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The Aryl hydrocarbon receptor is activated
by modified low-density lipoprotein
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Endogenous activation of the aryl hydrocarbon receptor (AHR) is
required for normal vascular development. This biology led us to
investigate the interplay between the AHR and vascular physiol-
ogy by using an in vitro model of fluid shear stress. Using this
system, we show that fluid flow induces a robust AHR-mediated
increase in CYPT expression. Furthermore, we demonstrate that
incubation with sheared bovine or human sera is sufficient for AHR
activation, indicating that direct cellular exposure to shear stress is
not required for this response. Fractionation of sera by size and
density revealed the AHR-activating factor to be low-density li-
poprotein (LDL). Purified LDL (0.1 mg/ml) from sheared sera in-
duces a 6-fold increase in AHR-mediated signaling as compared
with LDL purified from static sera. Similar results were obtained by
exposing a purified fraction of LDL to fluid flow, suggesting that
shear stress is capable of directly modifying LDL structure and/or
function. In addition, we show that LDL can be converted to an
AHR-activating species by conventional methods of lipoprotein
modification, such as NaOC| oxidation. Finally, we demonstrate
that an increased level of AHR-activating LDL is present in the sera
of AHR null mice as compared with heterozygous littermates,
suggesting a role for the Ahr locus in the physiological response to
modified LDL in vivo. Overall, these data demonstrate a previously
undescribed relationship between LDL modification and AHR bi-
ology and provide a potential explanation for the vascular abnor-
malities observed in AHR null mice.
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he aryl hydrocarbon receptor (AHR) is a ligand activated

basic-helix-loop-helix (bHLH) transcription factor that be-
longs to the PAS (Per-Arnt-Sim) family of nuclear sensors (1). The
AHR binds to numerous environmental contaminants including
tetrachlorodibenzo-p-dioxin (TCDD), benzo[a]pyrene, and copla-
nar polychlorinated biphenyls (2). Upon binding these xenobiotic
ligands, the AHR translocates to the nucleus and dimerizes with a
second bHLH-PAS protein known as the A4k receptor nuclear
translocator (ARNT). The AHR-ARNT complex can then bind to
dioxin response elements (DREs) found upstream of target genes,
leading to their transcriptional up-regulation. The CYPI family of
cytochrome P450s, CYP1AI, CYPIA2 and CYPIBI, as well as the
phase Il enzymes GST-AI and NQOI are among the genes that are
regulated by the AHR (2, 3). The enzymes encoded by these genes
display metabolic activity toward many AHR ligands, prompting
the idea that this pathway represents an adaptive response to
xenobiotic exposure (2, 3).

In addition to its role in the metabolic response to xenobiotics,
the AHR also has an important role in vascular development. Mice
that harbor a null allele at the Ahr locus display a number of vascular
phenotypes. These include a patent ductus venosus (DV), persistent
hyaloid arteries in the eye, decreased hepatic perfusion, a confused
vascularization in the corneal limbus, and cardiac hypertrophy
(4-6). Experiments using Ahr and Arnt hypomorphic mice have
demonstrated that, similar to its role in xenobiotic metabolism, the
developmental role of AHR requires activation of the receptor
and formation of an AHR/ARNT dimer complex (7, 8). Addition-
ally, experiments using tissue-specific AHR null mice have dem-
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onstrated that AHR expression within endothelial and/or hemato-
poietic cells is necessary for closure of the DV (9). Overall, these
findings are consistent with the idea that an endogenous activator
exists for the AHR and that this signaling pathway is important in
vascular physiology.

We were initially compelled to explore the role of shear stress
in AHR biology following exploratory studies designed to elu-
cidate AHR-regulated pathways in hemangioblast-lineage cells.
In these preliminary gene expression studies, we identified a set
of TCDD-inducible genes, which had been characterized as
shear stress-inducible (B.J.M., unpublished observation). A sub-
sequent survey of the literature revealed that classical AHR-
regulated genes, including CYPIAI and CYPIBI, have also been
documented to be highly induced by fluid flow (10-13). Because
of the key role of shear stress in vascular biology, we further
explored the link between fluid flow and AHR signaling. These
studies have led us to identify modified low-density lipoprotein
(LDL) as an endogenous activator of the AHR. In this report, we
show that LDL can be converted to an AHR-activating species
via multiple routes, including fluid shear stress and NaOCI-
induced modification.

