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OPEN ACCESS In chronic kidney disease (CKD), hyperphosphatemia is a key factor promoting medial vas-
cular calcification, a common complication associated with cardiovascular events and high
mortality. Vascular calcification involves osteo-/chondrogenic transdifferentiation of vascular
smooth muscle cells (VSMCs), but the complex signaling events inducing pro-calcific path-
ways are incompletely understood. The present study investigated the role of acid sphin-
gomyelinase (ASM)/ceramide as regulator of VSMC calcification. In vitro, both, bacterial sph-
ingomyelinase and phosphate increased ceramide levels in VSMCs. Bacterial sphingomyeli-
nase as well as ceramide supplementation stimulated osteo-/chondrogenic transdifferenti-
ation during control and high phosphate conditions and augmented phosphate-induced
calcification of VSMCs. Silencing of serum- and glucocorticoid-inducible kinase 1 (SGK1)
blunted the pro-calcific effects of bacterial sphingomyelinase or ceramide. Asm defi-
ciency blunted vascular calcification in a cholecalciferol-overload mouse model and ex
vivo isolated-perfused arteries. In addition, Asm deficiency suppressed phosphate-induced
osteo-/chondrogenic signaling and calcification of cultured VSMCs. Treatment with the func-
tional ASM inhibitors amitriptyline or fendiline strongly blunted pro-calcific signaling path-
ways in vitro and in vivo. In conclusion, ASM/ceramide is a critical upstream regulator of vas-
cular calcification, at least partly, through SGK1-dependent signaling. Thus, ASM inhibition
by repurposing functional ASM inhibitors to reduce the progression of vascular calcification
during CKD warrants further study.

Introduction

The excessive risk of cardiovascular events in chronic kidney disease (CKD) is associated with medial
Received: 07 September 2020 vascular calcification [1,2]. This calcification is considered an active process involving transdifferentia-
Revised: 07 January 2021 tion of vascular smooth muscle cells (VSMCs) into cells with osteoblast- and chondroblast-like properties
Accepted: 21 January 2021 [3,4]. These cells display increased expression of osteogenic transcription factors such as msh homeobox 2
(MSX2) and core-binding factor «1 (CBFA1) and subsequent expression of osteogenic enzymes including
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Figure 1. ASM promotes osteo-/chondrogenic transdifferentiation and aggravates phosphate-induced calcification of
HAoSMCs

(A-C) Scatter dot plots and arithmetic means + SEM (n=8; arbitrary units, a.u.) of MSX2 (A), CBFA1 (B) and ALPL (C) relative mRNA
expression in HAoSMCs following treatment for 24 h with control (CTR), bacterial sphingomyelinase (SMase) or 3-glycerophosphate
(Pi) alone and together with bacterial sphingomyelinase (SMase). (D) Scatter dot plots and arithmetic means + SEM (n=10, a.u.)
of normalized ALP activity in HAoSMCs following treatment for 7 days with control (CTR), bacterial sphingomyelinase (SMase) or
3-glycerophosphate (Pi) alone and together with bacterial sphingomyelinase (SMase). (E) Representative images showing Alizarin
Red staining in HAoSMCs following treatment for 11 days with control (CTR), bacterial sphingomyelinase (SMase) or calcification
medium (Calc.) alone and together with bacterial sphingomyelinase (SMase). The calcified areas are shown as red. (F) Scatter dot
plots and arithmetic means + SEM (n=4; ng/mg protein) of calcium content in HAoSMCs following treatment for 11 days with
control (CTR), bacterial sphingomyelinase (SMase) or calcification medium (Calc.) alone and together with bacterial sphingomyeli-
nase (SMase). *(P<0.05), **(P<0.001) significant compared with control HAoSMCs; 1(P<0.05), 1(P<0.01), {11(P<0.001) significant
compared with Pi/Calc.-treated HA0OSMCs.

phosphate is considered a key factor promoting VSMC osteo-/chondrogenic transdifferentiation and calcification via
complex signaling pathways [3,6,7]. Activation of the transcription factor nuclear factor k-light-chain-enhancer of
activated B cells (NF-kB) by the serum- and glucocorticoid-inducible kinase 1 (SGK1) is described as critical signaling
event promoting VSMC calcification [8], but the upstream regulators are still ill-defined [3]. VSMC calcification
involves may involve processing of calcium-phosphate particles in lysosomes [9]. Lysosomal alkalinization is able to
interfere with phosphate-induced VSMC osteo-/chondrogenic transdifferentiation [10].

Acid sphingomyelinase (ASM) is a ceramide-producing enzyme active at acidic pH [11], localized mainly in the
lysosomes [12], but also secreted extracellularly [13], possibly involving lysosomal exocytosis [14]. Ceramides are
sphingolipids, which can function as signaling molecules [15,16] with a critical role in vascular physiology and
pathophysiology [13,17-19]. Ceramides are generated through hydrolysis of sphingomyelin by sphingomyelinases,
and in addition through the salvage pathway or de novo synthesis [17,20]. Sphingomyelinases differ in their enzy-
matic properties and subcellular localization, which determine the signaling cascades and cellular processes regu-
lated [13]. Moreover, various pathological stimuli may induce relocation of ASM to the plasma membrane producing
ceramide-enriched cell membrane domains [16,21,22].
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Figure 2. Phosphate increases ceramide levels in HAoSMCs
(A) Representative confocal microscopy images showing ceramide levels in HAoSMCs following treatment for 5 min with control
(CTR), bacterial sphingomyelinase (SMase) or 3-glycerophosphate (Pi) alone and together with bacterial sphingomyelinase (SMase).
Ceramide: green labeling, nuclei: magenta labeling. Scale bar: 50 um. (B) Representative histograms of flow cytometry analysis and
scatter dot plots and arithmetic means + SEM (n=6; arbitrary units, a.u.) of normalized ceramide-dependent fluorescence intensity
in HAoSMCs following treatment for 5 min with control (CTR), bacterial sphingomyelinase (SMase) or 3-glycerophosphate (Pi)
alone and together with bacterial sphingomyelinase (SMase) or amitriptyline (Ami). **(P<0.01), **(P<0.001) significant compared
with control HAoSMCs; 111(P<0.001) significant compared with Pi-treated HAoSMCs.

Ceramides are also found in the circulation, and may be modified by diet [23]. Some plasma ceramides and espe-
cially ratios of ceramide species have been suggested as biomarkers for cardiovascular risk [24-26]. Increased plasma
ceramide levels are observed in CKD patients [27]. ASM activation and ceramide accumulation have been suggested
to contribute to endothelial dysfunction and atherosclerosis [28,29]. However, also atheroprotective effects of ASM
were described [30,31]. Nonetheless, a possible involvement of ASM [32] and ceramide [33,34] in the signaling lead-
ing to vascular calcification is described.

