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Crucial Role of the Aryl Hydrocarbon Receptor (AhR) in Indoxyl

Sulfate-Induced Vascular Inflammation
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Aim: The aryl hydrocarbon receptor (AhR), a ligand-inducible transcription factor mediating toxic
effects of dioxins and uremic toxins, has recently emerged as a pathophysiological regulator of
immune-inflammatory conditions. Indoxyl sulfate, a uremic toxin, is associated with cardiovascular
disease in patients with chronic kidney disease and has been shown to be a ligand for AhR. The aim
of this study was to investigate the potential role of AhR in indoxyl sulfate-induced leukocyte—endo-
thelial interactions.

Methods: Endothelial cell-specific A/R knockout (eAhR KO) mice were produced by crossing AhR
floxed mice with Tie2 Cre mice. Indoxyl sulfate was administered for 2 weeks, followed by injection
of TNF-a. Leukocyte recruitment to the femoral artery was assessed by intravital microscopy. Vascu-
lar endothelial cells were transfected with siRNA specific to AhR (siAhR) and treated with indoxyl
sulfate, followed by stimulation with TNF-a.

Results: Indoxyl sulfate dramatically enhanced TNF-a-induced leukocyte recruitment to the vascular
wall in control animals but not in eAhR KO mice. In endothelial cells, siAhR significantly reduced
indoxyl sulfate-enhanced leukocyte adhesion as well as E-selectin expression, whereas the activation
of JNK and nuclear factor-«B was not affected. A luciferase assay revealed that the region between
-153 and -146 bps in the E-selectin promoter was responsible for indoxyl sulfate activity via AhR.
Mutational analysis of this region revealed that activator protein-1 (AP-1) is responsible for indoxyl
sulfate-triggered E-selectin expression via AhR.

Conclusion: AhR mediates indoxyl sulfate-enhanced leukocyte—endothelial interactions through
AP-1 transcriptional activity, which may constitute a new mechanism of vascular inflammation in
patients with renal disease.
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Introduction

The prevalence of cardiovascular disease in dialy-
sis patients is higher than that in healthy individuals"
because of the high rate of coronary artery diseases in
this population?. Even in patients with mild to mod-
erate chronic kidney disease, the estimated glomerular
filtration rate is inversely correlated with the risk of
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cardiovascular disease and mortality®. Furthermore,
the incidence of death is far more common than the
administration of renal replacement therapy at all
stages”. Therefore, the relationship between cardiovas-
cular dysfunction and renal disease, described as “car-
diorenal syndrome,” is a well-recognized phenome-
non” 9. Several factors such as uremic toxin exposure,
immune system dysfunction, oxidative stress, anemia,
and the renin—angiotensin—aldosterone system have
been shown to affect the cardiovascular system and the
kidney”.

Endothelial dysfunction, particularly that involv-
ing leukocyte—endothelial interactions, plays a central
role in the initiation and development of atherosclero-
sis®. Proinflammatory cytokines such as TNF-a and
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IL-1B induce the expression of several cell adhesion
molecules, including E-selectin from the selectin pro-
tein family, intercellular cell adhesion molecule 1
(ICAM-1), and vascular cell adhesion molecule 1
(VCAM-1), which promotes monocyte/macrophage
infiltration into the activated endothelium® ?. The
migration of monocytes/macrophages leads to plaque
rupture via the formation of a fibrous cap, prolifera-
tion of vascular smooth muscle cells, and induction of
angiogenesis.

Indoxyl sulfate is a protein-bound uremic toxin
synthesized in the liver from indole, a metabolite of
tryptophan produced by intestinal flora from dietary
protein'?, and it is excreted in urine through the kid-
neys. Therefore, serum levels of indoxyl sulfate increase
when kidney function deteriorates'> '?. In dialysis
patients, serum concentrations of indoxyl sulfate are
approximately 54 times higher than those in healthy
subjects'?. Moreover, Barreto et a/. showed that serum
indoxyl sulfate progressively increases with stages of
chronic kidney disease and is associated with the inci-
dence of cardiovascular disease and overall mortality
in patients with chronic kidney disease'®. Several
studies have suggested that indoxyl sulfate aggravates
cardiovascular disease by inducing cardiac cell fibrosis,
endothelial senescence, proliferation of vascular
smooth muscle cells, and activation of monocytes/
macrophages via an oxidative stress-dependent path-
way'*??. In addition, we previously showed that
indoxyl sulfate enhances cytokine-induced leukocyte—
endothelial interactions through E-selectin 77 vivo and
in vitro, and this process is mediated by activation of
oxidative stress-dependent intracellular signaling such
as JNK and NF-xB in human umbilical vein endothe-
lial cells (HUVEC)®. Interestingly, angiotensin II or
hydrogen peroxide-related oxidative stress failed to
enhance the expression of E-selectin, suggesting that
the inflammatory effect of indoxyl sulfate is mediated
in an oxidative stress-independent as well as -depen-
dent manner.

In 2010, Schroeder et al. demonstrated that the
aryl hydrocarbon receptor (AhR) is an endogenous
receptor for indoxyl sulfate®”. AhR is a member of the
basic helix—loop—helix Per—Arnt—Sim regulatory
protein superfamily. This ligand-inducible transcrip-
tion factor can be activated by environmental contam-
inants such as 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD). AhR, which is present in the cytoplasm
without stimulation, translocates to the nucleus upon
ligand binding and induces the expression of proteins
such as cytochrome p450 (Cyp) 1al and Cyplbl via
xenobiotic response elements (XREs). AhR agonists
such as TCDD are known to have carcinogenic and
teratogenic effects” and have been shown to exacer-

bate atherosclerosis via the accumulation of macro-
phages in apolipoprotein E-null mice?®. We therefore
hypothesized that indoxyl sulfate-induced vascular
inflammation was regulated by AhR.