Results

AHR Activation by Direct Cellular Exposure to Shear Stress. In pre-
liminary experiments, several cell lines were used to demonstrate
the induction of CYPI gene expression after fluid shear stress,
which was applied using a parallel-plate flow system. The
shear-induced levels of CYPIBI were examined in primary
human aorta endothelial cells as well as the murine EOMA
endothelioma cell line; levels of CYP1A1 were measured in the
human Hep3b and rat SL hepatoma cell lines. We observed a
>3.5-fold induction of CYPI mRNA in all tested cell lines in
response to 12 dyne/cm? shear stress or 1 nM of the potent AHR
agonist TCDD [supporting information (SI) Table 1].

We next tested whether the CYP1AI response to fluid shear
stress depended on the AHR. Toward this end, we used the rat
hepatoma cell line BPS8, which is deficient in AHR expression,
and its parental line 5L, which maintains a high level of AHR
expression (14). Each cell line was exposed to 12 dyne/cm? shear
stress or static control conditions for 16 h. As a positive control,
static cells were also treated with a 10 M concentration of the
AHR agonist B-napthoflavone (BNF) or DMSO control. The
expression of CYP14I mRNA was then determined by quanti-
tative RT-PCR (qRT-PCR). In the AHR-expressing 5L cells,
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Fig. 1. Shear stress induction of CYPTAT depends on the AHR. The rat
hepatoma 5L cell line and its derived AHR null line, BP8, were exposed in
duplicate to 12 dyne/cm? shear stress, 10 uM BNF, or control conditions for
16 h. CYPTAT mRNA was quantitated by gqRT-PCR. The relative change in
mRNA expression was calculated as 2°(ACy). Error bars indicate the minimum
and maximum data points. This experiment was repeated, with virtually
identical results. *, P < 0.05; ***, P < 0.001.

induction of CYP141 mRNA was observed in response to both
shear (17-fold) and BNF (36-fold) treatments (Fig. 1). Con-
versely, the AHR-deficient BPS cell line exhibited no induction
of CYPIAI mRNA after either BNF treatment or shear stress

(Fig. 1).

AHR Activation by Sheared Serum. We next tested whether cellular
exposure to shear stress resulted in the formation of an AHR
activator that might be purified from the “conditioned” culture
media. Toward this end, we used the H1L6.1c3 hepatoma cell
line, which contains a stably integrated luciferase reporter that
is driven by four upstream DREs (15). In the first part of the
experiment, slides with confluent cells were placed in perfusion
chambers and directly exposed to fluid shear stress. The growth
medium “conditioned” by these sheared cells was then used to
treat naive, static cells. We observed that direct shear stress
significantly increased DRE-driven luciferase activity (Fig. 24,
direct shear stress). Importantly, we also found that the shear-
conditioned media induced a 3-fold increase in luciferase activ-
ity, similar to that observed in directly sheared cells. (Fig. 24,
shear-conditioned media).

We then tested whether the conditioning of the culture
medium depended on cellular exposure to shear stress. Toward
this end, we set up two independent perfusion chamber systems.
Setup “A” had a perfusion chamber complete with a slide of
confluent Hepalclc7 mouse hepatoma cells. Setup “B” used a
perfusion chamber constructed with a slide that did not have
cells. After exposure to shear stress, the medium from each setup
was removed and used to treat static H1L6.1c3 cells. We found
both the media from setup A (media conditioned + cells) and
from setup B (media conditioned — cells) induced luciferase
activity (Fig. 2B). The absence of cells within the perfusion
chamber did not alter the capacity of sheared media to activate
AHR signaling.