We hypothesize that ASM activation and ceramide production may be induced by high phosphate conditions in
VSMCs and ASM/ceramide may participate in the signaling promoting osteo-/chondrogenic transdifferentiation of
VSMCs and, thus, contribute to the progression of vascular calcification. Therefore, the present study investigates
the role and the underlying mechanisms of ASM in osteo-/chondrogenic transdifferentiation of VSMCs and vascular
calcification during hyperphosphatemia.

Materials and methods

Cell culture of primary human aortic smooth muscle cells

Primary human aortic smooth muscle cells (HAoSMCs) (Thermo Fisher Scientific and Sigma-Aldrich) were rou-
tinely cultured (passages from 4 to 11) as described previously [35-37]. Where indicated, HAoSMCs were transfected
with 10 nM SGK1 siRNA (ID no. s740) or 10 nM negative control siRNA (ID no. 4390843) using siPORT amine
transfection agent (all from Thermo Fisher Scientific) [8]. HAoSMCs were transfected with 2 1ig DNA encoding con-
stitutively active SGK1%#22 in pcDNA3.1 vector or empty vector as control [8,38] using X-tremeGENE HP DNA
transfection reagent (Sigma-Aldrich). Cells were used 48 h after transfection and silencing or overexpression effi-
ciency was verified by RT-PCR. HAoSMCs were treated with 0.01 U/ml sphingomyelinase (Staphylococcus aureus)
(Enzo Life Sciences) [39], 10 uM C2-ceramide (stock in DMSO, Enzo Life Sciences) [33], 2 mM [3-glycerophosphate
(Sigma-Aldrich) [40-42], 5 uM amitriptyline (Sigma-Aldrich) [39], 5 uM fendiline (stock in DMSO, Santa Cruz
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Figure 3. Ceramide stimulates osteo-/chondrogenic transdifferentiation and augments phosphate-induced calcification of
HAoSMCs

(A-C) Scatter dot plots and arithmetic means + SEM (n=6; arbitrary units, a.u.) of MSX2 (A), CBFAT (B) and ALPL (C) relative
mRNA expression in HAoSMCs following treatment for 24 h with control (CTR), C2-ceramide (C2-cer) or 3-glycerophosphate (Pi)
alone and together with C2-ceramide (C2-cer). (D) Scatter dot plots and arithmetic means + SEM (n=10, a.u.) of normalized ALP
activity in HAoSMCs following treatment for 7 days with control (CTR), C2-ceramide (C2-cer) or 3-glycerophosphate (Pi) alone and
together with C2-ceramide (C2-cer). (E) Representative images showing Alizarin Red staining in HAoSMCs following treatment for
11 days with control (CTR), C2-ceramide (C2-cer) or calcification medium (Calc.) alone and together with C2-ceramide (C2-cer).
The calcified areas are shown as red. (F) Scatter dot plots and arithmetic means + SEM (n=4; ng/mg protein) of calcium content
in HAoSMCs following treatment for 11 days with control (CTR), C2-ceramide (C2-cer) or calcification medium (Calc.) alone and
together with C2-ceramide (C2-cer). *(P<0.05), **(P<0.01), **(P<0.001) significant compared with control HAoSMCs; 1(P<0.05),
11(P<0.01), 111(P<0.001) significant compared with Pi/Calc.-treated HAoSMCs.

Biotechnology), 1 uM LY294002 (stock in DMSO, Enzo Life Sciences) and/or 100 nM wortmannin (stock in DMSO,
Enzo Life Sciences) [43]. Equal amounts of vehicle were used as control. HAoSMCs were serum starved for 24 h
prior to treatment with 15% uremic serum from hemodialysis patients (uremic serum, US) or control serum from
matched healthy individuals (normal serum, NS) [8,41]. For analysis of mineralization, treatment with calcification
medium containing 10 mM {3-glycerophosphate and 1.5 mM CaCl, (Sigma-Aldrich) was used [37]. For long-term
experiments, fresh medium with agents was added every 2-3 days.

Animal experiments

All animal experiments were approved by local authorities at University of Tuebingen, Charite Berlin and Medi-
cal University Vienna (Regierungsprésidium Tuebingen, LAGESO Berlin, BMBWF Vienna). Asm knockout mice
(Asm™/7) deficient in Asm activity and corresponding wild-type mice (Asm*'*) were generated by gene targeting
described previously [44,45]. Calcification was induced by high-dosed cholecalciferol treatment [46-48] in Asm*/*
and Asm~'~ mice and in C57BL/6 mice receiving water with control or supplemented with 100 mg/l amitriptyline
(Sigma-Aldrich) or 67.5 mg/l fendiline (Santa Cruz Biotechnology) [49]. Mice were injected subcutaneously with
400000 IU/kg BW of cholecalciferol (Sigma-Aldrich) or vehicle for 3 days [8,37,47]. After 6 days, blood was obtained
by retro-orbital puncture and animals were killed by cervical dislocation during inhalative isoflurane anesthesia and
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Figure 4. ASM and ceramide up-regulate SGK1 expression in HAoSMCs

(A) Representative Western blots and scatter dot plots and arithmetic means + SEM (n=5; arbitrary units, a.u.) of normalized
SGK1/GAPDH protein ratio in HAoSMCs following treatment for the indicated times with bacterial sphingomyelinase (SMase). (B)
Representative Western blots and scatter dot plots and arithmetic means + SEM (n=5; a.u.) of normalized SGK1/GAPDH protein
ratio in HAoSMCs following treatment for the indicated times with C2-ceramide (C2-cer). *(P<0.05) significant compared with
control HAoSMCs.

tissues snap-frozen in liquid nitrogen. A photometric method (FUJI FDC 3500i, Sysmex) was employed for determi-
nation of serum phosphate and calcium concentrations.

Cell culture of primary mouse aortic smooth muscle cells

Primary mouse aortic smooth muscle cells (MAoSMCs) were isolated from Asm™~ and Asm*’* mice and routinely
cultured (passages from 3 to 7) as described previously [50]. MAoSMCs were treated with 2 mM [3-glycerophosphate
(Sigma-Aldrich) and/or 0.01 U/ml sphingomyelinase (Staphylococcus aureus) (Enzo Life Sciences). For analysis
of mineralization, treatment with calcification medium containing 10 mM (3-glycerophosphate and 1.5 mM CaCl,
(Sigma-Aldrich) was used. For long-term experiments, fresh medium with agents was added every 2-3 days.

+/+

Isolated-perfused aortic tissue

For ex vivo perfusion, Aorta thoracales from Asm~'~ and Asm™* mice were used as described previously [51] with
modifications for the mouse aorta instead of rat aorta. Briefly, a smaller perfusion chamber for a single mouse arterial
perfusion was designed. In addition, the aortic preparation was refined for the smaller vessel type. For aorta clamping,
blunted needles (26 gauge) were used. The aorta was perfused for 7 days under sterile conditions with calcification
medium containing 5 mM sodium dihydrogen phosphate and 284 puM ascorbic acid. The medium was changed every
2 days. Afterwards, the aorta was collected for further analysis.

