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ARTICLE INFO ABSTRACT
Keywords: Background: Calcific aortic stenosis (CAS) is more prevalent, occurs earlier, progresses faster and has worse
indoxyl sulfate outcomes in patients with chronic kidney disease (CKD). The uremic toxin indoxyl sulfate (IS) is powerful

aortic stenosis
valvular interstitial cell
inflammation

predictor of cardiovascular mortality in these patients and a strong promoter of ectopic calcification whose role
in CAS remains poorly studied. The objective of this study was to evaluate whether IS influences the minerali-
zation of primary human valvular interstitial cells (hVICs) from the aortic valve.

Methods: Primary hVICs were exposed to increasing concentrations of IS in osteogenic medium (OM). The hVICs’
osteogenic transition was monitored by qRT-PCRs for BMP2 and RUNX2 mRNA. Cell mineralization was assayed
using the o-cresolphthalein complexone method. Inflammation was assessed by monitoring NF-kB activation
using Western blots as well as IL-1B, IL-6 and TNF-a secretion by ELISAs. Small interfering RNA (siRNA) ap-
proaches enabled us to determine which signaling pathways were involved.

Results: Indoxyl-sulfate increased OM-induced hVICs osteogenic transition and calcification in a concentration-
dependent manner. This effect was blocked by silencing the receptor for IS (the aryl hydrocarbon receptor,
AhR). Exposure to IS promoted p65 phosphorylation, the blockade of which inhibited IS-induced mineralization.
Exposure to IS promoted IL-6 secretion by hVICs, a phenomenon blocked by silencing AhR or p65. Incubation
with an anti-IL-6 antibody neutralized IS’s pro-calcific effects.

Conclusion: 1S promotes hVIC mineralization through AhR-dependent activation of the NF-kB pathway and the
subsequent release of IL-6. Further research should seek to determine whether targeting inflammatory pathways
can reduce the onset and progression of CKD-related CAS.

1. Introduction chronic kidney disease (CKD) and kidney failure [1]. The pathophysio-
logical remodeling of the valve leaflets occurs about 10 years earlier,
Calcific aortic stenosis (CAS) is highly prevalent in patients with progresses faster and is associated with worse outcomes in people with
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CKD, relative to people with normal renal function [2,3]. To date, drug
therapies have been ineffective in preventing the progression of CAS,
and so surgical aortic valve replacement (AVR) remains the mainstay of
management for patients with symptomatic CAS [4]. However, the
mortality rate after AVR increases as the estimated glomerular filtration
rate falls [5]. The treatment of CAS in patients on dialysis is especially
challenging, given their higher comorbidity burden. Despite the use of
less invasive alternatives (such as transcatheter AVR), the in-hospital
mortality rate after AVR in patients on dialysis is twice that observed
in patients without kidney disease [6]. In this context, a better under-
standing of the cellular and molecular mechanisms underlying aortic
valve calcification in patients with CKD is likely to help physicians to
improve clinical outcomes.

Aortic valvular interstitial cells (VICs) are the most abundant cell
type in the aortic valve and have a crucial role in CAS and progressive
obstruction of the valve. The degree of VIC calcification is a marker of
CAS progression and a powerful predictor of adverse events [7]. A key
step in the development of CAS is the transition of VICs to an osteoblast-
like phenotype characterized by enhanced expression of osteogenic
markers, such as runt-related transcription factor 2 (RUNX2), and bone
morphogenetic protein 2 (BMP2) [8]. Their osteogenic activity is
thought to be responsible for the mineralization associated with CAS
[9]. It has been shown that several disease-specific risk factors (such as
imbalanced mineral metabolism, inflammation, and hemodynamic dis-
turbances) induce the rapid progression of CAS in patients with kidney
failure [10]. However, the impact of uremic toxins on the phenotypic
transition and calcification of human VICs (hVICs) has not yet been
established.

The uremic toxin indoxyl sulfate (IS) is produced by the metabolism
of dietary tryptophan in the gut. The accumulation of IS in the serum of
patients with CKD is a known, independent risk factor for cardiovascular
morbidity and mortality [11]. The positive correlation between serum IS
levels and vascular calcification [11] suggests that IS has pro-calcific
effects. Indeed, IS has repeatedly been shown to increase high-
phosphate-induced osteogenic transition and subsequent calcification
in aortic vascular smooth muscle cells in vitro [12,13]. In non-CKD
hypertensive rats, the administration of IS promotes vascular calcifica-
tion and the expression of osteogenic-specific markers [14]. The cyto-
solic ligand-dependent transcription factor aryl hydrocarbon receptor
(AhR) mediates most of the harmful cardiovascular effects of IS [15-17].
The presence of AhR in aortic valve leaflets and the putative impact of IS
on the calcification of the aortic valve have not previously been
investigated.

The objectives of the present study were therefore to (i) determine
whether exposure to IS influences the osteoblast-like transition and
calcification of human VICs, and (ii) identify the cellular and molecular
mechanisms involved in these processes.