Materials and Methods

Reagents

Recombinant mouse TNF-a was obtained from
Biolegend (San Diego, CA, USA). Antibodies against
E-selectin (A-10: sc-137203), ICAM-1 (G-5: sc-8439),
VCAM-1 (H276: sc-8304), and AhR (A-3: sc-133088)
were obtained from Santa Cruz Biotechnology, Inc.
(Dallas, TX, USA). The HRP-conjugated anti-tubulin
antibody (PM054-7) was obtained from MBL (Nagoya,
Japan). Anti-lamin A/C (SAB4200236) was obtained
from Sigma-Aldrich. Normal rabbit IgG antibodies
were obtained from Cell Signaling Technology (Bev-
erly, MA). AhR-targeting siRNA (siAhR: J-004990-07-
0005) and non-targeting siRNA (siCont: D-001810-
01-05) were obtained from Thermo Scientific (Dhar-
macon Division, Lafayette, CO, USA). The other

reagents were prepared as previously described?.

Laboratory Animals

All animal experiments were approved by the
Ethical Committee for Animal Experimentation of
Tokyo Medical and Dental University (Tokyo, Japan).
C57BL/6]-background B6.129(FVB)-Ahr™315[]
(AhRF) mice, harboring the DBA/2 Ahr allele (4577
were purchased from the Jackson Laboratory (Bar Har-
bor, ME, USA). The Ahr#* mice were crossed with
the Tie2-cre transgenic mice, kindly provided by Dr.
Sawada (the University of Chicago)?” to generate off-
spring that were hemizygous for the Cre transgene and
heterozygous for the Ahr* allele (Cre*Abr**). Cre*
Abr#% mice (endothelial cell-specific A#R-knockout
mice: eAhr KO) were produced by crossing male Cre*
Abr”* mice with female Ahr*# mice to prevent Cre-
mediated deletion of the floxed alleles in the female
germline?®. Male Cre*Abr** mice were routinely
mated with female A/r** mice to obtain eAhR KO
mice and Ahr*# littermates, which served as experi-
mental controls that did not express Cre.

Male mice aged 810 weeks were anesthetized
by intraperitoneal injection of sodium pentobarbital
(Schering-Plough Corporation; Kenilworth, NJ, USA)
at a dose of 65 mg/kg. A micro-osmotic pump (model
2002; Alzet; Alza, Palo Alto, CA, USA) was implanted
subcutaneously that released a solution containing
20% (w/v) dimethyl sulfoxide in 100 mmol/L phos-
phate buffer (pH 8.0) with or without 0.79 mmol/L
indoxyl sulfate at a rate of 0.5 pL/h. Two weeks later,
2 pg recombinant mouse TNF-a was injected intra-
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peritoneally. Leukocyte adhesion in the femoral artery
was assessed 3 h after this treatment by intravital
microscopy (IVM) as previously described* 9. In
brief, mice were injected via the left femoral vein with
rhodamine 6G chloride (Molecular Probes, Eugene,
OR) to label leukocytes iz vivo. The femoral artery
was visualized with a microscope (model BX51WI;
Olympus, Tokyo, Japan) equipped with a water immer-
sion objective. Labeled leukocytes were clearly visual-
ized in the anterior half of the vessels facing the objec-
tive, and platelets less than 5 pm in diameter were
excluded. All images were recorded using a personal
computer with an image analysis program (Meta-
Morph; Molecular Devices, Sunnyvale, CA, USA).
The number of adherent and rolling leukocytes (i.e.,
those that did not move for >3 s during the 1-min
recording period and those that passed a reference line
perpendicular to the vessel axis, respectively) was
counted along a region of interest, a 100x 100 pm
segment of the vessel, and expressed as the number of
interacting cells per 10* pm? of the vessel surface®.

Endothelial Cell Isolation

Mice were euthanized and perfused via the left
ventricle with ice-cold PBS, the lungs were dissected
and rinsed with PBS. The organs were minced and
incubated in HEPES buffer (10 mmol/L HEPES pH
7.4, 150 mmol/L NaCl, 5 mmol/L KCIl, 1 mmol/L
MgClz, 1.8 mmol/L CaClz) containing 2 mg/ml col-
lagenase D and 40 U/ml DNase I for 30 min. The
pulmonary cells were collected via a 70-pum cell strainer,
and endothelial cells were isolated using CD31 micro-
beads (Miltenyi Biotec Inc., Auburn, CA) according
to the manufacturer’s protocol. Collected cells were
analyzed for purity using the phycoerythrin-conju-
gated anti-CD31 antibody (Miltenyi Biotec) by flow
cytometry as previously described'?.

Cell Cultures

HUVEC were purchased and cultured as previ-
ously described'® ??. HL-60, a human leukemia cell
line, was obtained from American Type Culture Col-
lection, and the cells were maintained in RPMI 1640
medium supplemented with 10% FCS, 100 IU/ml
penicillin, 0.17 mmol/L streptomycin, and 2 mmol/L
L-glutamine.

Real-Time Quantitative PCR

Total RNA was extracted, and cDNA was pre-
pared as previously reported??. Real-time quantitative
reverse-transcriptase PCR was performed using a
Thermal Cycler Dice Real Time System Single

(Takara)* to quantitate the expression of Cyplal,
Cyplbl, PTGS2, CSE-2, and GAPDH mRNA using
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the following primers: Cyplal, forward (F): 5"-TCC-
AAGAGTCCACCCTTCC-3", reverse (R): 5’-AAG-
CATGATCAGTGTAGGGATCT-3"; Cyplbl, E:
5'-GGCATTAGAGTCAACTACACAAAGC-3’, R:
5'-GAATGGCAAGTGCCAAAAA-3"; PTGS2, F:
5"-CTTCACGCATCAGTTTTTCAAGAGC-3’, R:
5 -TCACCGTAAATATGATTTAAGTCCAC-3";
CSE-2, F: 5"-TCTCAGAAATGTTTGACCTCCA-3’,
R: 5-GCCCTTGAGCTTGGTGAG-3"; GAPDH, F:
5"-AGCCACATCGCTCAGACAC-3’, R: 5’-GCCC-
AATACGACCAAATCC-3".

PCR Array

HUVEC were treated with or without 2.0
mmol/L indoxyl sulfate for 20 h, followed by stimu-
lated with TNF-a for 2 h. Total RNA was extracted,
and cDNA was synthesized as described above.
Expression of 90 genes was quantified using RT* pro-
filer PCR Array Human Signal Transduction Pathway
Finder (PARS-014A: SABioscience, Qiagen, Hilden,

Germany).