To determine the source of the shear-activated factor, un-
supplemented DMEM and DMEM containing FBS were ex-
posed to shear stress. Static FBS was then added to the sheared,
unsupplemented DMEM. Dilutions were made of each solution
with untreated DMEM and used to treat H1L.6.1¢c3 cells. The
sheared DMEM+FBS solutions significantly induced DRE-
driven luciferase activity at all concentrations =5% vol/vol
serum as compared with matched controls that were treated with
sheared DMEM containing static FBS (P < 0.001) (Fig. 20C).
Furthermore, we observed a dose-dependent relationship be-
tween the concentration of sheared FBS and the induction of
DRE-mediated luciferase activity. To determine the time frame
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Fig.2. Shearedseruminduces DRE-mediated transcription. (A) The H1L6.1¢3
cellline, which harbors astably integrated DRE-driven luciferase reporter, was
grown to confluency on fibronectin-coated slides. In the first part of the
experiment, cells (n = 3) were directly exposed to fluid shear stress (direct
shear stress) or static conditions (static media) for 24 h. The growth medium
“conditioned” by this experiment was then used to treat confluent slides of
H1L6.1c3 cells for 24 h. (B) Media were conditioned by shear stress by using
perfusion chambers that contained slides with confluent Hepalcic7 cells
(media conditioned + cells) or slides without cells (media conditioned — cells)
for 8 h. Each medium was then used to treat H1L6.1c3 cells (n = 3) for 20 h. (C)
A DMEM solution supplemented with 60% vol/vol FBS (DMEM+FBS) and a
nonsupplemented DMEM solution were sheared for 2 h. After exposure to
shear stress, static FBS was added to the sheared DMEM solution to 60% of
total volume. Dilutions of the sheared DMEM+FBS (triangles) and sheared
DMEM + static FBS (circles) were used to treat H1L6.1c3 cells (n = 3) for 20 h.
(D) HS and FBS were exposed to shear stress for 2 h. H1L6.1c3 cells (n = 3) were
treated with a 20% vol/vol (v/v) dilution of each serum for 20 h and then
assayed for luciferase activity. *, P < 0.05; **, P < 0.01; ***, P 0.001.

of serum activation, aliquots of culture media were removed at
different time points after exposure to shear stress. Each media
aliquot was then used to treat H1L.6.1c3 cells to assess its ability
to activate the AHR. A significant change (P < 0.05) in sera
activity was observed in as little as 5 min (SI Fig. 6). Maximal
activation was observed after =2 h of shear stress (SI Fig. 6).

We next wanted to confirm that sheared serum could induce
the transcription of endogenous AHR target genes. To facilitate
the treatment of cells with high concentrations of sera, static and
sheared sera were concentrated to 1/10 their original volume by
using a centrifugal dialysis unit (Amicon) with a 10-kDa molec-
ular mass (MW) limit. The concentrated sera were then diluted
in DMEM to the equivalent of 20% or 100% vol/vol serum and
used to treat static Hepalclc7 cells. The relative levels of Cyplal
mRNA were determined by qRT-PCR. The expression of
Cyplal was significantly induced by sheared serum as compared
with static serum controls at both 20% and 100% vol/vol
concentrations (2.6- and 5.8-fold, respectively) (SI Fig. 7).

To determine whether the response to sheared serum was
specific to FBS, human serum (HS) was acquired and exposed
to fluid flow. DMEM was then supplemented with static or
sheared HS and used to treat H1L.6.1c3 cells. Static and sheared
FBS were used as controls. We found that treatment with
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Fig.3. The AHR is activated by sheared LDL. (A) Sheared FBS was separated
by MW using a Superose 6 gel-filtration resin. Seven total fractions were
collected and used to treat H1L6.1c3 cells (n = 3) at the indicated concentra-
tions for 18 h. (B) Static and sheared sera were fractionated by sequential
density ultracentrifugation. H1L6.1c3 cells (n = 6) were treated for 20 h with
0.1 mg/mIHDL or LDL from each serum and then assayed for luciferase activity.
(C) LDL was purified from static serum (black bars) or from serum exposed to
shear stress for 18 h at 4C (hatched bar). An aliquot of LDL purified from the
static serum was then diluted in PBS and exposed to the same shear stress
conditions. Each LDL treatment group was then used to treat H1L6.1¢3 cells
(n =5) for 20 h. Cells were treated with 2 uM BNF as a positive control. (D) The
EOMA cell line (n = 4) was treated with 0.1 mg/ml static or sheared LDL or an
equal volume of PBS for 20 h. The relative level of Cyp7al mRNA in each
treatment group was determined by using qRT-PCR. ***, P < 0.001.