2. Methods
2.1. Culture of hVICs

Human aortic tricuspid valves were collected from patients with CAS
after valve replacement surgery at Amiens Picardie University Hospital
(Amiens, France). In accordance with French legislation, the patients
gave their informed consent to the valves’ use for research purposes. The
study was approved by the local institutional ethics committee
(approval reference: P12021_843_0002). The hVICs were isolated from
non-calcified areas of the valves and characterized as described previ-
ously [18,19]. Briefly, non-calcified valve fragments were incubated for
10 min at 37°C in Hanks’ Balanced Salt Solution (#H6648, Sigma
Aldrich) supplemented with 0.15% collagenase type A (#10103586001,
Sigma Aldrich) and vortexed every 2 minutes to remove the monolayer
of valvular endothelial cells (VEC). Fragments were then washed with
saline, cut into 2 mm? explants and incubated overnight at 37°C under
gentle agitation in DMEM medium (#D6546, Sigma Aldrich) containing
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0.15% collagenase type A. The resulting cell suspension was then sieved
(pore size: 70 pm) and centrifuged for 5 min at 1200 rpm. The harvested
cells were then seeded (800 000 cells per 75 cm? flask) and cultured in
complete DMEM containing 10% fetal bovine serum. This step marks the
first passage. Only primary hVICs cultures staining negative for VECs
markers (Von Willebrand factor and PECAM-1) were used in the ex-
periments. Experiments were performed on cells from passages 2 to 6.

2.2. Indoxyl sulfate preparation

The concentrations of IS (#13875, Sigma-Aldrich) used in our ex-
periments were chosen according to the EUToX uremic solutes database
(http://eutoxdb.odeesoft.com/index.php.), which provides an encyclo-
pedic list of uremic toxins containing their mean normal plasmatic
concentration, their highest mean/median uremic plasmatic concen-
tration and their highest plasmatic concentration ever reported in ure-
mia. Therefore, in our study hVICS were exposed to three concentrations
of IS: IS normal (ISn): 0.5 pg/mL = 2 pmol/1; IS uremic (ISu): 37 pg/mL
= 148 pmol/l; and IS maximum (ISmax): 233 pg/mL = 934 pmol/l.
Since IS is a potassium salt, a culture medium containing 233 pg/mL KCI
(a concentration equivalent to the potassium present in the ISmax
condition) was used as a negative control (CT). This CT condition is
represented by a dotted line in every graph presented in the manuscript.

2.3. The hVIC mineralization assay

To study the impact of IS on cell mineralization, hVICs (7500 cells
per well, in 48-well plates) were exposed for 14 days to ISn, ISu or ISmax
in the presence or absence of osteogenic medium (OM) containing 2.2
mmol/]l calcium and 2.2 mmol/] phosphate. This OM mimics the
elevation of the calcium x phosphate product observed in CKD patients,
which is one of the strongest inducer of cardiovascular calcification in
this population. Medium containing 1.8 mmol/I1 calcium and 1.1 mmol/1
phosphate was used as a non-calcific medium. The culture medium was
renewed every 3 days during the calcification process. For mineraliza-
tion experiments with transfected hVICs, the latter were re-transfected
every 3 days to ensure optimal siRNA activity. To determine whether
IL-6 secretion mediates IS pro-calcific effects, an antibody against IL-6
(10 pg/mL, #mab-hIL6, InvivoGen, San Diego, CA) was added to the
culture medium for the 14 days of the mineralization experiment.

2.4. Detection of mineral deposition

Mineral deposition was assayed using the o-cresolphthalein com-
plexone method or the alizarin red staining, as described in the Sup-
plementary Methods.

2.5. Transfection with siRNAs

Human VICs were transfected with siRNA diluted in OptiMEM
(Gibco, Carlsbad, CA), using Lipofectamine 2000 (#11668027, Invi-
troGen, Paisley, UK). SiRNAs targeting AhR (siAhR) and p65 (Silencer
select Pre-designed siRNA #AM16706, 1D:106524 and ID:109424,
respectively; Ambion, Foster City, CA) were used at a concentration of
15 nM. Scrambled siRNA (Silencer Select Negative Control #1 siRNA,
#AM4635, Ambion) served as a negative control.

2.6. RNA extraction and real-time PCR

Since mRNA extraction is not achievable on calcified cells, hVICs
mRNA expression has been assessed after 3 days of exposure to adequate
treatment. Briefly, mRNA was extracted from hVICs (80,000 cells per
well, in 6-well plates) using an RNeasy® Mini Kit (Qiagen), according to
the manufacturer’s instructions. RNA was reverse-transcribed into cDNA
using the High Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Foster City, CA, USA), according to the manufacturer’s
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Fig. 1. Indoxyl-sulfate promotes OM-induced hVICs osteogenic transition and subsequent mineralization. To evaluate the impact of IS on OM-induced osteogenic
transition and mineralization, hVICs were exposed for 3 or 14 days to either ISn, ISu or ISmax in presence of the OM. A. and B. Impact of a 3-day treatment with IS on
bmp2 (A.) and runx2 (B.) mRNA expression, assessed by qRT-PCR. Results represent six independent experiments. Data are expressed as a fold change vs the control
condition (CT: dotted line), which represents hVICs cultured in the absence of IS. Error bars represent the S.E.M. C. and D. Impact of a 14-day exposure to IS on the
mineralization of hVICs cultured in the OM. A quantitative determination of calcium concentrations was performed by the O-cresolphtalein complexone method (C.).
An alizarin red staining was performed to confirm the data (D.). Results represent seven independent experiments. For the quantification of mineral deposition, the
mean calcium content per well (measured by the o-cresolphthalein complexone method) was normalized to the mean total protein content. Data are expressed as a
fold-change relative to the control condition (CT: dotted line), which represents cells cultured in the absence of IS. Scale bars: 500pm. Error bars represent the S.E.M.
**p<0.01 and ***p<0.001 vs hVICs exposed to CT. $$p<0.01 vs hVICs exposed to ISn. #p<0.05 vs hVICs exposed to ISu.

instructions. Real-time PCRs were performed on a StepOnePlus real-time
PCR system (Applied Biosystems), using 2x SYBR® Green qPCR Master
Mix (Applied Biosystems). The parameters for quantitative PCR are
given in the Supplementary Methods. The sequences of the PCR primers
for each gene are given in Supplementary Table 1. Levels of mRNA were
normalized against that of the endogenous control (GAPDH), and the
fold-change was calculated relative to the CT experiment.

