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Abstract
Arterial medial calcification (AMC) is associated with crystallization of hydroxyapa‐
tite in the extracellular matrix and arterial smooth muscle cells (SMCs) leading to 
reduced arterial compliance. The study was performed to test whether lysosomal 
acid sphingomyelinase (murine gene code: Smpd1)‐derived ceramide contributes to 
the small extracellular vesicle (sEV) secretion from SMCs and consequently leads to 
AMC. In Smpd1trg/SMcre mice with SMC‐specific overexpression of Smpd1 gene, a 
high dose of Vit D (500 000 IU/kg/d) resulted in increased aortic and coronary AMC, 
associated with augmented expression of RUNX2 and osteopontin in the coronary 
and aortic media compared with their littermates (Smpd1trg/SMwt and WT/WT mice), 
indicating phenotypic switch. However, amitriptyline, an acid sphingomyelinase 
(ASM) inhibitor, reduced calcification and reversed phenotypic switch. Smpd1trg/
SMcre mice showed increased CD63, AnX2 and ALP levels in the arterial wall, accom‐
panied by reduced co‐localization of lysosome marker (Lamp‐1) with multivesicular 
body (MVB) marker (VPS16), a parameter for lysosome‐MVB interaction. All these 
changes related to lysosome fusion and sEV release were substantially attenuated 
by amitriptyline. Increased arterial stiffness and elastin disorganization were found 
in Smpd1trg/SMcre mice as compared to their littermates. In cultured coronary arterial 
SMCs (CASMCs) from Smpd1trg/SMcre mice, increased Pi concentrations led to mark‐
edly increased calcium deposition, phenotypic change and sEV secretion compared 
with WT CASMCs, accompanied by reduced lysosome‐MVB interaction. However, 
amitriptyline prevented these changes in Pi‐treated CASMCs. These data indicate 
that lysosomal ceramide plays a critical role in phenotype change and sEV release 
in SMCs, which may contribute to the arterial stiffness during the development of 
AMC.
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1  | INTRODUC TION

Vascular calcification is the build‐up or accumulation of apatite cal‐
cium salts in the media and/or intima of arteries that has been as‐
sociated with ageing, chronic kidney disease, diabetes mellitus and 
atherosclerosis.1 It has been reported that the arterial calcification 
pathology mimics the bone formation process and that the earliest 
phase involves the osteogenic differentiation of vascular SMCs.1-4 
Various human5 and animal5,6 studies have reported that osteogenic 
conversion of SMCs in the medial region appears prior to mineraliza‐
tion in arterial medial calcification (AMC), suggesting a critical role 
for smooth muscle cell (SMCs) phenotypic transition in this vascular 
pathologic change.7 It is known that both intimal and medial vascular 
calcification may be mediated by a common mechanism, namely the 
large increases in extracellular vesicles (EVs) in the vascular intersti‐
tial space, in particular, the small extracellular vesicles (sEVs) (with 
size of 40‐100 or to 140 nm). These sEVs are mainly produced and 
secreted from arterial SMCs.8 However, role of sphingolipids (SLs) 
such as ceramide in particular lysosomal ceramide in SMCs and asso‐
ciated pathogenic role in AMC is still poorly understood.

In response to various physiological stimuli or a mineral imbal‐
ance, vascular smooth muscle cells (VSMCs) secrete sEVs or exo‐
somes, which act to nucleate calcium phosphate (Ca/P) crystals in 
the form of hydroxyapatite.2,4,9 More recently, sphingolipid‐me‐
diated signalling took a central stage in understanding the regu‐
lation of matrix vesicles (MVs) or exosome release and vascular 
calcification. It has been reported that activation of sphingomyelin 
phosphodiesterase 3 (SMPD3, neutral sphingomyelinase) and cy‐
toskeletal rearrangements in synthetic VSMCs led to multivesicu‐
lar body (MVB) trafficking and elevated exosome secretion, which 
is a hallmark of vascular calcification or related vascular diseases.10 
Sphingolipids belong to class of lipids located in the plasma mem‐
brane and at intracellular organelle membranes, which not only 
have structural roles but also carry signalling function. Ceramide 
(CER) and sphingosine‐1‐phosphate (S1P) are the major SLs that act 
as signalling molecules, control various cellular processes, such as 
cell growth, adhesion, migration, senescence, cell death and inflam‐
matory response.11-13 Notably, several SL metabolites have been 
associated with the development of several pathologies, including 
diabetes, cancer, microbial infections, neurological syndromes and 
cardiovascular disease.14-16 Our laboratory previously reported that 
acid sphingomyelinase (ASM) plays an important role in glomerular 
injury17,18 and inflammasome activation.19,20