RNA isolation and RT-PCR

Total RNA was isolated from cells after 24 h of treatment and from aortic tissues by using TRIzol Reagent (Thermo
Fisher Scientific). Reverse transcription of total RNA was performed by using oligo(dT),-1s primers and SuperScript
III Reverse Transcriptase (Thermo Fisher Scientific). RT-PCR was performed in duplicate with iQ SYBR Green Su-
permix (Bio-Rad Laboratories) and CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories). The specificity
of the PCR products was confirmed by analysis of the melting curves. Relative mRNA fold changes were calculated
by the 2744¢ method using GAPDH as internal reference.

The following human primers were used (Thermo Fisher Scientific, 5'—3') [8,40,52]:

ALPL fw: GGGACTGGTACTCAGACAACG;

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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ALPL rev: GTAGGCGATGTCCTTACAGCCG;
BAX fw: CCCGAGAGGTCTTTTTCCGAG;
BAX rev: CCAGCCCATGATGGTTCTGAT;
BCL2 fw: GGTGGGGTCATGTGTGTGG;
BCL2 rev: CGGTTCAGGTACTCAGTCATCG;
CBFAI fw: GCCTTCCACTCTCAGTAAGAAGA;
CBFA1 rev: GCCTGGGGTCTGAAAAAGGG;
GAPDH fw: GAGTCAACGGATTTGGTCGT;
GAPDH rev: GACAAGCTTCCCGTTCTCAG;
MSX2 fw: TGCAGAGCGTGCAGAGTTC;
MSX2 rev: GGCAGCATAGGTTTTGCAGC;
SGK1 fw: GCAGAAGAAGTGTTCTATGCAGT;
SGK1 rev: CCGCTCCGACATAATATGCTT.

The following mouse primers were used (Thermo Fisher Scientific, 5'—3') [8,40,41,52]:

Alpl fw: TTGTGCCAGAGAAAGAGAGAGA;
Alplrev: GTTTCAGGGCATTTTTCAAGGT;
Cbfal tw: AGAGTCAGATTACAGATCCCAGG;
Cbfal rev: AGGAGGGGTAAGACTGGTCATA;
Gapdh fw: AGGTCGGTGTGAACGGATTTG;
Gapdh rev: TGTAGACCATGTAGTTGAGGTCA;
Msx2 fw: TTCACCACATCCCAGCTTCTA;
Msx2 rev: TTGCAGTCTTTTCGCCTTAGG;
Sgkl fw: CTGCTCGAAGCACCCTTACG;

Sgkl rev: TCCTGAGGATGGGACATTTTCA.

Protein isolation and Western blotting

Following treatment for the indicated times, HAoSMCs were lysed with ice-cold IP lysis buffer supplemented with
complete protease and phosphatase inhibitor cocktail (all from Thermo Fisher Scientific) [8,35,36]. Equal amounts
of proteins were boiled in Roti-Load1 Buffer (Carl Roth) at 100°C for 10 min, separated on SDS/polyacrylamide gels
and transferred to PVDF membranes. The membranes were incubated overnight at 4°C with primary antibodies:
rabbit anti-SGK1 antibody (diluted 1:1000, #12103) or rabbit anti-GAPDH antibody (diluted 1:5000, #2118) and
then with secondary anti-rabbit HRP-conjugated antibody (diluted 1:1000) (all from Cell Signaling) for 1 h at room
temperature. For loading controls, the membranes were stripped in stripping buffer (Thermo Fisher Scientific) at
room temperature for 10 min. Antibody binding was detected with ECL detection reagent (Thermo Fisher Scientific)
and bands were quantified by using Image] software. Results are shown as the ratio of total protein to GAPDH,
normalized to the control group.

Immunostaining and confocal microscopy

After 5 min of treatment, HAoSMCs were fixed with 4% paraformaldehyde/PBS for 20 min at room temperature.
Slides were blocked with 5% normal goat serum in PBS for 1 h at room temperature and incubated with primary
mouse anti-ceramide antibody (diluted 1:50 in PBS, Enzo Life Sciences) overnight at 4°C and then with anti-mouse
Alexa 488-conjugated antibody (diluted 1:1000 in PBS, Thermo Fisher Scientific) for 1 h at room temperature [53].
Nuclei were stained using DRAQ5 dye (diluted 1:1000 in PBS, Biostatus) for 10 min at room temperature. The slides
were mounted with Prolong Gold antifade reagent (Thermo Fisher Scientific). Negative controls were carried out
simultaneously with all experiments by omitting incubation with primary antibody. Images were collected with a
confocal imaging system (A1Rsi+, Nikon Instruments) using a 60x (Oil), 1.4 NA objective [37,41].

Flow cytometry analysis

HAo0SMCs treated for 5 min or 24 h were harvested by trypsinization, blocked with 3% bovine serum albumin (BSA)
in PBS for 15 min on ice and incubated with primary mouse anti-ceramide antibody (diluted 1:10 in 0.1% BSA/PBS,
Enzo Life Sciences) for 45 min at 4°C and then with anti-mouse Alexa 488-conjugated antibody (diluted 1:50 in 0.1%
BSA/PBS, Thermo Fisher Scientific) for 30 min at 4°C in the dark. Negative controls were carried out simultaneously

520 (© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 5. Silencing of SGK1 blunts ASM- and ceramide-induced osteo-/chondrogenic transdifferentiation of HAoSMCs
(A-C) Scatter dot plots and arithmetic means + SEM (n=6; arbitrary units, a.u.) of MSX2 (A), CBFAT (B) and ALPL (C) relative
mRNA expression in HAoSMCs following transfection with negative control siRNA (Neg.si) or SGK1 siRNA (SGK1si) and treatment
for 24 h with control or bacterial sphingomyelinase (SMase). (D-F) Scatter dot plots and arithmetic means + SEM (n=6; a.u.)
of MSX2 (D), CBFAT1 (E) and ALPL (F) relative mRNA expression in HAoSMCs following transfection with negative control siRNA
(Neg.si) or SGK1 siRNA (SGK1si) and treatment for 24 h with control or C2-ceramide (C2-cer). *(P<0.05), **(P<0.01), ***(P<0.001)
significant compared with Neg.si-transfected HAoSMCs; 1(P<0.05), 11(P<0.01) significant compared with Negsi-transfected and
SMase/C2-cer-treated HAOSMCs.

with experiments by omitting incubation with primary antibody and with primary and secondary antibodies, re-
spectively. Cells were measured by flow cytometry in FL-1 with an excitation wavelength of 488 nm and an emission
wavelength of 530 nm using Cytoflex S flow cytometer (Beckman Coulter). Results are shown as median of relative
fluorescence intensity of the gated ceramide-positive cell population, normalized to the control group.

ALP activity
ALP activity in HAoSMCs treated for 7 days was determined in cell lysates by using an ALP colorimetric assay kit
(Abcam). Results are shown normalized to total protein concentration as measured by the Bradford assay (Bio-Rad

Laboratories) [36,37,40] and to the control group.