2.7. Western blotting

Since protein extraction is not achievable on calcified cells, hVICs
protein expression has been assessed after 3 days of exposure to
adequate treatment. Briefly, hVICs (80,000 cells per well, in 6-well
plates) were washed with PBS and then homogenized in lysis buffer
(25 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, and 1% NP40, pH 7.4)
containing phosphatase and protease inhibitor cocktails. The samples
were shaken for 30 min and centrifuged, and the supernatant was
collected. Proteins were assayed using the DC™ Protein Assay Kit (Bio-
Rad) and stored at -80°C for later analysis. To study p65 nuclear
translocation, hVICs (80,000 cells per well, in 6-well plates) were
starved for 4 hours in complete DMEM without serum before to be
exposed or nor to ISmax for 30 minutes. Cells were then lysed with the
kit NE-PER™ to extract the proteins from the nuclear and cytoplasmic
fractions separately (#78835, ThermoFisher Scientific), according to
manufacturer’s instruction. Western blotting was performed as
described in the Supplementary Methods.

2.8. Detection of tumor necrosis factor alpha (TNF-a), interleukin (IL)-6
and IL-1f in hVIC supernatants

To study the effects of IS on the hVICs’ secretion of pro-inflammatory
cytokines, hVICs (7500 cells per well, in 48-well plates) were exposed
for 3 days to ISn, ISu or ISmax in the presence or absence of the OM. Cell
culture supernatants were then harvested, centrifuged 10 min at 13000
rpm to remove particles and assayed by sandwich ELISA using micro-
fluidics Simple Plex cartridge™ for human TNF-a 2nd generation
(SPCKB-PS-002803), human IL-6 2nd generation (SPCKB-PS-003028)
and human IL-1p (SPCKB-PS-000216) (ProteinSimple, San Jose,
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California, USA) on Ella Automated Immunoassay SystemTM (Bio-
Techne, Minneapolis, Minnesota, USA) following manufacturer’s
instructions.

2.9. Statistical analysis

The results represented at least five independent experiments (i.e.
using cells isolated from different donors) performed in triplicate and
were expressed as the mean =+ standard error of the mean (SEM). The
fold-changes were calculated relative to the CT condition, which is
represented by a dotted line in every graph presented in the manuscript.
All statistical analyses were performed using GraphPad Prism software
(version 6.01, GraphPad Software Inc., San Diego, CA). Differences be-
tween two groups were assessed using the non-parametric Man-
n-Whitney test. The threshold for statistical significance was set to
p<0.05.

3. RESULTS

3.1. Indoxyl sulfate accentuates the OM-induced osteogenic transition
and calcification of hVICs

To evaluate the effects of IS on hVIC osteogenic transition and
mineralization, hVICs were exposed to ISn (2 pmol/1), ISu (148 pmol/1)
or ISmax (934 pmol/1) in the presence of an OM.

As presented in Supplementary Fig. 1, a 3-day exposure to the OM
promoted hVICs osteogenic transition, evidenced by the elevation of the
expression of the main osteogenic markers BMP2 and RUNX2 both at the
mRNA (Supplementary Fig. 1.A and B) and protein (Supplementary Fig.
1.C-E) level. Exposure to this OM promoted hVIC mineralization within
14 days (Supplementary Fig. 1.F-H).

Interestingly, a 3-day exposure to ISu or ISmax promoted a 2-fold
increase in OM-induced mRNA expression of BMP2 (p<0.05) (Fig. 1.
A) and RUNX2 (p<0.05) (Fig. 1.B), relative to cells cultured in the
absence of IS (control (CT) condition, represented by a dotted line in the
graphs). If this increased osteogenic transition was not sufficient to
promote OM-induced calcification after only 3 days of incubation
(Supplementary Fig. 2), a 14-day exposure to IS increased OM-induced
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Fig. 2. Human VICs express a functional aryl hydrocarbon receptor (AhR), which plays a key role in IS-induced hVICs osteogenic transition and calcification. A.
Western blot evaluation of AhR expression performed on whole cell lysates of human VICs isolated from 5 different donors. B. Effects of the siRNA targeting AhR on
AhR expression in h-VICs. Results represent five independent experiments. Error bars represent the S.E.M. C—D. Expression of cyplal (C.), cypla2 (D.) mRNA in
hVICs transfected either with a siRNA targeting AhR or a scrambled siRNA and exposed for 3 days to ISn or ISmax in non-calcific condition. Results represent at least
five independent experiments. Data are expressed as a fold change vs the control condition (CT: dotted line), which represents scramble-transfected cells cultured in
the absence of IS. Error bars represent the S.E.M. E. and F. Impact of the siRNA targeting AhR on IS-induced expression of bmp2 (E.) and runx2 (F.) mRNA in hVICs
cultured in the OM. Expression of bmp2 and runx2 transcripts was assessed by qRT-PCR following 3 days of treatment. Results represent at least six independent
experiments. Data are expressed as a fold change vs the control condition (CT: dotted line), which represents scramble-transfected cells cultured in the absence of IS.
Error bars represent the S.E.M. G.-I. Impact of a 3-day treatment with ISmax on BMP2 (G. and I.) and RUNX2 (H. and I.) protein expression in scrambled (siScr) or
AhR-siRNA (siAhR) transfected hVICs exposed to the OM, assessed by western blot. Results represent five independent experiments. Data are expressed as a fold
change vs the control condition (CT: dotted line), which represents scramble-transfected cells cultured in the absence of IS. Error bars represent the S.E.M. J. and K.
Impact of the siRNA targeting AhR on IS-induced hVICs mineralization. The quantitative determination of calcium concentrations was performed by the O-cre-
solphtalein complexone method (J.). An alizarin red staining was performed to confirm the data (K.). Results represent six independent experiments. For the
quantification of mineral deposition, the mean calcium content per well (measured by the o-cresolphthalein complexone method) was normalized to the mean total
protein content. Data are expressed as a fold-change relative to the control condition (CT: dotted line), which represents scramble-transfected cells cultured in the
absence of IS. Error bars represent the S.E.M. Scale bars: 500pm. Data are expressed as a fold change vs the control condition (CT: dotted line) which represents cells
cultured in the absence of IS. Error bars represent the S.E.M. **p<0.01 and ***p<0.001 vs hVICs exposed to CT. $p<0.05 and $$$p<0.001 vs hVICs exposed to ISn.
if#p<0.01 vs hVICs exposed to ISu. Ap<0.05, AAp<0.01 and AAAp<0.001 vs scrambled-transfected hVICs.