Transfection

siAhR or siCont (10 pmol each) and 3 pL Lipo-
fectin (Life Technologies, Inc., Gaithersburg, MD,
USA) were diluted in 100 pL Opti-MEM® I Reduced
Serum Medium, incubated for 30 min, and then
mixed with each other, followed by incubation for 15
min. The mixture was added to the HUVEC seeded
onto a 6-well plate at 0.8x10° cells/well the day
before the transfection. After 4 h, the reagent was
replaced with EGM-2, and the cells were incubated
for 20 h.

Leukocyte Adhesion Assay

HL-60 cells pre-labeled with the fluorescent dye
27,7 -bis-(2-carboxyethyl)-5-(and-6)-carboxyfluores-
cein (1.6x10° cells/well) in RPMI+ 1% FCS were
added to monolayers of siAhR- or siCont-transfected
HUVEC in 6-well plates. After incubation under non-
static adhesion assay conditions (rotation at 64 rpm,
10 min, 22°C—-25°C), non-adherent HL-60 cells were
removed by washing 3 times with RPMI+ 1% FCS.
Monolayer-associated HL-60 cells were then collected
in Hank’s balanced salt solution (Wako, Osaka, Japan)
containing 5 mM ethylenediaminetetraacetic acid and
4 mM ethylene glycol tetraacetic acid. Fluorescence
was measured using a fluorescence microplate reader

(ARVO X3; Perkin Elmer, Waltham, MA).

Detection of Reactive Oxygen Species (ROS)

The intracellular formation of ROS was detected
by the fluorescent probe 5-(and-6)-chloromethyl-
2’,7’-dichlorodihydrofluorescein diacetate acetyl ester
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(CM-H2DCFDA) as previously described'> *¥. The
intensity of the fluorescence was measured using an
ARVO X3 plate reader. Oxidative stress was also
detected using dihydroethidium (DHE)#.

Plasmid Preparation

The XRE-pGL4 and CRE-pGL4 reporter plas-
mids were prepared by inserting the corresponding
sequences into pGL4.24 [/uc2P/minP] vector (Pro-
mega, Madison, W1, USA) containing the firefly lucif-
erase reporter gene via the Sacl and BglII restriction
sites. Double-stranded XRE and CRE nucleotide
sequences were prepared by annealing the following
synthetic oligomers. For the XRE-pGL4 vector: XRE-
luc-1, 5" {CITGCGTGACAAGCTTGCGTGACAA-
GCTTGCGTGACAAGCTTGCGTGACAAGCAF3';
and XRE-luc-2, 5"{GATCTIGCTTGTCACGCAAG-
CTTGTCACGCAAGCTTGTCACGCAAGCTT-
GTCACGCAAIGAGCT'-3". For the CRE-pGL4 vec-
tor: CRE-lucl, 5’- [CTGACGTCAATCCACTGAC-
GTCAATCCACTGACGTCAATCCACIAF3; and
CRE-luc-2, 5'- [GATCTIGTGGATTGACGTCAGT-
GGATTGACGTCAGTGGATTGACGTCAIGAG-
CTJ}-3" (the restriction sites are boxed, while XRE and
CRE sequences are underlined). The annealed oligo-
nucleotides were phosphorylated by T4 polynucleo-
tide kinase (Takara) and ligated into the vector using

ligation high ver.2 (Toyobo, Osaka, Japan).

Preparation of the Plasmid Containing the
E-Selectin Promoter Region

The E-selectin promoter region in the pKM2L
vector (pKM2L-phESEL) was obtained from Riken
BioResource Center (Gene Engineering Division,
Ibaraki, Japan). The region was restricted with Sacl
and Mlul and transferred to the pGL3-basic vector.
The sequence containing base pairs =166 to +107
from the promoter region of E-selectin, including the
nuclear factor-endothelial adhesion molecule 1 (NF-
ELAM-1) site, was amplified by PCR using the fol-
lowing primers: E 5’- CGAGCTCGAGACAGAG-
TTTCTGACATC-3" (restriction sites are boxed), and
common reverse, 5’- CITTATGTTTTTGGCGTC-
TTCCA-3’. The amplicon was inserted into the origi-
nal vector via Sacl and Mlul sites. The resulting vector
was named NF-ELAM-1 vector. The non-functional
mutated NF-ELAM-1 vector (nNFELAM-1), vector
with the NF-ELAM-1 site carrying an activator pro-
tein-1 (AP-1)-binding site (NF-ELAM-AP-1), and vec-
tor with the NF-ELAM-1 site carrying a cyclic AMP
response element (CRE) (NF-ELAM-CRE) were pre-
pared by replacing the original insert with the PCR
product obtained using the above common reverse pri-
mer and the following forward primers: mNFELAM-1

E 5- CGAGCTCGAGACAGAGTTTCGTCGAG-
CCTTG-3", NFELAM-API F, 5'- OGAGCTCGAGA-
CAGAGTTTCTGACTCATTG-3’, and NF-ELAM-
CRE E 5'-CGAGCTCIGAGACAGAGTTTCTGAC-
GTCATTG-3", respectively (restriction sites are boxed

and mutated nucleotides are underlined).

Luciferase Reporter Gene Assay

HUVEC were cultured in 24-well plates and
transiently transfected using Lipofectin. Briefly, 120
ng firefly luciferase vector, 50 ng internal control pRL-
TK, and 2 pmol siRNA were co-transfected into
HUVEC as previously reported®.

Electrophoresis Mobility Shift Assay

HUVEC were treated with 2 mmol/L indoxyl
sulfate, followed by treatment with TNF-a, and the
nuclear fraction was extracted by NE-PER Nuclear
and Cytoplasmic Extraction Reagents (Pierce, Rock-
ford, IL, USA). Biotin-labeled NF-ELAM-1 probe was
prepared by annealing the following synthetic 3’-bio-
tinylated oligonucleotides: 5'-GAGTTTCTGACAT-
CATTGTAAT-3", and 5’-ATTACAATGATGTCAG-
AAACTC-3" (NF-ELAM-1 sequence is underlined).
The nuclear extracts, probe, and antibodies against
ATEF-2 or AhR were mixed and incubated, followed by
electrophoresis on 6% polyacrylamide gel. After trans-
ferring to membranes at 200 mA for 60 min, cross-
linking was performed by exposure to ultraviolet light
for 15 min. Protein-DNA complexes were detected
with chemiluminescence (Panomics, Fremont, CA,
USA) according to the manufacturer’s protocol.