sheared HS induced DRE-driven luciferase activity >3-fold
when compared with static HS controls (Fig. 2D). The induction
of luciferase activity by sheared HS was nearly identical to that
seen with sheared FBS.

AHR Activation by Sheared LDL. To identify the serum compo-
nent(s) responsible for AHR activation, FBS was sheared and
then separated into fractions by MW using a Superose 6 gel-
filtration HPLC column. Seven different eluent fractions were
collected and concentrated, with fraction 1 being the high-
est-MW components and fraction 7 being the lowest-MW com-
ponents. Dilutions of each fraction were made in DMEM and
used to treat H1L6.1c3 cells. We found that fraction 1 activated
AHR signaling to a much greater degree than any other fraction
(Fig. 34). At the highest concentration tested, 8 mg/ml, we
observed an 18-fold increase in DRE-mediated signaling. Sim-
ilar results were observed with human serum (data not shown).

To test the hypothesis that the active serum factor was a
lipoprotein complex, LDL (1.006 < d < 1.063) and HDL
(1.063 < d < 1.21) fractions were isolated from sheared and
static FBS by sequential density ultracentrifugation. We did not
detect VLDL (very low-density lipoprotein) (d < 1.006) in the
commercially prepared FBS as measured by BCA assay. Each
lipoprotein fraction was used to treat H1L.6.1c3 cells in serum-
free DMEM. The LDL fraction derived from sheared serum
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Fig.4. The AHR s activated by NaOCl-modified LDL. (A) LDL, BSA, and apoB
(all 0.2 mg/ml in PBS) were preincubated in the presence or absence of 100 uM
NaOCl for 1 h at 37°C. After extensive dialysis of each sample, H1L6.1c3 cells
(n = 4) were treated with 0.1 mg/ml of each sample in serum-free DMEM for
18 h. Statistical comparisons were performed between each NaOCl-modified
substrate and its untreated control. (B) LDL was preincubated with the indi-
cated concentration of NaOC| for 1 h at 37°C; a control sample of LDL was
incubated without NaOCI. After extensive dialysis, each LDL sample (0.1
mag/ml) was used to treat H1L6.1¢c3 cells (n = 4) for 18 h. ***, P < 0.001.

induced a significant, 6-fold increase in luciferase activity as
compared with the LDL fraction from static serum (Fig. 3B).

We next tested whether purified LDL could be modified to an
AHR-activating species by exposure to shear stress. First, we
isolated LDL from sheared and static sera. An aliquot of LDL
purified from the static serum was then diluted in PBS and
exposed to shear stress. We then treated the H1L6.1c3 cell line
with LDL that had been exposed to shear stress in whole serum
or LDL that had been exposed to shear stress as a purified
complex in PBS. Both sheared LDL (shLDL) samples induced
a significant increase in luciferase activity as compared with
static LDL (Fig. 3C). The luciferase activity induced by 0.1
mg/ml shLDL was similar to that induced by 2 uM BNF.

The effect of fluid flow on LDL activity was further confirmed
by using a cone-plate viscometer (16) and human LDL, which
was purchased commercially. Purified LDL was diluted to a 0.1
mg/ml concentration in DMEM and exposed to ~18 dyne/cm?
fluid shear stress for 1 h in the cone-plate system. H1L6.1¢3 cells
were then incubated in the static or sheared DMEM/LDL
solutions for 20 h. The LDL samples exposed to fluid shear stress
were found to induce a significant, 3.3-fold increase in DRE-
mediated signaling as compared with static controls (SI Fig. 8).
Similar results were obtained by exposing human LDL to fluid
flow in our standard parallel-plate system (data not shown).