hVIC mineralization in a concentration-dependent manner, relative to had no impact on cell viability (Supplementary Fig. 7).
CT cells (ISu: +46% vs. CT (p<0.05), ISmax: +153% vs. CT (p<0.05))
(Fig. 1.C and D). In contrast, treatment with ISn had no impact on OM-
induced expression of BMP2 or RUNX2 or OM-driven mineralization,
relative to CT cells (Fig. 1.A-D).

Interestingly, exposure to ISu and ISmax in the absence of the OM
was also associated with significantly greater expression of BMP2 and
RUNX2 by hVICs (Supplementary Fig. 3.A-E). However, in the absence
of the OM this increased osteogenic transition was not sufficient to
promote hVICs mineralization at day 14 (Supplementary Fig. 3.F and G).
Interestingly, priming hVICs with IS for 7 days in the absence of the OM
rendered them more prone to mineralize when subsequently washed out
prior to be incubated solely with the OM (Supplementary Fig. 4.A and
B). This demonstrates that the elevation of the calcium x phosphate
product, which is a key feature in CKD patients, is mandatory to promote
the mineralization of IS-induced osteoblast-like hVICs. Exposure to
increasing concentrations of IS (whether under non-calcific or pro-
calcific conditions) did not affect the hVICs’ viability (Supplementary
Fig. 5 and 6).

3.4. IS-induced activation of the canonical NF-xB pathway promotes the
osteogenic transition and calcification of hVICs

Inflammation induced through the NF-xB pathway is a potent driver
of aortic valve calcification [20-22]. Since IS has been shown to pro-
mote NF-kB pathway in various cell types [16,23,24], we hypothesized
that IS-induced hVIC mineralization is linked to NF-kB activation. To
test this hypothesis, we first evaluated the impact of IS on IkBa degra-
dation, p65 phosphorylation and p65 nuclear translocation, which are
hallmarks of NF-xB pathway activation [25]. The results of the Western
blot analysis showed that exposure to ISu and ISmax but not ISn was
associated with significant, concentration-dependent decrease in IkBa
expression (Fig. 3.A) and a significant, concentration-dependent in-
crease in p65 phosphorylation (Fig. 3.B), relative to untreated cells.
These effects were associated with the induction of p65 nuclear trans-
location (Fig. 3.C), which confirms the ability of IS to promote the
activation of the NF-kB pathway in hVICs.

To further determine whether the NF-xB pathway is involved in the
3.2. Human VICs express a functional AhR IS-induced osteogenic differentiation and mineralization of hVICs, we

targeted p65 expression with siRNA approach. Transfection with the

Western blots performed on hVIC whole-cell lysates from five siRNA against p65 (which reduced p65 expression in hVICs by 80%;
different patients showed that these cells express the IS receptor AhR Fig. 3.D) blocked the accentuation of BMP2 and RUNX2 expression
(Fig. 2.A). To evaluate AhR’s responsiveness to IS, hVICs transfected induced by IS under both pro-calcific conditions (Fig. 3.E-I) or non-
with either siAhR (which reduced AhR expression in hVICs by 80%; calcific conditions (Supplementary Fig. 8.A and B). Transfection of
Fig. 2.B) or scrambled siRNA were exposed for 3 days to ISmax. The hVICs with the siRNA against p65 also completely blocked the ability of
mRNA expression of two typical AhR-responsive genes (CYPIAI1 and ISu and ISmax to promote OM-induced hVIC mineralization, relative to
CYP1A2) was monitored. In scrambled transfected cells, exposure to transfection with the scrambled siRNA (Fig. 3.J and K). Transfection of
ISmax markedly enhanced the expression of both CYP1AI and CYP1A2 hVICs with the siRNA against p65 did not modify cell viability, relative
mRNA (Fig. 2.C and D). In contrast, exposure to ISmax failed to promote to cells treated with the scrambled siRNA (Supplementary Fig. 9).
the mRNA expression of CYP1A1 and CYP1A2 in hVICs transfected with
siRNA targeting AhR (Fig. 2.C-D). These results showed that hVICs

cultured in non-calcific conditions can indeed respond to IS via AhR. 3.5. IS promotes the hVICs” secretion of IL-6 and IL-1/ but not TNF-a

Pro-inflammatory factors such as TNF-a, IL-1p and IL-6 drive

3.3. Downregulation of AhR expression prevents the IS-induced osteogenic myofibroblast-like hVICs to acquire an osteogenic phenotype and
transition and calcification of hVICs thereby promote the mineralization process [20,26]. Since the IS-
induced NF-xB pathway promotes the secretion of these cytokines in