Chromatin Immunoprecipitation (ChIP) Assay
ChIP was performed as previously described*>*”.
In brief, cells were crosslinked with 1% formaldehyde
for 10 min at room temperature before glycine was
added to a final concentration of 0.125 M. Chroma-
tin was sheared to 200—1000 bp by sonication. The
chromatin solution was then incubated with antibody-
bound Dynabeads (Dynal Biotech) at 4°C. Immune
complexes were eluted from the beads and reverse
cross-linked at 65°C. The samples were treated with
proteinase K, DNA was purified using the MinElute
PCR purification kit (Qiagen) and analyzed by real-
time PCR with specific primers for E-selectin promoter
region; E 5-AGGCATGGACAAAGGTGAAG-3" and
R 5’-GTCCACATCCAGTAAAGAGG-3"; for the
E-selectin extreme 3" region; F, 5'-TGGCAGGCAG-
AGGAATGG-3’, and R, 5’-CCATTTTCCACACC-
GCTATGA-3"%9. For the CSE-2 promoter region; F
5’-ATAAGGGCCAGGAGATTCCA-3", R, 5’-AGC-
CACATCCTCCAGAGAACT-3". Negative control

RPL30 primers were obtained from cell signaling
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Fig. 1. Effects of indoxyl sulfate on leukocyte—endothelial interactions in A/R™ and eAhR KO mice. (A) Flow cytometry analysis

of pulmonary cells stained with phycoerythrin-conjugated CD31 antibody before (dashed line) and after (line) endothelial
cell isolation using CD31 microbeads. Gray filled-in line indicates cells stained with isotype control. (B) Immunoblotting
images using anti-AhR antibody of isolated endothelial cells and liver from AAR™" and eAhR KO mice. The mRNA expres-
sion of cre recombinase and 18S ribosomal (r)RNA was detected by reverse transcriptase-PCR. (C) A#R™" and eAhR KO
mice were subcutaneously injected with (+) 4 mmol/kg of indoxyl sulfate or left untreated (=) for 3 h, followed by isolation
of endothelial cells from lung tissue. Cyplal mRNA expression was determined by real-time PCR. (D, E, E, and G) Repre-
sentative snapshots from intravital video microscopic analysis of leukocyte adhesive interactions in the femoral arteries (mar-
gins of vessels are indicated with dashed lines) of AZR™" mice treated (D) with indoxyl sulfate or untreated (E) as well as
eAhR KO mice treated (F) with indoxyl sulfate or untreated (G). White spots represent fluorescently labeled leukocytes
visualized by intravenous injection of rhodamine 6G. (H) Quantitative analyses of leukocyte adhesion interactions in the
femoral arteries. The darta are expressed as means = SEM (n=6). *P<0.05 versus (vs.) AAR™ not treated with indoxyl sul-
fate, ' P<0.05 vs. AhR™" treated with indoxyl sulfate.

technology.

Other Methods

Western blotting was performed as per standard
protocols using ECL prime reagent (GE Healthcare,
Uppsala, Sweden).
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Statistical Analysis

Data are expressed as mean values * standard error
of the mean (SEM) or standard deviation (SD). One-
way analysis of variance with the Tukey’s post-hoc test
or two-tailed unpaired 7-test was used to estimate sta-
tistical significance. A P value of <0.05 was consid-
ered to represent statistical significance.
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Table 1. Comparison of characteristics of A/R™" mice, AhR™" mice administered indoxyl sulfate, endothelial cell-specific AhR
knockout (eAhR KO) mice, and eAhR KO mice receiving indoxyl sulfate

AhR AhR™M+ indoxyl sulfate eAhR KO eAhR KO + indoxyl sulfate
(n=0) (n=0) (n=0) (n=0)
Urea (mmol/L) 10.2£0.8 10.9+0.8 9.7+1.3 11.2%£0.9
Total cholesterol (mmol/L) 1.505+0.089 1.384+0.139 1.719%0.142 1.719£0.260
HDL cholesterol (mmol/L) 1.158 £0.064 1.058 £0.090 1.344+0.178 1.293+0.200
Triglycerides (mmol/L) 0.4+0.1 0.4%0.1 0.5+0.1 0.7+0.1
Indoxyl sulfate (mmol/L) 0.005+0.001 0.208 £0.041% 0.005%0.001 0.152%0.086 f

Data are means = SD. *p< 0.01 vs. AbR™, T11)< 0.05 vs. eAhR KO

Abbreviations: AhR, aryl hydrocarbon receptor; KO, knockout; HDL, high-density lipoprotein

Results

Indoxyl Sulfate-Enhanced Leukocyte—Endothelial
Interactions were Abrogated in Endothelial-Specific
AhR Null Mice.

To determine the physiological role of AhR, we
investigated the effect of endothelial cell-specific AhR
deficiency on the indoxyl sulfate-enhanced leukocyte—
endothelial interactions using an IVM system?* 29,
First, we purified endothelial cells from lungs taken
from AHR™ and eAhR KO mice to confirm the
expression of AhR. Flow cytometric analysis indicated
that over 90% of the isolated cells were positive for
CD31 (Fig.1A), an endothelial cell marker. AhR
expression was decreased in endothelial cells of eAhR
KO mice when compared with those of AAR™ mice.
On the other hand, AhR expression in liver was not
significantly different (Fig.1B). Injection of indoxyl
sulfate induced mRNA expression of ¢yplal, a gene
downstream of AhR, in endothelial cells of control
AhR™ mice, but not those of eAhR KO mice (Fig. 1C).

eAhR KO and control AhR™ mice were either
untreated or administrated with indoxyl sulfate for 2
weeks, followed by injection with TNF-a. We found
that treatment with TNF-a increased its serum con-
centration (data not shown). There were no significant
differences between these groups in urea, cholesterol,
and triglyceride levels. As expected, the indoxyl sul-
fate-treated groups exhibited significantly higher
serum indoxyl sulfate levels than the buffer control
groups (Table 1). We then performed IVM analysis to
evaluate leukocyte adhesion to the vascular wall in the
femoral artery. We first confirmed that no leukocyte
interaction was observed in A/R™ mice (Supple-
mental video 1: supplemental movie provided journal
website) and that TNF-a treatment slightly induced
leukocyte adhesion (Supplemental video 2). Admin-
istration of indoxyl sulfate dramatically enhanced leu-
kocyte recruitment to the vascular wall in TNF-a-

treated AR mice [Fig. 1DE, Supplemental video 2:

APR™. indoxyl sulfate (=) and Supplemental video 3:
AhR™, indoxyl sulfate (+)]. In contrast, indoxyl sul-
fate failed to stimulate leukocyte—endothelial interac-
tions in the eAhR KO animals [Fig.1FG, Supple-
mental video 4: eAhR KO, indoxyl sulfate (=) and
Supplemental video 5: eAhR KO, indoxyl sulfate
(+)]. Additionally, the number of adhered leukocytes
were quantified, as shown in Fig. 1H.