The capacity of shLDL to activate AHR signaling was then tested
in additional cell lines. The endothelial-lineage EOMA cell line was
treated with 0.1 mg/ml static LDL or shLDL for 8 h and then
assayed for Cyplal expression by using qRT-PCR. Incubation with
shLDL was found to induce a significant, 3-fold increase in Cyplal
mRNA as compared with static controls (Fig. 3D). shLDL was also
found to induce a significant increase in DRE-mediated signaling
in the human hepatoma 101L cell line (data not shown).

AHR Activation by NaOCI-Modified LDL. We next asked whether the
AHR-mediated response to LDL was specific to flow-induced
modification. To test whether conventional forms of modified
LDL also induce AHR signaling, static LDL was preincubated
with 100 uM NaOC(], dialyzed, and then used to treat H1L.6.1c3
cells. As controls, BSA and apoB were also incubated with
NaOCl to determine whether the response was specific to LDL.
We observed that NaOCl-modified LDL, but not apoB or BSA,
induced a significant increase in DRE-mediated signaling (Fig.
44). Next, we treated H1L6.1c3 cells with LDL, which was
preincubated with a range of NaOCI concentrations from 10—
4,000 uM. The maximal DRE-mediated response to NaOCI-
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modified LDL (~5-fold over untreated LDL) was observed at a
concentration of 500 uM NaOCI (Fig. 4B). A significant re-
sponse (P < 0.01) was observed from 50-2,000 uM NaOCI. No
change in cell viability was observed over this concentration
range, as measured by trypan blue exclusion (data not shown).

Sera from AHR Null Mice Contain AHR-Activating LDL. The observa-
tion that modified LDL activates the AHR signaling pathway
prompted us to examine whether in vivo AHR deficiency results
in increased levels of AHR-activating LDL. Toward this end,
sera were isolated from nine Ahr*/~ or Ahr~/~ mice and used to
treat H1L6.1¢3 cells. We found that the sera derived from Ahr =/~
mice induced a significant 2.8-fold increase in mean luciferase
activity as compared with Ahr*/~ sera (Fig. 54). To determine
whether the activity of null sera was mediated by LDL, we
purified LDL from a pool of Ahr~/~ and Ahr*/~ littermates. The
LDL fraction derived from each AHR genotype was then used
to treat H1L.6.1¢3 cells. As a control, cells were treated with LDL
purified from static or sheared FBS. The LDL purified from
Ahr~'~ mice was found to induce a 4-fold increase in DRE-
mediated signaling as compared with LDL purified from Ahr™/~
sera or static FBS (Fig. 5B).

Discussion

Although AHR null mice display a number of vascular defects,
the role of AHR signaling in vascular biology is largely unknown.
Recent experiments have demonstrated that activation of endo-
thelial and/or hematopoietic AHR is required for normal vas-
cular development (7), but neither the mechanism of receptor
activation nor the role of AHR-mediated transcription in vas-
cular biology is understood. We were initially compelled to
explore the role of the AHR in shear stress biology after a screen
for novel AHR target genes. In this preliminary experiment, we
identified previously characterized shear-responsive genes as
TCDD-inducible (B.J.M., unpublished observation). A further
survey of the literature revealed that the classical AHR-
regulated genes CYP1AI and CYPIBI are also highly inducible
by shear stress (11-13, 17). The overlap between shear and
TCDD-induced gene expression changes led us to hypothesize
that the AHR could act as a sensor for a shear-induced signal and
mediate a transcriptional response to altered fluid flow in the
vasculature.