To determine whether the IS-induced osteogenic transition and various cell types [16,23,24,27], we hypothesized that IS’s pro-calcific
calcification of hVICs depend on AhR activation, cells transfected with effects on hVICs depend on the secretion of these cytokines. To test
siAhR or scrambled-siRNA were exposed to ISn, ISu or ISmax in OM. this hypothesis, we first evaluated the ability of hVICs to secrete TNF-a,

Downregulation of AhR expression completely abolished the elevation IL-1f and IL-6 under basal culture conditions. ELISAs showed that hVICs
of BMP2 and RUNX2 induced by IS both at the mRNA (Fig. 2.E and F) cultured under non-calcific conditions are unable to secrete detectable
and protein level (Fig. 2.G-I). This effect was associated with a signifi- amounts of TNF-a but secrete very low amounts of IL-1p (mean + SEM:
cant decrease in hVICs mineralization (Fig. 2.J and K). In our model, 0.0915 + 0.0421 pg/mL) and high levels of IL-6 (1037 + 343.5 pg/mL)
hVICs were transfected every 3 days in order to maintain a low level of (Fig. 4.A). A 3-day exposure to the OM did not significantly modulate the
AhR expression throughout the mineralization process. This treatment hVICs’ basal secretion of these cytokines (Fig. 4.A).
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Fig. 3. IS-induced activation of the canonical NF-kB pathway promotes hVICs osteogenic transition and calcification. A. and B. Immunoblotting of IKBx (A.) and P-
p65 (B.) performed on whole cell lysates prepared from h-VICs stimulated with either ISn, ISu or ISmax for 30 min. Results represent at least six independent ex-
periments. Data are expressed as a fold change vs the control condition (CT: dotted line), which represents cells cultured in the absence of IS. Error bars represent the
S.E.M. C. Immunoblotting of p65 performed on the nuclear and cytoplasmic fraction of h-VICs stimulated or not with ISmax for 30 min. Results represent three
independent experiments. D. Effects of p65 siRNA on p65 expression in hVICs. Results represent four independent experiments. Error bars represent the S.E.M. E. and
F. Impact of a 3-day treatment with ISn, ISu or ISmax on bmp2 (E.) and runx2 (F.) mRNA expression in scrambled (siScr) or p65-siRNA (sip65) transfected hVICs,
assessed by qRT-PCR. Results represent at least six independent experiments. Data are expressed as a fold change vs the control condition (CT: dotted line), which
represent scramble-transfected cells cultured in the absence of IS. Error bars represent the S.E.M. G.-I. Impact of a 3-day treatment with ISmax on BMP2 (G. and I.)
and RUNX2 (H. and L.) protein expression in scrambled (siScr) or p65-siRNA (sip65) transfected hVICs exposed to the OM, assessed by western blot. Results represent
five independent experiments. Data are expressed as a fold change vs the control condition (CT: dotted line), which represents scramble-transfected cells cultured in
the absence of IS. Error bars represent the S.E.M. J. and K. Impact of ISn, ISu or ISmax on the mineralization of scrambled (siScr) or p65-siRNA (sip65) transfected
hVICs. The quantitative determination of calcium concentrations was performed by the O-cresolphtalein complexone method (J.). An alizarin red staining was
performed to confirm the data (K.). Results represent five independent experiments. For the quantification of mineral deposition, the mean calcium content per well
(measured by the o-cresolphthalein complexone method) was normalized to the mean total protein content. Data are expressed as a fold-change relative to the
control condition (CT: dotted line), which represents scramble-transfected cells cultured in the absence of IS. Error bars represent the S.E.M. Scale bars: 500 pm.
**p<0.01 and ***p<0.001 vs hVICs exposed to CT. $p<0.05, $$p<0.01 and $$$p<0.001 vs hVICs exposed to ISn. #p<0.05 and ##p<0.01 vs hVICs exposed to ISu.
ép<0,05 and AAp<0.05 sip65 vs siScr.

Under non-calcific conditions, exposure to ISu and ISmax increased activation, we evaluated the impact of IS on IL-6 expression and secre-
the mRNA expression of IL-1f and IL-6 in a concentration-dependent tion in hVICs transfected with siRNA against the AhR. Downregulation
manner (Supplementary Fig. 10.A and B), but failed to further the of AhR significantly reduced the elevation of IL-6 transcripts induced by

basal secretion of these cytokines (Supplementary Fig. 10.D and E) as ISu and ISmax under non-calcific conditions (Supplementary Fig. 11.B)
compared to untreated cells. Exposure to ISu and ISmax in OM was and pro-calcific conditions (Fig. 6.C). Downregulation of AhR also
associated with relative increases in both the expression and the secre- lowered the secretion of IL-6 induced by ISu and ISmax in cells cultured

tion of IL-1p (Fig. 4.B and E) and IL-6 (Fig. 4.C and F) in a concentration- in OM (Fig. 6.D).
dependent manner. Exposure to ISu and ISmax under either non-calcific

or pro-calcific conditions was associated with greater expression of TNF- 4. Discussion

a transcripts (relative to ISn-treated cells) in a concentration-dependent

manner (Supplementary Fig. 10.C and Fig. 4.D) but failed to induce TNF- Our present results showed that IS promotes the osteogenic transi-
a secretion in hVICs (Supplementary Fig. 10.F and Fig. 4.G). tion and calcification of primary hVICs in a direct, concentration-