Indoxyl Sulfate Induced AhR Transcriptional
Activity in the Vascular Endothelium.

To elucidate the underlying mechanisms, we first
examined whether indoxyl sulfate induced AhR tran-
scriptional activation in HUVEC. Treatment with
indoxyl sulfate led to the translocation of AhR from
the cytosol to the nucleus (Fig.2A). To confirm the
direct involvement of AhR activation by indoxyl sul-
fate, we used an AhR-responsive luciferase reporter
(XRE reporter vector). As shown in Fig.2B, indoxyl
sulfate induced XRE-dependent luciferase activity in
transfected HUVEC in the same manner as AhR
ligands TCDD and 3-metylchoranthlene (3MC),
which were used as positive controls (Fig.2B). We
further confirmed that indoxyl sulfate significantly
increased the expression of cyplal and cyplbl mRNA,
which are AhR targets, whereas a knockdown of AAR
in HUVEC by transfection with siAhR inhibited their
expression (Fig.2C-E).

AhR is Involved in Indoxyl Sulfate-Enhanced
Leukocyte—Endothelial Interactions and E-Selectin
Expression.

We evaluated the involvement of AhR in indoxyl
sulfate-induced leukocyte—endothelial cell interactions
under flow conditions by suppressing AhR expression.
We found that treatment with indoxyl sulfate enhanced
HL-60 adhesion to activated HUVEC. siAhR signifi-
cantly reduced the indoxyl sulfate-enhanced leukocyte
adhesion to HUVEC (Fig. 3A). As shown in Fig.3BC,

indoxyl sulfate-enhanced protein or mRNA expression
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Fig.2. Indoxyl sulfate induced AhR transcriptional activity that enhanced TNF-a-induced leukocyte—endothe-

of E-selectin was reduced by the knockdown of A/R.

lial interactions and cell adhesion molecule expression. (A) HUVEC were treated with 0.2 or 2.0 mmol/
L indoxyl sulfate for 20 h. Cell lysates were fractionated into nuclear and cytosol protein and subjected to
western blotting using the anti-AhR, lamin A/C, and tubulin antibodies. (B) HUVEC were transfected
with XRE-pGL4.24 and pRL-TK vectors, followed by treatment with 0.2 or 2.0 mmol/L indoxyl sulfate
(left graph) or the indicated concentration of an AhR agonist, such as 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) or 3-metylchoranthlene (3MC) (right graph). The luciferase reporter assay was carried
out as described in Methods. Relative promoter activity was measured based on firefly luciferase activity
and then normalized with Renilla luciferase activity derived from pRL-TK experiments. The values are
means from 3 experiments. *P<0.05 vs. indoxyl sulfate (=), **P<0.01 vs. indoxyl sulfate (). (C-E)
siAhR decreased indoxyl sulfate-induced mRNA expression of AhR target genes, cyplal (D) and ¢yplbl
(E). HUVEC were transfected with siAhR or siCont and treated with indoxyl sulfate for 24 h, followed
by real-time quantitative PCR. The data are means+SD (z=3). The expression level of AhR in HUVEC
was confirmed by western blotting (C).

(Table

2). Real-time quantitative PCR showed that

In contrast, minimal effects were observed for ICAM-1
and VCAM-1 expression. Furthermore, treatment with
TCDD or 3MC, an AhR agonist, increased TNF-a
-induced E-selectin expression in HUVEC, which was
decreased by siAhR (Fig. 3DE).

Next, we examined the role of AhR in other
endothelial genes induced by indoxyl sulfate. PCR
array revealed that the mRNA expression of 12 out of
90 genes was increased more than 1.3-fold in HUVEC

treated with indoxyl sulfate as compared to control
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colony-stimulating factor-2 (CSF-2) expression was
also increased by indoxyl sulfate, which was inhibited
by siAhR (Fig.3F). ChIP analysis revealed that the
CSF-2 promoter bound to AhR induced by indoxyl
sulfate (Fig. 3G).

Indoxyl Sulfate-Induced ROS Production, JNK
Phosphorylation, and NF-«B Activation were not
Altered by siAhR.

We then evaluated the role of AhR in indoxyl
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Fig.3. siAhR suppressed indoxyl sulfate-enhanced vascular inflammation. (A-C) The results of the adhesion assay (A), western

blotting detection of adhesion molecules (B) and mRNA expression of E-selectin (C) in HUVEC treated with 0.2 or 2.0
mmol/L indoxyl sulfate for 20 h, followed by tumor necrosis factor-a (TNF-a; 5.7 pmol/L). (D and E) HUVEC were
transfected with siAhR or siCont and treated with 10 nmol/L 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (D) or 100
nmol/L 3-methylcholanthrene (3MC) (E) for 20 h, and then with TNF-a (5.7 pmol/L), followed by real-time quantitative
PCR. (F). HUVEC were transfected with siAhR or siCont and treated with indoxyl sulfate for 20 h and then with TNF-a
(5.7 pmol/L). mRNA expression of colony-stimulating factor 2 (CSE-2) by real-time quantitative PCR. Data are means *
SD (n=3). *P<0.05 vs. siCont and TNF-a (+) and without indoxyl sulfate; **P<0.01 vs. siCont and TNF-a (+) and
without indoxyl sulfate. Data shown are representative of 3 independent experiments. (G) Chromatin was prepared from
HUVEC: treated with indicated concentration of indoxyl sulfate, followed by stimulation with TNF-a for 30 min and the
ChIP assay using anti-AhR antibody. Real-time PCR analysis of the ChIP samples was performed using primers designed to
amplify the CSF-2 promoter region and ribosomal protein L30 exon3 as negative control. Values are expressed as means
means+SD (7=3) of a representative of 2 independent experiments. *P<0.05 vs. TNF-a (+) and without indoxyl sulfate.

sulfate-mediated ROS production® ** 3 by CM-
H2DCFDA, which mainly reacts with free radicals
such as hydrogen peroxide, hydroxyl radical, and per-
oxynitrite, while DHE is a probe for the detection of

superoxide. Although the level of intracellular ROS
detected by CM-H2DCFDA was increased by indoxyl
sulfate in a dose-dependent manner, neither siAhR
nor CH-223191, a chemical inhibitor of AhR, had any
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Table 2. Genes up-regulated by indoxyl sulfate.

