin-1 is an antagonist of NO-induced prolifer-
ation in HUVECs. Given our observation that CYP1A1 knock-
down decreased thrombospondin-1 expression and the
observation by Han et al.22 that AhR activation is involved
in shear stress cell cycle arrest, increased CYP1A1 expression
may decrease endothelial cell proliferation. Other shear
stress responsive genes (Kruppel-like factor 2, endothelial
nitric oxide synthase, and endothelin-1) were measured fol-
lowing CYP1A1 or CYP1B1 siRNA treatment, but no significant
differences in gene expression were found (data not shown).
Taken together, these results suggest that CYP1A1 and
CYP1B1 gene expressions affect the endothelial cell differ-
ently and that CYP1A1 mediates gene expression through its
involvement in AhR activation.

The presence of CYP1A1 and CYP1B1 expression in the
endothelium of human coronary arteries (see Supplementary
material online, Figure S2) and AhR nuclear localization and
CYP1A1 expression in mouse aortas (Figure 6) are consistent
with the observation that fluid shear stress activates AhR
resulting in the increased expression of CYP1A1 and
CYP1B1 genes in vitro. To the authors’ knowledge, these
are the first reports of constitutive CYP1A1 and CYP1B1
protein expressions in the endothelium of human arteries
and of endogenous AhR nuclear localization in the mouse
aorta. CYP1A1 has been shown to be inducible in vivo in vas-
cular endothelium by many AhR ligands in many different
species, including human; however, in vivo constitutive
expression of CYP1A1 has not been reported.40 Previous
work by Dekker et al.20 did not detect CYP1B1 mRNA
in human aorta sections using in situ hybridization.

Farin et al.41 showed constitutive expression of CYP1A1 in
cultured HUVECs; however, Zhao et al.42 did not find consti-
tutive expression of CYP1A1 or CYP1B1 in HUVECs. Constitu-
tive CYP1A1 expression was also observed in CD31-positive
rat aortic endothelial cells.43 Previous reports that CYP1A1
or CYP1B1 mRNA or protein was not constitutively expressed
may be attributed to the use of the less-sensitive northern
blotting technique when compared with qRT–PCR and to
different sources of antibodies. Recent work has shown con-
stitutive CYP1B1 expression in mouse corneal44 and retinal
endothelial cells45 and human adult and foetal eyes.46 In
this study, we also observed positive staining for CYP1B1 in
the media and adventitia of human coronary arteries. Pre-
vious studies have shown that CYP1B1 is constitutively
expressed in cultured human42,47 and mouse48 vascular
smooth muscle cells.

CYP1A1 and CYP1B1 genes and proteins represent poten-
tially novel mechanosensitive pathways that merit
additional detailed study. In the present study, we also
observed differences in CYP1A1 and CYP1B1 genes and pro-
teins at different levels of shear stress (Figure 3) and
between arterial steady shear stress and reversing shear
stress (Figure 4), suggesting that the magnitude and time-
average of shear stress may be important in the regulation
of these two genes. The gene signalling capacities of
CYP1A1 and CYP1B1 mRNA need additional investigation,
particularly by focusing on the identity of substrates for
these two genes, and a more detailed investigation of mech-
anisms of putative AhR/CYP feedback loops with cell regu-
latory functions. Interestingly, both CYP1A1 and CYP1B1
can produce vasodilating compounds that could act as
endothelial-derived hyperpolarizing factors.10,49,50

The ability of cytochrome P450s to produce signalling and
vasoreactive molecules from fatty acids and steroids, such
as epoxyeicosatrienoic acids, has long been recognized in
cardiovascular research. These acids are a group of P450
metabolites that are increased following shear stress.51,52

CYP1A1 and CYP1B1 represent two of the three reported
cytochrome P450 genes (out of a total of 57 human P450 iso-
forms),53 directly affected by shear stress (CYP27A1 has
been shown recently to also be shear-sensitive54). Although
it is possible that some of the previously observed changes in
P450 metabolites by shear stress could be due to post-
transcriptional modifications of other P450 enzymes or
changes in substrate availability,55 CYP1A1 and CYP1B1 are
important contributors to gene expression and metabolite
profile changes in endothelial cells subjected to long-term
shear stress. The possibility of lipid metabolism changes
driven by CYP1A1 and CYP1B1, along with our in vivo data
showing regional differences in AhR localization and
CYP1A1 expression (Figure 6) that correlate with known
sites of lipid deposition, strongly suggests that changes in
CYP1A1 and CYP1B1 could affect atherosclerosis develop-
ment and progression.
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