Quantification of calcium content

Quantification of calcification in cells following treatment for 11 days was performed by incubation in 0.6 M HCI,
overnight at 4°C. Aortic tissue was incubated in 0.6 M HCI, overnight at 37°C. Calcium levels in the supernatant
was determined by using QuantiChrom Calcium assay kit (BioAssay Systems). Tissues or cells were lysed with 0.1
M NaOH/0.1% SDS and total protein concentration was measured by the Bradford assay (Bio-Rad Laboratories).
Results are shown normalized to total protein concentration [8,37,54].

Staining procedures

After 11 days of treatment, cells were fixed with 4% paraformaldehyde/PBS and stained with 2% Alizarin Red (pH
4.5). Aortas were stained with 0.0016% Alizarin Red in 0.5% KOH. The calcified areas are shown as red [8,37,41].
Paraformaldehyde-fixed aortic tissue was cryoprotected in 30% sucrose, frozen in mounting medium (Tissue-Tek,
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Sakura Finetek) and sectioned at 8-pum thickness on coated slides. Sections were stained for calcification by using the
Von Kossa staining kit (Abcam). The calcified areas are shown as gray/black.

Statistics

Data are shown as scatter dot plots and arithmetic means + SEM. n indicates the number of independent experi-
ments performed at different cell passages or the number of mice examined. Normality was tested with Shapiro-Wilk
test. Non-normal datasets were transformed (log, sqrt or reciprocal) prior to statistical testing to provide normal-
ity. Statistical testing was performed by one-way ANOVA followed by Tukey’s HSD test for homoscedastic data or
Games—Howell test for heteroscedastic data and by the Steel-Dwass method for non-normal data. Steel with con-
trol test was used for the time course experiments in cells. Two groups were compared by unpaired two-tailed ¢ test.
P<0.05 was considered statistically significant.

Results
Effects of ASM on osteo-/chondrogenic transdifferentiation and
calcification of HAoSMCs

To investigate whether ASM impacts on osteo-/chondrogenic transdifferentiation and calcification of VSMCs, a first
series of experiments was performed in HAoSMCs treated with sphingomyelinase isolated from S. aureus in the ab-
sence or presence of high phosphate levels. As a result, treatment with bacterial sphingomyelinase alone significantly
up-regulated osteogenic markers MSX2, CBFAI and ALPL mRNA expression (Figure 1A-C) as well as ALP activ-
ity (Figure 1D) and, thus, induced osteo-/chondrogenic transdifferentiation of HAoSMCs. Moreover, bacterial sph-
ingomyelinase significantly augmented phosphate-induced osteo-/chondrogenic transdifferentiation of HAoSMCs,
as determined by the mRNA expression and activity of these markers (Figure 1A-D). In accordance, as shown by
Alizarin Red staining (Figure 1E) and quantification of calcium content (Figure 1F), treatment with calcification
medium triggered mineralization of HAoSMCs, effects significantly enhanced by addition of exogenous bacterial
sphingomyelinase. Thus, bacterial sphingomyelinase promoted osteo-/chondrogenic transdifferentiation of VSMCs
and aggravated phosphate-induced vascular calcification in vitro.

Regulation of ceramide levels in HAoSMCs

Next experiments explored the effects on ceramide levels in HAoSMCs. As indicated by confocal microscopy, bac-
terial sphingomyelinase increased ceramide abundance in HAoSMCs following 5 min of treatment (Figure 2A). In
addition, ceramide levels were increased in HAoSMCs after 5 min of exposure to high phosphate concentrations
(Figure 2A). These effects were confirmed by flow cytometry analysis. Treatment with bacterial sphingomyelinase or
phosphate significantly up-regulated ceramide abundance in HAoSMCs after 5 min of treatment (Figure 2B), levels re-
maining significantly higher at 24 h following treatment (Supplementary Figure S1) as compared with control-treated
HAo0oSMCs. Moreover, the functional ASM inhibitor amitriptyline significantly suppressed the increase in ceramide
levels during high phosphate conditions, suggesting that ASM mediated, at least partly, phosphate-induced ceramide
production (Figure 2B).

Effects of ceramide on osteo-/chondrogenic transdifferentiation and
calcification of HAoSMCs

To determine whether ceramide regulates osteo-/chondrogenic transdifferentiation and calcification of VSMCs,
HAo0SMCs were treated with C2-ceramide alone or together with high phosphate concentrations. As illustrated in
Figure 3A-D, exogenous C2-ceramide supplementation significantly up-regulated MSX2, CBFAI and ALPL mRNA
expression and ALP activity in HAoSMCs. Moreover, the osteogenic markers mRNA expression and activity were all
significantly higher in HAoSMCs treated with C2-ceramide together with phosphate than in HAoSMCs treated with
phosphate alone (Figure 3A-D). Exogenous C2-ceramide augmented mineralization of HAoSMCs induced by calci-
fication medium (Figure 3E,F). In addition, both, bacterial sphingomyelinase or C2-ceramide treatment significantly
up-regulated BAX/BCL2 relative mRNA expression ratio in HAoSMCs (Supplementary Figure S2), as indicator of
increased apoptotic signaling, a process facilitating calcium-phosphate deposition.
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Role of SGK1 in ASM/ceramide-induced osteo-/chondrogenic
transdifferentiation of HAoSMCs

To elucidate the underlying mechanisms of ASM/ceramide-induced osteo-/chondrogenic transdifferentiation of
HAo0SMCs, next experiments explored the possible involvement of SGK1. As shown by Western blotting, treat-
ment with exogenous bacterial sphingomyelinase significantly up-regulated SGK1 protein abundance in HAoSMCs
at 30 min following treatment, levels remaining significantly increased up to 24 h following treatment (Figure
4A). Furthermore, exogenous ceramide supplementation significantly up-regulated SGK1 protein abundance in
HA0SMCs (Figure 4B). To further determine whether SGK1 plays a role in osteo-/chondrogenic signaling pro-
moted by bacterial sphingomyelinase and ceramide, the endogenous expression of SGK1 in HAoSMCs was sup-
pressed by using small interfering RNA (siRNA) (Supplementary Figure S3). As shown in Figure 5A-C, the bacterial
sphingomyelinase-induced MSX2, CBFA 1 and ALPL mRNA expression was significantly inhibited in SGK1-silenced
HAoSMCs as compared with negative control siRNA-transfected HAoSMCs. Similarly, knockdown of SGK1 signifi-
cantly blunted C2-ceramide-induced MSX2, CBFA1 and ALPL mRNA expression in HAoSMCs (Figure 5D-F).

In addition, inhibition of Phosphoinositide 3-kinase (PI3K), a critical upstream kinase involved in SGK1 regula-
tion, significantly suppressed bacterial sphingomyelinase- (Supplementary Figure S4) as well as C2-ceramide-induced
(Supplementary Figure S5) osteogenic markers mRNA expression in HAoSMCs.