To study the mechanism behind these transcriptional re-
sponses to fluid flow, we first used a parallel-plate model of fluid
shear stress. The fluid shear stress produced by this flow system
is comparable with the levels of shear in the human arterial
system (18) and within the range found to induce CYPI gene
expression (12, 13, 17). We first verified that our shear system
could replicate the CYPI response to fluid flow by using
endothelial and hepatoma cell lines derived from several mam-
malian species (SI Table 1). All cell lines tested were found to
be responsive to shear stress, indicating that hepatoma cells, in
addition to primary vascular endothelial cells, contain all nec-
essary signaling components for the CYPI response to shear
stress. Using an AHR-deficient rat hepatoma cell line and its
AHR-expressing parental line, we found that CYP1A1 induction
by shear stress completely depended on the AHR (Fig. 1). These
findings are consistent with the results of Mufti et al. (19) using
an AHR-deficient murine cell line in a microcarrier-attached
suspension culture system. Moreover, we demonstrated that a
promoter fragment containing four canonical DREs was suffi-
cient to induce reporter activity after cellular exposure to shear
stress (Fig. 2A4). Together, these data demonstrate that shear
stress activates AHR-regulated transcription in a classical DRE-
dependent manner.

In contrast to the conventional paradigm of shear-induced cell
signaling, we found that activation of the AHR did not depend
on direct exposure of cells to fluid flow (Fig. 2). We initially
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Fig. 5. AHR null sera contains AHR-activating LDL. (A) Sera were isolated

from nine age-matched AHR null (triangles) or heterozygous mice (squares)
and used totreat H1L6.1c3 cells (n = 3) at a 30% vol/vol concentration for 20 h.
The horizontal line represents the mean luciferase activity of each group. (B)
LDLwas purified from the sera of Ahr=/~ and Ahr*/~ littermates. H1L6.1c3 cells
(n = 6) were treated with 0.1 mg/ml LDL from each mouse genotype or with
LDL purified from static or sheared FBS for 20 h and then assayed for luciferase
activity. ***, P < 0.01.

hypothesized that exposure to shear stress could result in the
intracellular production of an AHR agonist that might be
purified from the conditioned culture media. Although shear-
conditioned media did indeed activate AHR signaling, we found
that this conditioning process was completely independent of the
presence of directly sheared cells (Fig. 2B). Concurrent with
these studies, Eskin et al. (17) noted a similar response to
shear-conditioned culture media in primary endothelial cells.
These independent findings strongly suggested that AHR acti-
vation by sheared media was a real, reproducible phenomenon.
To determine the source of the activator, we exposed culture
media £FBS to fluid flow and found that AHR activation strictly
depended on the concentration of sera present during shearing
(Fig. 2C). In a similar manner, we found that shear stress also
produces an AHR activator in adult human sera (Fig. 2D). These
findings demonstrate that a flow-induced modification occurs in
human and bovine as well as fetal and adult sera.

We next set out to identify the factor(s) that mediate AHR
activation by sheared serum. As an initial purification step, we
fractionated serum by MW using a Superose 6 gel-filtration
column. We found that serum activity was contained exclusively
in the fraction of highest MW in both human and bovine serum
(Fig. 34 and B.J.M., unpublished observations). A search of the
literature revealed that this gel resin is routinely used to purify
the high-MW lipoprotein complexes present within the early
eluent fractions (20). A series of HPLC purifications additionally
revealed that the active serum fraction was extremely hydro-
phobic and exhibited a similar SDS/PAGE pattern to apoli-
poprotein isoforms (B.J.M., unpublished observations). These
observations led us to test the hypothesis that AHR activation by
sheared serum was mediated by a modification to lipoproteins.
Toward this end, we used a conventional method of lipoprotein
purification and tested each fraction for the ability to induce
AHR signaling. These experiments revealed that LDL purified
from sheared, but not static, serum induced robust AHR sig-
naling in multiple cell lines and species (Fig. 3 B and D and
B.J.M., unpublished observations).

We then asked whether the shear-induced change in LDL
activity was due to a direct modification of the lipoprotein
complex. Toward this end, we used multiple flow systems to
expose purified LDL (both bovine and human) to fluid shear
stress. We found that LDL was modified to an AHR-activating
species independent of other serum factors (Fig. 3C and SI Fig.
8). These data are the first evidence that aspects of the cellular
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response to shear stress can be mediated through a direct effect
on LDL. Moreover, these data strongly suggest that physiological
levels of fluid shear are capable of directly modifying LDL
structure and/or function. We hypothesize that these effects are
directly related to the ability of fluid shear stress to induce
misfolding and aggregation of large, hydrophobic sera factors,
such as von Willebrand Factor and amyloid precursors (21-23).