In this hVIC model, the mean + SEM level of IL-1f produced in dependent manner. This effect depends on AhR-induced activation of
response to ISu (0.3 £+ 0.1154 pg/mL) or ISmax (0.5878 + 0.1672 pg/ the NF-kB pathway and the subsequent secretion of IL-6, which ulti-
mL) was far below the concentrations described as inducing hVIC mately promotes the hVICs’ osteogenic transition and calcification in an
calcification in vitro (typically ~10 ng/mL) [20,28]. However, the mean autocrine manner (Fig. 7). To the best of our knowledge, the present
quantity of IL6 secreted in response to ISu (3682 + 2072 pg/mL) or study is the first to have shown that IS-induced hVIC inflammation
ISmax (5368 + 3160 pg/mL) was similar to that known to induce the might be a key driver of CKD-related CAS. Given that aortic valve

osteogenic transition of hVICs in vitro [20]. We therefore hypothesized calcification is a well-validated marker of stenosis severity and a
that IL-6 secretion is responsible for IS-induced hVIC osteogenic tran- powerful predictor of disease progression and adverse events [7,30], our
sition and calcification. observation that IS promotes the osteogenic transition and calcification

of hVICs suggests that elevated IS can worsen outcomes in patients with
CKD. Further research should seek to determine whether the degree of
CAS is correlated with circulating levels of IS in patients with CKD.
Indoxyl sulfate is an endogenous ligand of the transcription factor
AhR; as mentioned above, it is now well established that AhR mediates
most of the harmful cardiovascular effects of IS [15-17]. To the best of
our knowledge, the present study is the first to have demonstrated that
hVICs express a functional AhR. In patients with cardiovascular disease,
AhR activation mediates vascular inflammation, changes in the pheno-
type of vascular cells, vascular remodeling, and atherogenesis [17,31].
AhR signaling is also associated with many age-related degenerative
processes [32]. Here, we found that AhR has a pivotal role in IS-induced
hVIC osteogenic differentiation and mineralization by promoting the
NF-xB-mediated activation of IL-6 secretion. Future studies should
evaluate whether the antagonism of AhR with compounds such as

3.6. IS-induced IL-6 secretion promotes the osteogenic transition and
calcification of hVICs

To assess IL-6’s involvement in IS-induced hVIC osteogenic transi-
tion and calcification, cells cultured in OM were then exposed to ISmax
in the presence or absence of an antibody against IL-6. Exposure to this
antibody significantly attenuated the ISmax-induced elevation in BMP2
and RUNX2 expression both at the mRNA (Fig. 5.A and B) and protein
(Fig. 5.C-E) level, as compared to vehicle-treated cells. The presence of
the antibody during the mineralization assay completely abolished
ISmax-induced mineralization of hVICs, relative to vehicle-treated cells
(Fig. 5.F and G).

3.7. IS-induced IL-6 expression and secretion depends on the AhR and resveratrol (which efficiently prevents the osteogenic transition and
activation of the NF-«xB pathway calcification of cardiovascular cells [33-35]) slows down hVIC miner-
alization in a CKD setting.

Production of IL-6 is a hallmark of NF-«kB pathway activation [29]. Our results further showed that IS-induced IL-6 secretion in hVICs
To determine whether IS-induced IL-6 secretion depended on NF-kB depends on activation of the NF-kB pathway, the blockade of which
activation, we evaluated the impact of IS on IL-6 expression and secre- reduced IL-6 secretion and subsequent osteogenic differentiation and
tion in hVICs transfected with siRNA against p65. Downregulation of calcification. These observations are in line with previous reports in
p65 significantly reduced the elevation of IL-6 transcripts induced by ISu which the IS-induced calcification of aortic VSMCs depended on NF-xB
and ISmax under non-calcific conditions (Supplementary Fig. 11.A) and activation [36]. Furthermore, the induction of the NF-xB signaling
pro-calcific conditions (Fig. 6.A). Downregulation of p65 also reduced pathway has a critical role in the development and progression of CAS
the secretion of IL-6 induced by ISu and ISmax in cells cultured in OM [37,38]. Indeed, the NF-kB-induced expression of BMP2 and RUNX2
(Fig. 6.B). promotes hVIC mineralization [26,37,38]. In this context, it is

To determine whether IS-induced IL-6 secretion depended on AhR
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Fig. 4. IS promotes hVICs secretion of both IL-6 and IL-1p but not TNF-a. A. Evaluation by ELISA of TNF-q, IL-1p and IL-6 basal secretion by primary hVICs exposed
for 3 days to the non-calcific or the pro-calcific medium. Results represent six independent experiments. Error bars represent the S.E.M. ¥p<0.05 and ¥¥p<0.01: IL-6
secretion vs IL-1f secretion. B—D. Impact of a 3-day treatment with ISn, ISu or ISmax on IL-1f (B.), IL-6 (C.) and TNF-« (D.) mRNA expression, assessed by qRT-PCR.
Results represent at least six independent experiments. Data are expressed as a fold change vs the control condition (CT: dotted line), which represents cells cultured
in the absence of IS. Error bars represent the S.E.M. E-G. Impact of a 3-day treatment with ISn, ISu or ISmax on IL-1p (E.), IL-6 (F.) and TNF-« (G.) secretion, assessed
by ELISA. Results represent at least six independent experiments. Data are expressed as a fold change vs the control condition (CT: dotted line), which represents cells
cultured in the absence of IS. *p<0.05, **p<0.01 and ***p<0.001 vs hVICs exposed to CT. $p<0.05, $$p<0.01 and $$$p<0.001vs hVICs exposed to ISn. #p<0.05

and ##p<0.01 vs hVICs exposed to ISu. OM: osteogenic medium.

noteworthy that reducing the level of NF-kB-induced autocrine inflam-
mation in hVICs (using the JAK inhibitor ruxolitinib) prevents the
osteogenic transition and calcification [39]. Similar data were obtained
following the inhibition of NF-kB-induced RUNX2 activation with
hydrogen sulfide [38]. Therefore, in the current absence of effective
ways of reducing IS levels, future research should seek to determine
whether the use of agents such as ruxolitinib or hydrogen sulfide can

prevent IS’s pro-calcific effects on hVICs.