Taken together, SGK1-dependent osteoinductive signaling mediated, at least in part, osteo-/chondrogenic transd-
ifferentiation of HAoSMC:s triggered by ASM/ceramide in vitro.

Effects of ASM inhibition on phosphate-induced osteo-/chondrogenic

transdifferentiation and calcification of HAoSMCs

Further experiments explored the role of ASM/ceramide in phosphate-induced vascular calcification in vitro. To
this end, HAoSMCs were treated with high phosphate concentrations without and with additional treatment with the
functional ASM inhibitors amitriptyline or fendiline. As illustrated in Figure 6, ASM inhibition with either amitripty-
line or fendiline significantly suppressed phosphate-induced SGKI mRNA expression (Figure 6A) as well as os-
teogenic markers MSX2, CBFA1 and ALPL mRNA expression (Figure 6B-D) in HAoSMCs. Moreover, the ASM
inhibitors significantly reduced calcification of HAoSMCs promoted by calcification medium (Figure 6E). Treatment
with ASM inhibitors alone did not significantly modify osteoinductive signaling or mineralization of HAoSMCs.
Thus, ASM inhibition interfered with phosphate-induced SGK1 expression, osteo-/chondrogenic transdifferentia-
tion and calcification of VSMCs. In addition, treatment with ASM inhibitors failed to suppress the increase in ALPL
mRNA expression triggered by overexpression of a constitutively active SGK1 (Supplementary Figure S6), further
suggesting that SGK1 is a downstream mediator of ASM in the osteoinductive signaling in HAoSMCs.

Effects of ASM deficiency on phosphate-induced osteo-/chondrogenic

transdifferentiation and calcification of MAoSMCs

To confirm the role of ASM/ceramide in phosphate-induced vascular calcification, additional in vitro experi-
ments were performed in MAoSMCs isolated from Asm** and Asm~~ mice. Phosphate treatment significantly
up-regulated Sgk 1 and osteogenic markers mRNA expression in Asm*'* MAoSMCs, effects significantly blunted in
Asm™~ MAoSMCs (Figure 7A-D). Addition of exogenous bacterial sphingomyelinase to the cell culture medium
restored the increased Sgk1 and Cbfal mRNA expression in phosphate-treated Asm~'~ MAoSMCs as compared with
Asm~’~ MAoSMCs treated with phosphate alone. However, the effects of bacterial sphingomyelinase on Msx2 and
Alpl mRNA expression in phosphate-treated Asm~'~ MAoSMCs did not reach statistical significance (P=0.18 and
P=0.11, respectively).

Furthermore, treatment with calcification medium induced calcification of Asm** MA0oSMCs, effects blunted in
the Asm~'~ MAoSMCs (Figure 7E,F). Additional treatment with bacterial sphingomyelinase restored the calcification
response as determined by the calcium content in Asm~'~ MAoSMCs treated with calcification medium (Figure 7F).
Thus, ASM deficiency protected against phosphate-induced vascular calcification in vitro, while exogenous bacterial
sphingomyelinase supplementation restored osteoinductive signaling and calcification of VSMCs during hyperphos-
phatemic conditions.
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Figure 6. ASM inhibition suppresses phosphate-induced SGK1 expression, osteo-/chondrogenic transdifferentiation and
calcification of HAoSMCs

(A-D) Scatter dot plots and arithmetic means + SEM (n=7; arbitrary units, a.u.) of SGK1 (A), MSX2 (B), CBFA1 (C) and ALPL (D)
relative mMRNA expression in HA0SMCs following treatment for 24 h with control (CTR) or 3-glycerophosphate (Pi) without or with
additional treatment with amitriptyline (Ami) or fendiline (Fen). (E) Scatter dot plots and arithmetic means + SEM (n=6; png/mg
protein) of calcium content in HAoSMCs following treatment for 11 days with control (CTR) or calcification medium (Calc.) without
or with additional treatment with amitriptyline (Ami) or fendiline (Fen). *(P<0.05), **(P<0.01), **(P<0.001) significant compared with
control HAoSMCs; 1(P<0.05), 11(P<0.01), {11(P<0.001) significant compared with Pi/Calc.-treated HAoSMCs.

Effects of Asm deficiency during cholecalciferol overload-induced

vascular calcification in mice
To investigate the role of Asm in the regulation of vascular calcification in vivo, further experiments were performed
in Asm™* and Asm~'~ mice following high-dosed cholecalciferol treatment. As a result, high-dosed cholecalciferol
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Figure 7. Asm deficiency reduces phosphate-induced Sgk1 expression, osteo-/chondrogenic transdifferentiation and cal-
cification of MAOSMCs

(A-D) Scatter dot plots and arithmetic means + SEM (n=11; arbitrary units, a.u.) of Sgk7 (A), Msx2 (B), Cbfal (C) and Alp/ (D)
relative mRNA expression in MAoSMCs isolated from Asm*/* and Asm~'~ mice and following treatment for 24 h with control (CTR)
or -glycerophosphate (Pi) without or with bacterial sphingomyelinase (SMase). (E) Representative images showing Alizarin Red
staining in MAoSMCs isolated from Asm** and Asm~/~ mice and following treatment for 11 days with control (CTR) or calci-
fication medium (Calc.). The calcified areas are shown as red. (F) Scatter dot plots and arithmetic means + SEM (n=8; ng/mg
protein) of calcium content in MAoSMCs isolated from Asm** and Asm~'~ mice and following treatment for 11 days with control
(CTR) or calcification medium (Calc.) without or with bacterial sphingomyelinase (SMase). *(P<0.05), **(P<0.01), **(P<0.001) signif-
icant compared with control Asm** MAoSMCs; 11(P<0.01), 111(P<0.001) significant between Pi/Calc.-treated Asm*/* and Asm~/~
MAOSMCs; §(P<0.05), §§(P<0.01), §55(P<0.001) significant between Pi/Calc.- and Pi/Calc.+SMase-treated Asm~/'~ MAoSMCs.

significantly increased serum calcium concentrations in Asm*/* and Asm~/~ mice as compared with control-treated
mice, and did not significantly modify serum phosphate concentrations (Supplementary Table S1). Serum calcium
(P=0.058) and phosphate (P=0.073) levels were not significantly different, but showed tendencies of altered levels
between cholecalciferol-treated Asm** and Asm™'~ mice (Supplementary Table S1). As shown by aortic Alizarin
Red staining and quantification of calcium content in the aortic arch, high-dosed cholecalciferol induced vascular
calcification in Asm*'* mice, effects suppressed in the Asm~/'~ mice (Figure 8A,B). These effects were paralleled
by similar regulation of the osteoinductive signaling in aortic tissue. High-dosed cholecalciferol up-regulated aortic
osteogenic markers Msx2, Cbfal and Alpl mRNA expression in Asm*'* mice, but not in Asm ™'~ mice (Figure 8C-E).
Moreover, the up-regulation of SgkI mRNA expression after cholecalciferol treatment was significantly lower in
aortic tissue of Asm ™'~ mice than of Asm™* mice (Figure 8F). Thus, Asm deficiency reduced aortic SgkI expression,
osteo-/chondrogenic signaling and vascular calcification in vivo in the cholecalciferol-overload mouse model.