Gene Relative gene expression
PTGS2 2.44
EGR1 2.20
CSE-2 1.76
SELE 1.56
BIRC3 1.53
IL4R 1.52
CXCL9 1.49
VEGFA 1.49
IL1A 1.43
TANK 1.39
TCE7 1.31
WNT2 1.31

Human umbilical vein endothelial cells were treated with or without
2 mmol/L indoxyl sulfate for 20 h, followed by TNF-a (5.7 pmol/L)
and finally real-time quantitative PCR. Data are expressed relative to
TNF-a-treated control only and genes up-regulated more than 1.3-
fold higher by indoxyl sulfate are presented.

Abbreviations: PTGS2, prostaglandin-endoperoxide synthase 2; EGR1,
carly growth response protein 1; CSF-2, colony stimulating factor 2;
SELE, E-selectin; BIRC3, Baculovirus inhibitors of apoptosis-repeat
containing 3; IL4R, interleukin-4 receptor; CXCL9, CXC chemokine
ligand 9; VEGFA, Vascular endothelial growth factor-A; IL1A, inter-
leukin-1 alpha; TANK, TRAF family member-associated NF« B acti-
vator; TCF7, transcription factor 7; WNT2, Wingless-type MMTV
integration site family member 2.

effect (Fig.4AB). Similar results were obtained when
ROS was detected by DHE (Fig.4C). As reported
previously'® ), ROS detected by DHE was inhibited
by apocynin, an inhibitor of nicotinamide adenine
dinucleotide phosphate oxidase® *. To validate DHE
measurement, we confirmed that apocynin suppressed
oxidative stress caused by indoxyl sulfate (Fig.4D).
We also examined the contribution of JNK, a
member of the mitogen-activated protein kinase family,
which is closely associated with E-selectin expression®.
Western blotting analyses revealed that indoxyl sulfate
enhanced JNK phosphorylation in the presence of
TNF-a; however, treatment with siAhR did not change
the phosphorylation level (Fig.4E). The luciferase
reporter assay revealed that the activation of NF-«B
by indoxyl sulfate was not affected by siAhR (Fig. 4F).
To further elucidate the role of AhR in nuclear
factor-x B (NF-xB) activation associated with E-selec-
tin expression, we performed ChIP analysis of the
E-selectin promoter region containing cytokine
response region®¥. This region is located within the
first 160 bp upstream of the transcriptional start site
of the E-selectin gene and contains binding sites for
NF-xB and ATF-2/c-jun*-*. ChIP analysis showed
that NF-«B bound to the E-selectin promoter after
TNF-a stimulation and indoxyl sulfate enhanced the
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activation; however, siAhR did not affect the enhance-
ment (Fig.4G, left panel). TNF-a-induced NF-«B
activation was not detected at the extreme 3" region of

the E-selectin gene (Fig. 4G, right panel).

AP-1 but not Cyclic AMP Response Element (CRE)
is Involved in Indoxyl Sulfate-Mediated AhR Acti-
vation of E-Selectin Transcription.

Previous reports have demonstrated that NEF-
ELAM-1, positioned at base pairs =153 to —146 from
start point of the E-selectin transcription was essential
for its expression“). Therefore, we examined the effect
of indoxyl sulfate on transcriptional activation of NE-
ELAM-1. We confirmed that indoxyl sulfate activated
the NF-ELAM-1 site (Fig. 5A).

Fig. 5B illustrates the promoter region of E-selec-
tin and its luciferase vector. The luciferase assay using
functional NF-ELAM-1 and mNF-ELAM-1 revealed
that the NF-ELAM-1 site was necessary for transcrip-
tion of E-selectin by both TNF-« and indoxyl sulfate
(Fig.5C). We also produced mutant NF-ELAM-1 con-
structs carrying AP-1 and CRE sequences. The AP-1
construct and not the CRE construct was responsive
to indoxyl sulfate treatment (Fig. 5D). In addition, we
found that indoxyl sulfate-activated NF-ELAM-AP1
was suppressed by siAhR (Fig.5E). ChIP analysis
showed that AhR bound to E-selectin promoter after
indoxyl sulfate stimulation (Fig. 5F).

Treatment with indoxyl sulfate without TNF-a
induced AP-1 transcriptional activity, while siAhR
caused a decrease (Fig.5G). We confirmed that ATF-2,
a component of AP-1, directly bound to cytokine
response region of E-selectin and AhR modulated their
transcriptional activity (Fig.5H). On the other hand,
indoxyl sulfate failed to induce CRE-related transcrip-
tion (Fig. 5I).

Discussion

In this study, we demonstrated a pivotal role of
endothelial AhR in indoxyl sulfate-enhanced vascular
endothelial inflammation via AP-1 dependent tran-
scriptional regulation. AP-1 plays an important role in
endothelial inflammation by activating the expression
of proinflammatory cytokines and other proteins rele-
vant to vascular pathology, such as selectins and mono-
cyte chemoattractant protein-1% %, Several studies
have demonstrated that the NF-ELAM-1 site acti-
vated by proinflammatory cytokines is recognized by
AP-1 and not by the CRE-binding protein® . We
further confirmed that not only ATF-2 but also AhR
associated with the NF-ELAM-1 site by electrophore-
sis mobility shift assay and ChIP assay (Fig.5A, E, H),
suggesting that the NF-ELAM-1 site activated by
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Fig. 4.