Acid sphingomyelinase (ASM), a lysosomal enzyme, is present 
in lysosomes and secretory lysosomes, and its fusion with plasma 
membrane results in the release of ceramide on the outer leaflet of 
the plasma membrane that serves to re‐organize and cluster recep‐
tors and signalling molecules.21,22 This re‐organization of receptors 
and associated signalling molecules mediates various effects of ce‐
ramides at the cellular level.23 Bianco et al24 in 2009 revealed that 
acid sphingomyelinase (ASM) is a key enzyme involved in P2X7‐de‐
pendent microvesicle biogenesis at the surface of glial cells (microg‐
lia and astrocytes) via activation of P38 MAP kinase. This causes 

translocation of ASM from lysosomes to the plasma membrane outer 
leaflet, where it catalyses CER formation from sphingomyelin (SM).24 
Further, they observed that SM to CER conversion perturbs mem‐
brane curvature and fluidity, favouring budding of multivesicles.25 In 
the human macrophage cell line, U937, it was found that activation 
of ASM in response to oxidized LDL‐containing immune complexes 
contributes to the release of IL‐1β in association with exosomes,26 
and inhibiting ASM pharmacologically (desipramine) or genetically 
(ASM siRNA) reduced exosome and IL‐1β secretion. Recently, a study 
reported that activation of ASM by cigarette smoke (CS) in lung en‐
dothelial cells leads to ceramide production in these cells which then 
results in the release of EVs. However, treatment with imipramine, 
a functional inhibitor of ASM or ASM deletion, markedly decreased 
CS‐induced EV production.27 These findings were validated by ASM 
(Smpd1−/−) knockout mice which showed reduced levels of EVs in 
plasma following CS exposure, whereas mice with overexpressed 
ASM in endothelial cells display increased levels of circulating EVs. Li 
et al, in human macrophages, found that CS may promote microve‐
sicle shedding through an ASM‐dependent pathway via activation 
of p38 MAPK.24,28 It was shown that the increase in lysosomal ce‐
ramides causes lysosomal dysfunction through the activation of 
cathepsins.29 On contrary to the well‐characterized function of sur‐
face acid sphingomyelinase and ceramides, the role of lysosomal acid 
sphingomyelinase and ceramide is poorly understood. PDMP, a cer‐
amide analogue, is a promising target for preventing cardiovascular 
diseases such as atherosclerosis and cardiac hypertrophy30,31 and for 
suppressing osteoclastogenesis by inhibiting glycosphingolipid syn‐
thesis.31,32 Ode et al33 findings demonstrated that PDMP reduced 
osteoblastic proliferation and pre‐osteoblastic cell differentiation 
by translocation of mTORC1 from late endosome/lysosome (LE/Ly) 
to the endoplasmic reticulum (ER), suggesting inhibition of mTORC1 
activity. This inhibitory action of ceramide analogue allows normal 
lysosomal functioning or lysosomal activation and their fusion with 
MVBs. We report here that SMC‐specific overexpression of ASM 
leads to extensive AMC, phenotype change and arterial stiffness 
upon receiving high dose of vitamin D injections. Administration of 
amitriptyline, a pharmacological inhibitor of ASM, to these animals 
ameliorates AMC.

2  | MATERIAL AND METHODS

2.1 | Reagents and antibodies

Cholecalciferol (vitamin D3) (C9756, Sigma‐Aldrich). Mouse mon‐
oclonal antibody against α‐SMA (ab7817, Abcam), Cre (Cat No. 
6905, Novagen EMD Millipore) and ceramide (MID 15B4, Enzo 
ALX‐804‐196‐T050). Goat polyclonal antibody against mouse ASM 
(sc‐ 9817, USA). Secondary antibodies are Alexa‐488 or Alexa‐555‐
labelled (Life technologies). Runx2 (ab23981, Abcam), OSP (ab63856, 
Abcam), SM22‐α (ab14106, Abcam), VPS16 (Cat. No.17776‐1‐AP, 
Protein biotech group), CD63 (ab216130, Abcam), Annexin‐II (AnX2, 
ab41803, USA) and alkaline phosphatase (ALP, sc‐28904, Santa Cruz, 
USA). Rat monoclonal antimouse Lamp‐1 (ab25245, Abcam), Von 
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Kossa staining kit (ab150687, Abcam) and Alizarin Red S Solution 
(TMS‐008‐C, EMD Millipore) were used for detection AMC.