Effects of Asm deficiency on vascular calcification induced ex vivo in

isolated-perfused mouse aortic tissue

To confirm the relevance of vascular Asm during vascular calcification, additional experiments were performed ex
vivo in aortic tissue isolated from Asm™* and Asm~/~ mice and perfused with calcification medium. As illustrated
in Figure 9A,B, calcium content after perfusion with calcification medium was significantly lower in aortic tissue
isolated from Asm~'~ mice than from Asm*/* mice. Similarly, the mRNA expression of Msx2, Alpl and SgkI was
significantly suppressed in isolated-perfused Asm™~ aortic tissue as compared with Asm*'* aortic tissue. However,
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Figure 8. Asm deficiency ameliorates vascular calcification during cholecalciferol overload in mice

(A) Representative images showing aortic Alizarin Red staining in Asm** and Asm~'~ mice receiving high-dosed cholecalciferol
(vD). Scale bar: 5 mm. The calcified areas are shown as red. (B) Scatter dot plots and arithmetic means + SEM (n=6-11; ug/mg
protein) of calcium content in the aortic arch of Asm*/+ and Asm~'~ mice receiving vehicle or high-dosed cholecalciferol (vD). (C-F)
Scatter dot plots and arithmetic means + SEM (n=5-6; arbitrary units, a.u.) of Msx2 (C), Cbfa1 (D), Alp/ (E) and Sgk1 (F) relative mRNA
expression in aortic tissue of Asm** and Asm~'~ mice receiving vehicle or high-dosed cholecalciferol (vD). *(P<0.05), **(P<0.01),
“*(P<0.001) significant compared with control Asm*/* mice; 1(P<0.05), 11{(P<0.001) significant compared with vD-treated Asm*/*
mice.

the effects of Asm deficiency on Cbfal mRNA expression in calcification medium-perfused arteries did not reach
statistical significance (P=0.073, Figure 9C-F).

Effects of Asm inhibition during cholecalciferol overload-induced

vascular calcification in mice

To confirm the pro-calcific role of Asm in development of vascular calcification in vivo, mice were treated with
high-dosed cholecalciferol without or with the Asm inhibitors amitriptyline or fendiline. In mice, high-dosed chole-
calciferol treatment significantly increased serum calcium concentrations and reduced serum phosphate levels, effects
not significantly modified by treatment with Asm inhibitors (Supplementary Table S2). High-dosed cholecalciferol
induced aortic calcification (Figure 10A) and up-regulated mRNA expression of aortic osteogenic markers Msx2,
Cbfal and Alpl (Figure 10B-D) as well as Sgk1 (Figure 10E). All these effects were significantly reduced by ad-
ditional treatment with amitriptyline or fendiline. Thus, Asm inhibition ameliorated vascular calcification in the
cholecalciferol-overload mouse model.

Effects of ASM inhibition on uremic serum-induced osteo-/chondrogenic
transdifferentiation of HAoSMCs

Next experiments analyzed the effects of ASM inhibition on osteo-/chondrogenic transdifferentiation of HAoSMCs
during uremic conditions. HAoSMCs were exposed to uremic serum collected from hemodialysis patients and control
serum from healthy volunteers [8] in the absence and presence of the ASM inhibitors amitriptyline or fendiline.
Exposure to uremic serum significantly up-regulated SGKI and osteogenic markers mRNA expression in HAoSMCs
as compared with control serum exposed HAoSMCs (Figure 11). All these effects were significantly reduced in the
presence of ASM inhibitors. Thus, ASM inhibition interfered with osteoinductive signaling in HAoSMCs during
exposure to uremic serum.

526 (© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY-NC-ND).



Clinical Science (2021) 135 515-534 °
https://doi.org/10.1042/CS20201 122 '..Q EF?E%ELAND
(A) (B) 2500 A (C) 2.0 1 (D) 3
. El . El
- [ ]
;C.). _ 2000 Sis54 . _g
= = o Q90
5 2 1500 3 _I_ 5
< - <
= = g 310 . >
o/ 2 5, 1000 A x x
+ 1 %.3 € ° " E1 1
S * N - ~
& © 500 A . 2%°1° =+ g | .
g . = = IS} ---
i Asm** Asm- 0.0~ Asm** Asm- 0~ Asm** Asm-
CcM CM CM CM CM CM

. (E) (F)

N
3
:
N
=}

_:[_I

i Asm** Asm™- ’ Asm** Asm
CM CM CM CM

g
o
N

Alpl mRNA exp. [a.u.]
5 o
Sgk1 mRNA exp. [a.u.]
o

H

Asm” + CM
I3

o
3}
1

o
o
o
o
1

Figure 9. Asm deficiency suppresses osteo-/chondrogenic transdifferentiation and calcification of isolated-perfused
mouse aortic tissue during exposure to calcification medium

(A) Representative images of Von Kossa staining in aortic tissue isolated from Asm** and Asm~/~ mice and perfused ex vivo for
7 days with calcification medium (CM). Scale bar 100 um. The calcified areas are shown as gray/black. (B) Scatter dot plots and
arithmetic means + SEM (n=5; ug/mg protein) of calcium content in aortic tissue isolated from Asm** and Asm~/~ mice and
perfused ex vivo with calcification medium (CM). (C-F) Scatter dot plots and arithmetic means + SEM (n=5; arbitrary units, a.u.)
of Msx2 (C), Cbfa1 (D), Alp! (E) and Sgk1 (F) relative mRNA expression in aortic tissue isolated from Asm** and Asm~/~ mice and
perfused ex vivo for 7 days with calcification medium (CM). *(P<0.05) significant compared with CM-treated Asm*/*+ aortic tissue.

Discussion

The present study describes a key role of ASM/ceramide in the signaling events controlling vascular calcification. ASM
and ceramide promote osteo-/chondrogenic transdifferentiation of VSMCs through an SGK1-dependent pathway
and contribute to the progression of vascular calcification during elevated phosphate conditions. Furthermore, ASM
deficiency or inhibition is able to interfere with phosphate-induced vascular calcification.

Supplementation of sphingomyelinase or ceramide is sufficient to induce osteo-/chondrogenic transdifferentiation
of VSMCs in vitro. Accordingly, prolonged exposure to sphingomyelinase or ceramide augments VSMC calcification
during pro-calcific conditions. Interestingly, deficiency of the calcification inhibitor magnesium was shown as suffi-
cient to increase ceramide production in VSMCs [55]. Smooth muscle cell-specific overexpression of ASM augments
vascular calcification in vivo [32]. Furthermore, ceramide treatment augments the effects of oxidized-LDL on vascu-
lar calcification [33,34]. On the other hand, in bovine VSMCs, ceramide treatment ameliorated calcification, but these
diverging effects may be due to differing model systems [56]. Nonetheless, ASM-deficient VSMCs display a markedly
blunted calcification response, which could be, at least partly, rescued by sphingomyelinase supplementation. Thus,
the current observations indicate a critical role of ASM-derived ceramide signaling in the orchestration of VSMC
osteo-/chondrogenic transdifferentiation.