AhR does not mediate reactive oxygen
species (ROS) production, JNK phos-
phorylation, and NF-«B activation. (A
and B) Detection of ROS generation by
CM-H:DCFDA. HUVEC were trans-
fected with siCont or siAhR (A), or
treated with CH-223191 (B); then, they
were treated with CM-H2DCFDA for
30 min, followed by stimulation with
0.2 or 2.0 mmol/L indoxyl sulfate for 5
h. (C and D) Detection of ROS genera-
tion by dihydroethidium (DHE).
HUVEC were treated with siCont,
siAhR, CH-223191 (C), or apocynin
(D); then, they were stimulated with 2.0
mmol/L indoxyl sulfate, followed by
treatment with DHE for 30 min. (E)
Detection of phosphorylated (p)-JNK
by western blotting. HUVEC were
incubated in the presence of the indi-
cated concentrations of indoxyl sulfate
for 20 h and then stimulated with
TNF-a (5.7 pmol/L) for 15 min before
further assays. Quantities of phosphory-
lated and total JNK were determined by
immunoblotting. (F) The NF-xB lucif-
erase reporter assay was carried out as
described in Experimental Procedures.
The values are means from 3 indepen-
dent experiments. *P<0.01 vs. siCont
and TNF-a (+) and without indoxyl
sulfate. (G) Schema of the E-selectin
gene and location of the primers used in
the ChIP assay. Chromatin was pre-
pared from HUVEC transfected with
siCont or siAhR, followed by treatment
with (+) or without (=) 2.0 mmol/L
indoxyl sulfate for 20 h, and then stim-
ulation by TNF-a (5.7 pmol/L) for 30
min. ChIP assay was performed using
the anti-NF-«B antibody. Real-time
PCR analysis of the ChIP samples was
performed using primers designed to
amplify the E-selectin promoter region
(=195 to =67 bps), which contains the
cytokine response region and the
E-selectin extreme 3’ region (+13914 to
+13977 bps). *P<0.05 vs siCont, TNF
(+), indoxyl sulfate (=). Values are
expressed as means = SD (7=3) of a rep-
resentative of 2 independent experi-
ments. *P<0.05 vs. TNF-a (+) and
without indoxyl sulfate.
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Fig.5. Activator protein-1 (AP-1) and not cyclic AMP response element (CRE) is involved in indoxyl sulfate-mediated E-selectin
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expression. (A) Electrophoresis mobility shift assay using the nuclear factor-endothelial adhesion molecule 1 (NF-ELAM-1)
probe. HUVEC were treated with 2 mmol/L indoxyl sulfate for 20 h, followed by stimulation with tumor necrosis factor-a
(5.7 pmol/L) for 2 h. The nuclear extracts, biotin-labeled probe, cold probe, and antibodies were incubated and subjected to
electrophoresis, followed by chemiluminescence detection. Arrowheads indicate putative complexes between the transcrip-
tion factors and the probe. (B) Summary of the E-selectin promoter region and the corresponding luciferase vector. The
detailed sequences of the NF-ELAM-1 site, NF-ELAM-1 site inactivated by mutagenesis (mNF-ELAM-1), and NF-
ELAM-1 site carrying an AP-1 binding site (NF-ELAM-AP-1) or CRE (NF-ELAM-CRE) are presented in the boxes. (C
and D) Luciferase assays were carried out using the NF-ELAM-1 vector and the mNF-ELAM-1 vector (C) or NF-ELAM-
AP-1 and NF-ELAM-CRE (D). The values are means from 4 experiments. *P<0.01 vs. NF-ELAM-1 without indoxyl sul-
fate. (E) The results of the luciferase assay using NF-ELAM-1-AP-1 transfected with siAhR or siCont. The values are means
from 3 experiments. *P<0.01 vs. siCont without indoxyl sulfate. (F) Chromatin was extracted from HUVEC treated with
(+) 2.0 mmol/L of indoxyl sulfate or without (=) for 20 h, followed by stimulation with TNF-a (5.7 pmol/L) for 30 min,
and the ChIP assay was performed using anti-AhR antibody. Real-time PCR analysis of the ChIP samples was performed
using primers designed to amplify the E-selectin promoter region (=195 to — 67 bps), which contains the cytokine response
region and the E-selectin extreme 3" region (+13914 to +13977 bps). *P<0.05 vs TNF-a (+), indoxyl sulfate (=). Values
are expressed as means * SD (n=3) of a representative of 2 independent experiments. *P<0.05 vs. TNF-a (+) and without
indoxyl sulfate. (G) The AP-1 luciferase reporter assay was performed after transfection with siAhR or siCont. The values
are means from 3 experiments. *2<0.05 vs. siCont without indoxyl sulfate. (H) Chromatin was extracted from HUVEC
transfected with siCont or siAhR, followed by treatment with (+) 2.0 mmol/L indoxyl sulfate or without (=) for 20 h, fol-
lowed by stimulation with TNF-a (5.7 pmol/L) for 30 min. ChIP assay was performed using the anti-ATF-2 antibody.
Real-time PCR analysis of the ChIP samples was performed using primers designed to amplify the E-selectin promoter
region containing cytokine response region and the E-selectin extreme 3" region. *P<0.01 vs. siCont, TNF (+), indoxyl
sulfate (=). Values are expressed as means=SD (n=3) of a representative of two independent experiments. *2<0.05 vs.
TNF-a (+) and without indoxyl sulfate. (I) The CRE luciferase reporter assay was carried out with indoxyl sulfate or For-
skolin, a CRE activator. The values are means from 3 independent experiments.
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indoxyl sulfate was required for AP-1 and AhR. More-
over, we found that although indoxyl sulfate induced
AP-1 activation via an AhR-dependent pathway, it did
not activate mRNA expression of AP-1 components
such as ATFa, ATF-2, ATFE-3, c-jun, junB, and junD.
Furthermore, immunoprecipitation experiments failed
to detect physical binding between AhR and ATF-2 or
c-jun, major components of AP-1 (data not shown).
Thus, additional regulatory element(s) may be present
and mediate AhR-dependent activation of AP-1.