2.2 | Primary culture of mouse CASMCs and 
Alizarin Red S staining

Mouse CASMCs were isolated as described previously.34 CASMCs 
were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco), 
supplemented with 10% FBS (Gibco) and 1% penicillin‐streptomycin 
(Gibco) in humidified 100% air and 5% CO2 mixture at 37°C. Cells were 
prepared in 6‐well plates overnight, and 70%‐80% confluent cells 
were treated with or without high phosphate (Pi) (3 mmol/L)

35 and 
then incubated for 2 weeks for in vitro calcification model.36 CASMCs 
were rinsed with PBS, fixed with 4% paraformaldehyde for 15 min‐
utes and washed three times with diH2O. Then, cells were incubated 
with 1 mL of 1% Alizarin Red S for 5 minutes, washed with diH2O and 
visualized using a phase microscope. CASMCs were also treated with 
ASM inhibitor amitriptyline (20 μmol/L)37 and incubated for 24 hours.

2.3 | Real‐time PCR studies

The mRNA levels of osteopontin and RUNX2 were determined 
in the wild‐type and Smpd1trg/SMcre CASMCs by RT‐PCR. The 
following mouse‐specific primers were used as follows: β‐
actin, sense 5′‐TCGCTGCGCTGGTCGTC‐3′ and antisense 5′‐
GGCCTCGTCACCCACATAGGA‐3′; OSP, sense 5′‐ATTTGCTTT 
TGCCTGTTTGG‐3′ and antisense 5′‐CTCCATCGTCATCAT 
CATCG‐‐3′; RUNX2 sense 5′‐CCAGATGGGACTGTGGTTACC‐3′ and 
antisense 5′‐ACTTGGTGCAGAGTTCAGGG‐3′. β‐Actin was used as 
internal control to normalize the expression of mRNA. Fold changes 
were calculated as follows: 2−ΔΔ threshold cycle.38

2.4 | Isolation of sEVs

Small extracellular vesicles were isolated by differential ultracentrifu‐
gation from CASMC culture medium as described previously.10 As 
mentioned above, after 70%‐80% confluence, CASMCs were incu‐
bated with or without Pi (3 mmol/L)

35 and also with ASM inhibitor 
amitriptyline (20 μmol/L)37 for 24 hours. Cell medium was collected 
and centrifuged at 300 g at 4°C for 10 minutes to remove detached 
cells. Supernatant was collected and filtered through 0.22‐μm filters 
to remove contaminating apoptotic bodies, microvesicles and cell de‐
bris. sEVs were obtained by ultracentrifugation of the supernatant at 
100 000 g for 90 minutes at 4°C (Beckman 70.1 T1 ultracentrifuge 
rotator). The sEV pellet was washed with the PBS, ultracentrifuged at 
100 000 g and resuspended in 50 μL of ice‐cold PBS. Crude sEV‐con‐
taining pellets are ready or stored at −80°C for further use. For na‐
noparticle analysis, samples were diluted into PBS and then analysed.

2.5 | Nanoparticle tracking analysis (NTA)

Nanoparticle tracking analysis (NTA) was used to analyse the 
CASMC‐derived sEV using the light scattering mode of the 

NanoSight LM10 (Nano Sight Ltd.).39 Samples were diluted in PBS, 
and 5 frames (30  seconds each) were captured for each sample 
with background level 10, camera level 12 and shutter speed 30. 
Captured video was analysed using NTA software (version 3.2 Build 
16), and an average size distribution graph was plotted using PRISM 
software (GraphPad).10

2.6 | Vitamin D‐mediated AMC mouse model

SMC‐specific Smpd1 transgenic mice (Smpd1trg/SMcre sphingomy‐
elin phosphodiesterase 1 [Smpd1]) were used in the present study. 
12‐ to 14‐week‐old male C57BL/6J wild‐type, Smpd1trg/SMwt and 
Smpd1trg/SMcre mice were used. Characterization of mice was per‐
formed by genotyping, in vivo/ex vivo imaging and confocal micros‐
copy. All protocols were approved by the Institutional Animal Care 
and Use Committee of Virginia Commonwealth University. Animals 
were further randomized into six groups for each mouse strain (WT/
WT, Smpd1trg/SMwt and Smpd1trg/SMcre) to receive the active vi‐
tamin D (Vit D) (500 000 IU/kg/bw/d) or matched vehicle (5% v/v 
ethanol) by subcutaneous injection for 3‐4 days. After 16‐17 days of 
post‐injection period, animals were sedated with 2% isoflurane that 
was provided through a nose cone. Blood samples were collected, 
and plasma was isolated and stored at −80°C. Mice were killed, and 
the heart and aorta were collected, with a portion stored in 10% 
buffered formalin for histopathological analysis and immunostaining. 
Another part of heart and aorta were frozen in liquid nitrogen and 
stored at −80°C for dual‐fluorescence staining and confocal analysis 
by making frozen tissue slides. Vit D‐induced mouse model is com‐
monly used to investigate AMC.40 Normal C57BL/6N, Smpd1trg/
SMwt or Smpd1trg/SMcre mice were injected with a high dose of Vit D 
(500 000 IU/Kg/bw/d) for 3‐4 days, and ASM inhibitor amitriptyline 
(10 mg/kg BW)41 was injected intraperitoneally (i.p) alternatively for 
12 days (n = 5‐6 per group). The Vit D solution was prepared as fol‐
lows: vitamin D3 (66 mg) dissolved in 200 μL of absolute ethanol was 
mixed with 1.4 mL of cremophor (Sigma‐Aldrich) at RT for 15 min‐
utes, and then, 750 mg of dextrose dissolved in 18.4 mL of sterilized 
water was added at RT for 15 minutes. The Vit D solution was stored 
at 4°C till use, but usually made fresh after couple of days.