The modification of LDL structure/function has been exten-
sively studied due to considerable evidence linking modified
LDL, most notably oxidized LDL, to atherosclerosis (24). Nu-
merous treatments have been demonstrated to misfold LDL
structure and lead to aggregation, including oxidation, glycation,
acetylation, proteolysis, lipolysis, and vortexing (25, 26). Nota-
bly, these independent modifications often induce overlapping
cellular responses (25). Therefore, we asked whether conven-
tional methods of LDL modification could result in activation of
the AHR, similar to that observed with shLDL. To test this
hypothesis, we treated cells with LDL that was preincubated with
NaOCl, which is commonly used to model LDL oxidation by the
monocyte myeloperoxidase pathway (27). We found that
NaOCl-modified LDL produced robust activation of the AHR
(Fig. 4). In addition, preliminary results indicate that acetylation
of LDL is also sufficient for the induction of AHR activity
(unpublished observation). It is worth noting, however, that
AHR activation appears to depend highly on the degree of LDL
modification. Extensive levels of oxidation or fluid agitation,
such as vortexing, do not result in an AHR-activating species
(Fig. 4B and B.J.M., unpublished observations).

Overall, these results suggest that the AHR pathway can be
activated by multiple routes of LDL modification. The mecha-
nism through which multiple “types” of modified LDL result in
AHR activation is unclear. We speculate that activation could
occur through either a direct or indirect mechanism. In the
former scenario, modification could result in increased intracel-
lular delivery of an LDL-derived [pro]-agonist that directly binds
to the AHR. Conversely, AHR activation could be the result of
an indirect cell response to the modification of LDL structure,
e.g., intracellular release of cAMP (28) or arachidonic acid (AA)
that results in the downstream production of an AHR agonist.
Notably, the flow-induced release of AA has been implicated in
the CYPI response to fluid flow via inhibitors of AA metabolism
(29). However, we have not been able to replicate these results
and, in some cases, have observed an opposite response (B.J.M.,
unpublished observation).

In this report, we have demonstrated that LDL can be modified
to an AHR-activating species using in vitro models of endogenous
vascular physiology. To further demonstrate the relationship be-
tween the AHR and LDL biology, we set out to establish that
AHR-activating LDL is endogenously produced. Ex vivo detection
of AHR-activating LDL, however, is complicated by the presence
of numerous physiological pathways designed to prevent the sys-
temic accumulation of toxic, modified LDL (30, 31). We hypoth-
esized, however, that defects in the adaptive, cellular response to
AHR-activating LDL would result in increased circulating levels of
this factor. Moreover, we speculated that AHR deficiency could
constitute such a defect. Both paraoxonase-1, an HDL-associated
enzyme with a well established role in preventing LDL oxidation
and cardiovascular disease, and NQOI, a shear-inducible gene that
maintains the endogenous lipid-soluble antioxidants a-tocopherol-
hydroquinone and ubiquinol in their reduced and active forms, are
directly regulated by AHR activation (12, 32-34). In addition,
exogenous activation of the AHR is sufficient for the induction of
the macrophage “foam cell” phenotype (35), a lipid-laden form
generated by uptake of modified LDL from the sera (36).

These data, as well as other information, led us to hypothesize
that AHR signaling could constitute a nonredundant pathway,
which serves to attenuate the accumulation of AHR-activating
LDL. According to this hypothesis, exposure to chronic in vivo
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conditions would result in the increased accumulation of AHR-
activating LDL in the sera of AHR null mice, which could then
be detected ex vivo. To test this hypothesis, we isolated sera and
LDL from AHR null and heterozygous mice and tested their
capacity to activate AHR signaling in vitro. We found that both
whole sera and purified LDL derived from AHR null mice
induced robust AHR-mediated signaling. Sera and LDL ob-
tained from mice with a functional AHR signaling pathway,
however, had minimal effect (Fig. 5). These data indicate that
AHR-activating LDL can be produced endogenously and sup-
port a role for the Ahr locus in mediating an adaptive response
to this physiological activator.