Expression of IL-6 is elevated in aortic valve leaflets isolated from
patients with CAS, and this elevation is correlated with the remodeling
process [40]. In vitro, primary cultures of human VICs isolated from CAS
patients express high levels of IL-6 [40]. We found here that hVICs from
CAS patients secrete three times more IL-6 than unpolarized THP1-
derived macrophages in basal culture conditions (hVICs: 1037 =+
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Fig. 5. IS-induced IL-6 secretion promotes hVICs osteogenic transition and calcification. A. and B. Impact of IS on bmp2 (A.) and runx2 (B.) mRNA expression in
hVICs cultured in the OM in the presence or absence of an antibody-neutralizing IL-6 (IL-6 Ab). The expression of bmp2 and runx2 transcripts was assessed by qRT-
PCR following 3 days of treatment. Results represent eight independent experiments. Data are expressed as a fold change vs the control condition (CT: dotted line),
which represents vehicle-treated cells cultured in the absence of IS. Error bars represent the S.E.M. C.-E. Impact of IS on BMP2 (C. and E) and RUNX2 (D. and E)
protein expression in hVICs cultured in the OM in the presence or absence of an antibody-neutralizing IL-6 (IL-6 Ab). The impact of IS on BMP2 and RUNX2
expression was assessed by western blot following 3 days of treatment. Results represent five independent experiments. Data are expressed as a fold change vs the
control condition (CT: dotted line), which represents vehicle-treated cells cultured in the absence of IS. Error bars represent the S.E.M. F. and G. Impact of IS on the
mineralization of hVICs cultured in the OM in the presence or absence of an antibody-neutralizing IL-6 (IL-6 Ab). The quantitative determination of calcium con-
centrations was performed by the O-cresolphtalein complexone method (F.). An alizarin red staining was performed to confirm the data (G.). Results represent five
independent experiments. For the quantification of mineral deposition, the mean calcium content per well (measured by the o-cresolphthalein complexone method)
was normalized to the mean total protein content. Data are expressed as a fold-change relative to the control condition (CT: dotted line), which represents vehicle-
treated cells cultured in the absence of IS. **p<0.01 and ***p<0.001 vs hVICs exposed to CT. @p<0.05 and @@p<0.01: IL-6 Ab vs vehicle.

343.5 pg/mL; macrophages: 344.9 £+ 65.79 pg/mL, p=0.012) (Supple- phosphate-containing medium can double the cells’ production of IL-6
mentary Fig. 12.A). We also found that the hVICs’ basal secretion of IL-6 [40]. In our model, exposure to OM in the absence of IS did not pro-

is amplified by IS and that the mean quantity of IL-6 produced in mote IL-6 secretion. However, neutralization of IL-6 completely blocked
response to ISu (3682 + 2072 pg/mL) and ISmax (5368 + 3160 pg/mL) OM-induced calcification and thus confirmed El Husseini et al.’s
is similar to that known to induce the osteogenic transition of hVICs in observation of IL-6-dependent, phosphate-induced hVIC mineralization.
vitro [20]. These findings indicate that under certain pathological con- We found that exposure of hVICs to ISu and ISmax in OM was also
ditions (e.g. CKD), hVICs can secrete more IL-6 than immune cells do — associated with greater, concentration-dependent secretion of IL-1f.
thereby promoting their osteogenic transition and calcification in an However, the mean quantity of IL-1p produced in response to ISu or
autocrine manner. Our present findings support Adelibieke et al.’s ISmax was far below that described as inducing hVIC modifications in
report in which IS strongly induced the production of IL-6 in both vitro [20,28]. Our observation is in line with a report showing that IS
vascular endothelial cells and vascular smooth muscle cells [16]; this promotes the production of Il-1p by THP1-derived macrophages by
might explain why treatment with the oral sorbent AST-120 is associated activating AhR/NF-kB cascades but not the NLRP3 inflammasome;
with a reduction in serum IL-6 levels in patients on dialysis [41]. mature IL-1 levels were only slightly elevated in these cells [42]. Taken

In 2014, El Husseini et al. reported that a treatment of hVICs with a as a whole, these data suggest that IL-1f secretion by hVICs (which was
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Fig. 6. IS-induced IL-6 expression and
secretion depends on AhR and NF-xB
pathway activation. A. Impact of IS on IL-
6 mRNA expression in scrambled (siScr)
or p65-siRNA (sip65) transfected hVICs
cultured in the OM. Analysis of IL-6
transcripts was monitored by qRT-PCR,
following 3 days of treatment. Results
represent eight independent experiments.
Data are expressed as a fold change vs the
control condition (CT: dotted line), which
represents cells cultured in the absence of
IS. Error bars represent the S.E.M. B.
Impact of IS on IL-6 secretion in scram-
bled (siScr) or p65-siRNA (sip65) trans-
fected hVICs cultured in the OM. Analysis
of IL-6 secretion was monitored by ELISA
following 3 days of treatment. Results
represent seven independent experiments.
Data are expressed as a fold change vs the
control condition (CT: dotted line), which
represents cells cultured in the absence of
IS. Error bars represent the S.E.M.