Mechanistically, the present observations identify SGK1 as a downstream mediator of the pro-calcific effects of
ASM and ceramide. SGKI1 is a highly dynamically regulated kinase, and regulation of SGK1 activity involves tran-
scriptional up-regulation, activation by PI3K and rapid proteasomal degradation [57]. SGK1 is typically expressed at
low levels, but up-regulated during various pathological conditions [58]. Accordingly, SGK1 is up-regulated in VSMCs
during pro-calcifying conditions [8] and SGK1 is required for triggering pro-calcific signaling during high phosphate,
high glucose or interleukin-18 exposure [8,43,59]. SGK1 activates the transcription factor NF-kB to mediate at least
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Figure 10. Asm inhibition reduces vascular calcification during cholecalciferol overload in mice

(A) Scatter dot plots and arithmetic means + SEM (n=8; ug/mg protein) of calcium content in the aortic arch of mice receiving
vehicle (CTR) or high-dosed cholecalciferol (vD) without or with additional treatment with amitriptyline (Ami) or fendiline (Fen). (B-E)
Scatter dot plots and arithmetic means + SEM (n=5; arbitrary units, a.u.) of Msx2 (B), Cbfa1 (C), Alpl (D) and Sgk1 (E) relative mRNA
expression in aortic tissue of mice receiving vehicle (CTR) or high-dosed cholecalciferol (vD) without or with additional treatment with
amitriptyline (Ami) or fendiline (Fen). *(P<0.05), **(P<0.01), **(P<0.001) significant compared with CTR mice; 1(P<0.05), {{(P<0.01),
t171(P<0.001) significant compared with vD-treated mice.

some of its pro-calcific effects [8], but the signaling events upstream of SGK1 were ill-defined. The current obser-
vations indicate that SGK1 is a downstream mediator of phosphate-induced pro-calcific ceramide signaling, since
SGKI1 knockdown suppresses the pro-calcific effects of sphingomyelinase and ceramide treatment in VSMCs. The
pro-calcific effects of sphingomyelinase and ceramide were also blunted by wortmannin or LY294002, supporting an
involvement of the PI3K pathway. Ceramide is known to block PKB/AKT activation by dephosphorylation at Ser*’?,
without reducing PI3K activity [60]. Ceramide treatment increases SGK1 in HEK293 cells, but inhibits AKT [61].
AKT plays a complex role in vascular calcification, and apparently is involved in an anti-calcific pathway [62], but is
also associated with pro-calcific effects [63]. It is tempting to speculate that ASM-derived ceramide might modulate
kinetics and direct pathways downstream of PI3K towards a pro-calcific signaling cascade.

However, the exact mechanism how ceramide interacts with components of the PI3K signaling pathway is un-
known, since only very few proteins are known to directly interact with ceramide [64]. Also, discriminating effects
of various ceramides and between the contribution of the two lysosomal and secreted isoforms of ASM to the effects
of phosphate and other potential activators of ASM in the vasculature require further research [13]. Furthermore,
other signaling pathways [33,65] and cellular processes [31-33,66] contributing to the effects of ASM on vascular
calcification cannot be ruled out. ASM is able to induce cell apoptosis in VSMCs [66]. Apoptosis may promote vas-
cular calcification by release of apoptotic bodies, which may act as nidus sites for calcium-phosphate precipitation
[3]. Moreover, ASM is involved in the regulation of extracellular vesicle release [32,67], which could be a downstream
effect of VSMC osteo-/chondrogenic transdifferentiation, but the underlying mechanisms require further study.

ASM deficiency is associated with blunted vascular calcification and mRNA expression of Sgk1, Msx2, Cbfal and
Alplin vivo after mineral stress due to cholecalciferol overload. A tendency for alterations of serum calcium and
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Figure 11. ASM inhibition blunts uremic serum-induced SGK17 expression and osteo-/chondrogenic transdifferentiation of
HAoSMCs

(A-D) Scatter dot plots and arithmetic means + SEM (n=6; arbitrary units, a.u.) of SGK1 (A), MSX2 (B), CBFAT (C) and ALPL (D)
relative mMRNA expression in HAoSMCs following exposure for 24 h to 15% normal serum (NS) or uremic serum (US) without or
with additional treatment with amitriptyline (Ami) or fendiline (Fen). *(P<0.05), **(P<0.01), ***(P<0.001) significant compared with
NS-exposed HA0oSMCs; 1(P<0.05), 11(P<0.01), 117(P<0.001) significant compared with US-exposed HAoSMCs.

phosphate levels were noted between the genotypes during cholecalciferol overload and an effect of ASM on min-
eral homeostasis cannot be ruled out. However, the pro-calcific effects of ASM seem to be at least partly mediated
in vascular tissue, since ASM deficiency also ameliorates calcification in an isolated-perfused artery model. Further-
more, treatment with either, the tricyclic antidepressant amitriptyline or the calcium channel blocker fendiline is able
to blunt aortic calcification and expression of the osteogenic markers in the cholecalciferol-overload model without
modifying serum calcium and phosphate levels. These distinct substances were both described as powerful functional
inhibitors of ASM (FIASMA) [49]. Amitriptyline and fendiline are also effective in reducing osteo-/chondrogenic
transdifferentiation of VSMCs during uremic conditions induced by treatment with serum from dialysis patients.
These observations indicate ASM activity as a critical upstream activator inducing the pro-calcific pathways during
CKD.
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ASM deficiency or blockade has also been associated with beneficial vascular or renal effects in other models.
ASM and ceramide are implicated in the development of endothelial dysfunction and atherosclerosis [65], as well as
cardiac dysfunction [68]. ASM deficiency reduces the glomerular injury following hyperhomocysteinemia [69]. In a
high-fat diet mouse model, amitriptyline treatment is able to reduce plasma ceramides and ameliorate renal injury
[70]. Furthermore, anti-inflammatory properties described for amitriptyline treatment include blunted renal fibrosis
and muscular inflammation in mice [71,72].

Clinical observations indicate a putative cardiovascular relevance of dysregulated ceramide. Ceramide levels are
increased in children with CKD [73], and are associated with CKD in patients with ischemic heart disease [27]. In a
hemodialysis cohort, higher plasma glucosylceramide (C16GC) is associated with increased mortality [74]. Moreover,
associations of increased ceramide levels with cardiovascular events are observed in non-CKD populations [75-77].