Surprisingly, indoxyl sulfate-induced AhR activa-
tion did not involve oxidative stress or NF-«B but
rather involved AP-1-dependent transcriptional acti-
vation to induce E-selectin in the vascular endothe-
lium. Although previous reports have suggested that
AhR mediates ROS generation in other tissues such as
hepatocytes®, we failed to detect the involvement of
AhR in indoxyl sulfate-triggered oxidative stress in the
vascular endothelium. We obtained similar findings
using 3MC, another AhR ligand, in the endothelial
model (data not shown). These observations suggest
that AhR-dependent signaling pathway activated by
indoxyl sulfate is independent of oxidative stress, at
least in the vascular endothelium. This observation is
in agreement with previous reports where AhR is
shown to not be associated with indoxyl sulfate-
induced activation of NF-«B and phosphorylation of
JNK because oxidative stress plays an important role
in these processes*”>".

Fig. 6 summarizes the effect of indoxyl sulfate on
vascular inflammation based on the current findings.
Indoxyl sulfate induces ROS production, which leads
to TNF-a-triggered JNK and NF-«B activation.
Indoxyl sulfate-induced AhR activation, on the other
hand, stimulates AP-1 transcriptional activity. AP-1
activation and signal transduction via the oxidative
stress pathway synergistically up-regulate E-selectin
expression, leading to the aggravation of leukocyte—
endothelial interactions. CSF-2 is also known to be
downstream of AP-1°", suggesting that the indoxyl
sulfate—AhR pathway is operative in broad endothe-
lial activation. Several studies have also demonstrated
that AhR mediates indoxyl sulfate-induced expression
of inflammatory genes such as IL-6, tissue factor, and
monocyte chemoattractant protein-152°9,

E-selectin has been shown to play a central role
in indoxyl sulfate- and kidney disease-related vascular
inflammation. In fact, circulating E-selectin is a strong
predictor of death and cardiovascular events in patients
with end-stage renal disease® *®. We also reported
previously that blockade of E-selectin by neutralizing
antibody dramatically reduced indoxyl sulfate-enhanced
leukocyte adhesion to vascular endothelium iz vivo
and iz vitro®. Further, an oral adsorbent, AST-120,

TNFR Indoxyl sulfate

ROS< il

NFkB | | JNK 4““
1 ‘,r'

AP-1

E-selectin

Vascular inflammation
Fig.6. A model of the mechanism through which AhR medi-

ates indoxyl sulfate-enhanced E-selectin expression via
an activator protein-1 (AP-1)-dependent pathway.
Indoxyl sulfate induces ROS production, which leads
to TNF-a-triggered JNK and NF-«B activation.
Indoxyl sulfate-induced AhR stimulates AP-1 tran-
scriptional activity, but it is not associated with ROS
production and JNK or NF-«B activation. AP-1 tran-
scriptionally up-regulates E-selectin expression, fol-
lowed by an increase in leukocyte—endothelial inter-
actions.

reduces circulating and tissue indoxyl sulfate, which
suppresses the adhesion of monocytes and inhibits
plaque formation in apolipoprotein E-deficient mice,
with reduced renal function® °¥. IVM analysis sug-
gested that AhR plays a crucial role in induction of
leukocyte recruitment by indoxyl sulfate. TCDD has
been shown to enhance the expression of adhesion
molecules such as P-selectin as well as the migration of
macrophages into the plaque in apolipoprotein E-defi-
cient mice?®. These results suggest that indoxyl sul-
fate-induced leukocyte adhesion via AhR plays a role
during the development of atherosclerosis in patients
with renal dysfunction. This further suggests that
indoxyl sulfate—AhR pathway can be considered as a
new therapeutic target for vascular inflammation in
patients with renal dysfunction. Indeed, AST-120,
which decreases serum level of indoxyl sulfate, has
been shown to reduce arterial stiffness and wall thick-
ening in patients with chronic kidney disease®.

To mimic the clinical situation of patients with
chronic kidney disease and those requiring dialysis, we
administered TNF-a to mice in this study because the
serum concentration of proinflammatory cytokines
such as TNF-a and IL-1 is increased in patients with
renal disease'”. The serum concentration of indoxyl
sulfate in these mice (approximately 0.2 mmol/L) was
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equivalent to that in dialysis patients®> . Further-
more, stimulation with 0.02 mmol/L indoxyl sulfate,
which is comparable to that in patients at Stage 4 to 5
of chronic kidney disease'® °, enhanced the expres-
sion of E-selectin in HUVEC (data not shown). Thus,
our findings indicate an important molecular back-
ground underlying the inflammatory process in chronic
kidney disease including dialysis with high circulating
proinflammatory cytokines and uremic toxins. There-
fore, our findings are relevant to the mechanisms of
cardiovascular disease in patients with renal disease.
The potential role of the indoxyl sulfate—AhR axis in
atherosclerosis will be investigated in our future stud-
ies.

In conclusion, AhR mediates indoxyl sulfate-
enhanced leukocyte—endothelial interactions through
AP-1 transcriptional activity. These results provide a
novel mechanistic insight into the vascular inflamma-
tion in patients with kidney disease.
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Footnotes

The abbreviations used are: 3MC, 3-metylcho-
ranthlene; AhR, aryl hydrocarbon receptor; AP-1, activa-
tor protein-1; ATF activating transcription factor; ChIP,
chromatin immunoprecipitation; CM-H2DCFDA,
5-(and-6)-chloromethyl-2",7"-dichlorodihydrofluo-
rescein diacetate acetyl ester; CRE, cyclic AMP response
element; CSF-2, colony-stimulating factor-2; Cyp,
cytochrome p450; DHE, dihydroethidium; eAhR KO,
endothelial cell-specific AhR knockout; E forward;
HUVEC, human umbilical vein endothelial cells;
ICAM-1, intercellular cell adhesion molecule 1; IVM,

intravital microscopy; NF-ELAM-1, nuclear factor-
endothelial adhesion molecule-1; NF-ELAM-AP-1,
vector with the NF-ELAM-1 site carrying an AP-1-
binding site; NF-ELAM-CRE, vector with the NE-
ELAM-1 site carrying CRE; NF-«B, nuclear factor-«B;
mNFELAM-1, non-functional mutated NF-ELAM-1
vector; PCR, polymerase chain reaction; R, reverse;
ROS, reactive oxygen species; RPL-30, ribosomal pro-
tein L-30; siAhR, siRNA specific to AhR; TCDD,
2,3,7,8-Tetrachlorodibenzo-p-dioxin VCAM-1, vascu-
lar cell adhesion molecule 1; XRE, xenobiotic response
element.
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