C. Impact of IS on IL-6 expression in
scrambled (siScr) or AhR-siRNA (siAhR)
transfected hVICs cultured in the OM.
Analysis of IL-6 transcripts was monitored
by qRT-PCR, following 3 days of treat-
ment. Results represent seven indepen-
dent experiments. Data are expressed as a
fold change vs the control condition (CT:
dotted line), which represents cells
cultured in the absence of IS. Error bars
represent the S.E.M. D. Impact of IS on IL-
6 secretion in scrambled (siScr) or AhR-
siRNA  (siAhR) transfected hVICs
cultured in the OM. Analysis of IL-6
secretion was monitored by ELISA
following 3 days of treatment. Results
represent six independent experiments.
Data are expressed as a fold change vs the
control condition (CT: dotted line), which
represents cells cultured in the absence of

siScr siAhR

around 4000-fold lower in hVICs (0.0915 + 0.042 pg/mL) than in
macrophages (414.4 + 191.23 pg/mL; p=0.012; supplementary Fig. 12.
B) is unlikely to be involved in IS’s pro-calcific effects. In our model,
hVICs were unable to secrete TNF-a even when cultured in an OM
supplemented with IS. This finding is in line with a report whereby
hVICs do not secrete TNF-a in response to LPS [43] and suggests that
local production of TNF-a by hVICs is unlikely to be involved in the
progression of CAS. The key role of IL-6 in IS-induced hVIC minerali-
zation highlighted in our model is also supported by the finding that IL-
1B and TNF-a do not promote RUNX2 activation in hVICs [20].

A growing body of evidence indicates that IL-6 has a key role in CKD-
related cardiovascular calcification [44]. Indeed, IL-6 is one of the
inflammation biomarkers that best predicts the clinical outcome in pa-
tients with CKD [45]. Interestingly, Vidula et al.’s study of a large cohort
of 940 patients with AS and a normal renal function showed that
circulating levels of IL-6 are strongly associated with the risk of adverse
outcomes [46]. To date, the relationship between circulating levels of IL-
6 and the severity of CAS in patients with CKD has not been investigated.
The fact that IL-6 neutralization blocks IS pro-calcific effects in our

siScr

27

IS. Error bars represent the S.E.M.
**p<0.01 and ***p<0.001 vs hVICs
exposed to CT. $p<0.05, $$p<0.01 and $
$$p<0.001 vs hVICs exposed to ISn.
#p<0.05 and ##p<0.01 vs hVICs
exposed to ISu. Ap<0.05 and AAp<0.01
vs scrambled-transfected hVICs.

siAhR

model is therefore of particular interest because ziltivekimab (a mono-
clonal antibody against IL-6) is currently in clinical investigation in
patients with stage 3-5 CKD [47,48]. When administered to dialyzed
patients who respond poorly to erythropoiesis-stimulating agents, zilti-
vekimab was well tolerated and was associated with a reduction in
inflammation marker levels and anemia and better nutritional status
[49]. The ongoing Ziltivekimab Cardiovascular Outcomes Study, which
objective is to compare ziltivekimab with placebo in 6200 patients with
stage 3—4 CKD and elevated serum levels of high-sensitivity C-reactive
protein, should soon provide formal evidence of whether or not reducing
circulating IL-6 levels leads to a decrease in the cardiovascular event rate
[50]. If the clinical outcomes are positive, further studies will have to
determine whether treatment with ziltivekimab also slows the pro-
gression of CAS in a CKD setting.

5. Conclusion

Activation of the AhR- NF-kB pathway by IS promoted the osteogenic
transition and calcification of primary hVICs. We found that the
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Fig. 7. Indoxyl-sulfate activation of the AhR- NF-xB pathway promotes IL-6
secretion and subsequent osteogenic differentiation and mineralization of
human valvular interstitial cells from the aortic valve: A schematic view.

secretion of IL-6 following activation of the AhR- NF-xB pathway is a
crucial event in the osteogenic transition and subsequent calcification of
hVICs. We showed that molecular interventions that block NF-xB
pathway activation or IL-6 secretion efficaciously reduced the IS-
induced osteogenic transition and calcification of hVICs in vitro. Since
the conclusions drawn in this manuscript are exclusively based on in
vitro data, further studies will be needed to confirm the role played by IS
on the development of AS and subsequent cardiac dysfunction in animal
models of CKD. In the absence of effective ways of reducing IS levels,
future research should seek to determine whether targeting inflamma-
tory pathways in this animal model can reduce the onset and progression
of CKD-related CAS. Lastly, our findings suggest that the impact of
alternative IS-lowering strategies (such as the use of oral sorbents like
AST-120, the modulation of gut microbiota with probiotics, or the
preservation of residual kidney function via peritoneal dialysis) should
also be investigated in the context of CKD-related aortic stenosis.
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Glossary

AhR:

aryl hydrocarbon receptor

AVR: aortic valve replacement

Bmp2: bone morphogenetic protein 2

CAS: calcific aortic stenosis

CKD: chronic kidney disease

HVICs: human valvular interstitial cells

IxBa: NF kappa B inhibitor o

IL-6: interleukin 6

IL-14: interleukin 1p

IS: indoxyl-sulfate

ISn: normal concentration of indoxyl-sulfate

ISu: average uremic concentration of indoxyl-sulfate
ISmax: maximum uremic concentration of indoxyl-sulfate
NF-xB: nuclear factor-kappa B

OM: osteogenic medium

Runx2: runt-related transcription factor 2

SiRNA: small interfering RNA

siAhR: siRNA targeting AhR

sip65: siRNA targeting p65

siScr: scrambled siRNA

TNF-a: tumor necrosis factor o
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