The current observations suggest that pharmacological ASM blockade may provide beneficial effects on vascu-
lar calcification during CKD. A large group of clinically used pharmacological agents act as FIASMAs, including
psychoanaleptics and antihistamines [78]. However, FIASM As may require high lysosomal concentrations to inhibit
ASM, questioning the relevant dosages of these agents in the human patients [78]. Also, the repurposing of FIASMAs
may be limited by other effects of these drugs and should be carefully considered, as tricyclic antidepressants were
shown to actually increase the risk for cardiovascular events in adults without known CKD [79]. The current observa-
tions, therefore, advocate a critical evaluation of putative benefits versus risks of FIASMA treatment in patients with
CKD.

In conclusion, ASM/ceramide contributes to the development of vascular calcification during hyperphosphatemia
by promoting SGK1-dependent osteo-/chondrogenic transdifferentiation of VSMCs. Thus, ASM may represent a
therapeutic target to interfere with the progression of vascular calcification and to reduce the development of cardio-
vascular disease during hyperphosphatemic conditions such as CKD.

Clinical perspectives

e Phosphate-induced medial vascular calcification in CKD is associated with cardiovascular
mortality, but no feasible treatment option exists. Vascular calcification is augmented by
osteo-/chondrogenic transdifferentiation of VSMCs, but the mechanisms initiating a pro-calcific
signaling cascade are still incompletely understood.

e This work describes the ASM as critical regulator of SGK1-dependent vascular
osteo-/chondrogenic transdifferentiation during calcifying conditions. Most importantly, the
FIASMAs, amitriptyline or fendiline are able to blunt vascular calcification in pre-clinical models.

e Therefore, repurposing routinely used medications with ASM-inhibiting properties for use in con-
ditions of vascular calcification warrant further study.
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Supplementary Tables

Suppl. Table 1. Effect of Asm deficiency during cholecalciferol overload. Arithmetic means
+ SEM of plasma calcium and phosphate concentrations in Asm** and Asm™ mice receiving
vehicle or high-dosed cholecalciferol (vD). ***(p<0.001) significant compared to control

+/+

Asm™" mice.
Asm** Asm™’ Asm** vD Asm™ vD
Calcium [mg/dl] 89+04 9.1+0.2 19.6 £ 1.0 *** 16.2 £ 0.5 *** n=6-8
Phosphate [mg/dl] 8.5+0.7 83+0.7 75+03 10.2+1.1 n=6-8

Suppl. Table 2. Effect of Asm inhibition during cholecalciferol overload. Arithmetic means
+ SEM of plasma calcium and phosphate concentrations in mice receiving vehicle (CTR) or
high-dosed cholecalciferol (vD) without or with additional treatment with amitriptyline (Ami)
or fendiline (Fen). *(p<0.05), **(p<0.01), ***(p<0.001) significant compared to CTR mice.

CTR vD vD + Ami vD + Fen
Calcium [mg/dl] 8.1+0.2 228+ 1.0%** 21.2 £ 0.7 *** 21.3+ 1.4 % n=7
Phosphate [mg/dl] 78+01 65+04* 6.4+0.3* 6.3+0.2* n=7



Supplementary Figures

Suppl. Figure 1. Phosphate increases ceramide abundance in HA0oSMCs. Representative
histograms of flow cytometry analysis and scatter dot plots and arithmetic means £ SEM (n=6;
arbitrary units, a.u.) of normalized ceramide-dependent fluorescence intensity in HA0SMCs
following treatment for 24 hours with control (CTR), bacterial sphingomyelinase (SMase) or
B-glycerophosphate (Pi). Negative controls are performed by omitting incubation with primary
antibody and with primary and secondary antibodies, respectively. *(p<0.05) significant
compared to control HAoSMC:s.
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Suppl. Figure 2. ASM and ceramide increase apoptotic signalling in HAoSMCs. A. Scatter
dot plots and arithmetic means + SEM (n=8; arbitrary units, a.u.) of BAX/BCL2 relative mRNA
expression ratio in HAoSMCs following treatment for 24 hours with control (CTR) or bacterial
sphingomyelinase (SMase). B. Scatter dot plots and arithmetic means + SEM (n=6; a.u.) of
BAX/BCL2 relative mMRNA expression ratio in HAoSMCs following treatment for 24 hours with
control (CTR) or C2-ceramide (C2-cer). ***(p<0.001) significant compared to control

HAoSMCs.
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Suppl. Figure 3. SGK1 gene silencing efficiency in HA0oSMCs. A. Scatter dot plots and
arithmetic means £ SEM (n=6; arbitrary units, a.u.) of SGK1 relative mRNA expression in
HA0SMCs following transfection with negative control siRNA (Neg.si) or SGK1 siRNA
(SGK1si) and treatment for 24 hours with control or bacterial sphingomyelinase (SMase). B.
Scatter dot plots and arithmetic means £ SEM (n=6; a.u.) of SGK1 relative mRNA expression
in HAoSMC:s following transfection with negative control sSiRNA (Neg.si) or SGK1 siRNA
(SGK1si) and treatment for 24 hours with control or C2-ceramide (C2-cer). ***(p<0.001)
significant compared to Neg.si-transfected HAoSMCs.
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Suppl. Figure 4. PI3K inhibition suppresses ASM-induced osteo-/chondrogenic
transdifferentiation of HA0SMCs. A-C. Scatter dot plots and arithmetic means = SEM (n=6;
arbitrary units, a.u.) of MSX2 (A), CBFA1 (B) and ALPL (C) relative mMRNA expression in
HA0SMCs following treatment for 24 hours with control (CTR) or bacterial sphingomyelinase
(SMase) without or with additional treatment with PI3K inhibitors wortmannin (Wo) or
LY294002 (LY). ***(p<0.001) significant compared to control HAoSMCs; T(p<0.05),
T1(p<0.01), TF7(p<0.001) significant compared to SMase-treated HAoSMCs.
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Suppl. Figure 5. PI3K inhibition suppresses ceramide-induced osteo-/chondrogenic
transdifferentiation of HA0SMCs. A-C. Scatter dot plots and arithmetic means = SEM (n=6;
arbitrary units, a.u.) of MSX2 (A), CBFA1 (B) and ALPL (C) relative mMRNA expression in
HA0SMCs following treatment for 24 hours with control (CTR) or C2-ceramide (C2-cer)
without or with additional treatment with PI3K inhibitors wortmannin (Wo) or LY294002 (LY).
*(p<0.05), **(p<0.01), ***(p<0.001) significant compared to control HAoSMCs; 171(p<0.01),

T17(p<0.001) significant compared to C2-cer-treated HAoSMCs.
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Suppl. Figure 6. ASM inhibition fails to reduce osteo-/chondrogenic transdifferentiation
of HAoSMCs induced by overexpression of constitutively active SGK1. A,B. Scatter dot
plots and arithmetic means £ SEM (n=7; arbitrary units, a.u.) of SGK1 (A) and ALPL (B)
relative mRNA expression in HAoSMCs following transfection with empty vector (V) or
constitutively active SGK15%2P (SGK15P) without or with additional treatment for 24 hours
with amitriptyline (Ami) or fendiline (Fen). *(p<0.05), **(p<0.01) significant compared to V-
transfected HAoSMC:s.
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