Conclusions

Prior studies from our laboratory and others have indicated that
an endogenous activator exists for the AHR and that this
pathway is important in vascular physiology. In this report, we
have identified modified LDL as a previously uncharacterized
activator of AHR signaling. LDL can be modified to an AHR-
activating species via multiple routes, including fluid shear stress
or NaOCI. Moreover, we have shown that AHR deficiency is
linked to increased levels of AHR-activating LDL in vivo.
Overall, these data support a nonredundant role for the AHR in
mediating an adaptive, cellular response to modified LDL, a
critical factor in vascular disease.

Materials and Methods

Fluid Shear Stress Experiments. Cells were exposed to fluid shear
stress in a parallel-plate perfusion chamber purchased from
Glycotech (Gaithersburg, MD) using a silicon gasket of 0.025-cm
height. A Cellmax Quad system (Spectrum Laboratories, Ran-
cho Dominguez, CA) was used to supply pulsatile, laminar fluid
flow at setting “4”” with a dual “long-pin” setup. These settings
corresponded to a 10 ml/min flow rate through the provided
length of tubing coupled in series to two perfusion chambers.
Fluid shear stress was calculated by using the following equation:
Tw = 6 uQ/a’h, where T, is wall shear stress in dynes/cm?, p is
fluid viscosity (H,O at 37°C = 0.0076), Q is flow rate in ml/s, a
is channel height, and b is channel width. The void volume of the
apparatus was ~40 ml.

Sheared Sera Experiments. Sera were exposed to fluid flow by
using the conditions described above. Unless otherwise noted,
serum was exposed to fluid flow overnight (16-20 h).

Lipoprotein Isolation Experiments. Lipoproteins were purified from
sera by sequential density ultracentrifugation, as described (37).
Briefly, sera were sequentially adjusted to 1.006, 1.063, and 1.21
mg/ml and ultracentrifuged to obtain very low-density lipopro-
tein, LDL, and high-density lipoprotein fractions, respectively.
The lipoprotein fractions were concentrated and buffer ex-
changed with PBS by using Amicon Ultra-15 units with a
100-kDa MW limit (Millipore, Billerica, MA). Lipoprotein
purity was assayed by nondenaturing acrylamide electrophoresis.

Cone-Plate Viscometer. Human LDL (Intracel, Frederick, MD)
was diluted to a 0.1 mg/ml concentration in DMEM. A 5-ml
volume of DMEM/LDL was exposed to 18 dyne/cm? shear stress
for 1 h by using a cone-plate viscometer provided by Andrew
Greene (Medical College of Wisconsin), as described (16). A
static, control solution of LDL was incubated in an identical
setup without rotation of the cone.

NaOCl Modification. The concentration of reagent-grade NaOCl
(Fisher, Hampton, NH) was determined spectrophotometrically
by using a molar absorption coefficient for OCI~ of 350 cm~! at
292 nm; NaOCl was then diluted to a working concentration in
1x PBS and adjusted to pH 7.4. LDL, apoB (Biodesign, Saco,
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ME), or BSA (all 0.2 mg/ml) were incubated in PBS, pH 7.4, for
1 h at 37°C in the presence or absence of NaOCI. Each sample
was then extensively dialyzed against PBS plus 0.01% wt/vol
EDTA by using Amicon filter units.

Mouse Serum. Sera were obtained by retroorbital bleed from 12-
to 16-week-old female Ahr*/~ or Ahr~/~ mice, which have been
described (38). All mice were fasted for 24 h before serum
isolation. The purified LDL experiments were performed by
using sera obtained from a pool of female 16-week-old Ahr~/~
or Ahr™'= (both n = 5) mice derived from Ahr*/~ (female) X
Ahr~'~ (male) breeding pairs.

Figures. All data are presented as the mean = SEM, unless
otherwise noted. Statistical significance is indicated as follows:
* P < 0.05; #*, P < 0.01 ***, P < 0.001.
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