2.7 | Alizarin Red S staining, Von Kossa staining and 
immunohistochemical analyses

Alizarin Red S staining was used to detect AMC. Paraffin‐embed‐
ded artery samples were deparaffinised with alcohol and xylene. 
After three washes with distilled water, the arteries were stained 
with 1% Alizarin Red S for 5 minutes and washed with acetone for 
20 seconds followed by acetone‐xylene wash for further 20 sec‐
onds. The positively stained area showed a reddish colour. Von 
Kossa staining was performed to detect mineralization.42 Briefly, 
deparaffinized sections were washed in Milli‐Q water for 5 min‐
utes, incubated in 1% aqueous silver nitrate solution under a UV 
lamp for 1 hour or more, and then washed with Milli‐Q water three 
times at RT. Non‐specific staining was removed by treating sections 
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with 2.5% sodium thiosulphate for 5 minutes at RT. Finally, stain‐
ing with nuclear stain haematoxylin, dehydrated and mounted with 
DPX. For histological analysis, paraffin sections (5 μm) were made 
with fixed mouse aortas and hearts. Immunohistochemical analy‐
ses were carried out as described previously43 or following the 
manufacturer's instructions for CHEMICON IHC Select HRP/DAB 
Kit (EMD Millipore). Briefly, after antigen retrieval, endogenous 
peroxidase activity was quenched using 3% H2O2. After blocking 
with 2.5% horse serum for 1 hour at RT, slides were incubated with 
indicated primary antibodies against SM22‐α (1:1500), RUNX2 
(1:300), OSP (1:100), CD63 (1:50), AnX2 (1:50) and ALP (1:50) 
overnight at 4°C and then incubated with biotinylated second‐
ary antibodies and a streptavidin peroxidase complex (PK‐7800, 
Vector Laboratories). The slides were sequentially treated accord‐
ing to the protocol described by the manufacturer. Finally, slides 
were counterstained with haematoxylin, dehydrated and mounted 
with DPX. The area percentage of the positive staining was calcu‐
lated using Image‐Pro Plus 6.0 software.44

2.8 | Immunofluorescence staining

Indirect immunofluorescent staining was used to determine co‐
localization of the MVB marker (VPS16) vs lysosomal marker 
(Lamp‐1), which depicts MVB‐lysosome interaction in SMCs. 
Frozen aortic tissue slides were fixed in acetone and then incu‐
bated overnight with VPS16 (1:300) and Lamp‐1 (1:200) at 4°C. 
Double immunofluorescent staining was achieved by incubating 
with either Alexa‐488 or Alexa‐555‐labelled secondary antibod‐
ies for 1 hour at RT. After washing, slides were mounted with a 
DAPI‐containing mounting solution and then observed using con‐
focal laser scanning microscope (FluoView FV1000, Olympus). As 
previously described,44 images were analysed by the Image‐Pro 
Plus 6.0 software (Media Cybernetics, Bethesda, MD), where co‐
localization was measured and expressed as the Pearson correla‐
tion coefficient (PCC).44

2.9 | Calcium and phosphate assay

Blood concentrations of calcium and phosphate were measured 
using commercially available kits ab102505, Abcam, USA, and 
ab65622, Abcam, USA, as described by manufacture's protocol.

2.10 | Elastin staining

Elastin staining of the aortic tissues was performed using commer‐
cially available kits ab150667, Abcam, USA, as described by manu‐
facture's protocol.

2.11 | Non‐invasive, in vivo measurement of aortic 
pulse wave velocity (PWV)

Pulse wave velocity was measured 3  weeks post‐Vit D injection 
or vehicle using a high‐resolution Doppler ultrasound instrument 

(Vevo2100, Visual Sonics), as described.45 Briefly, 2% isoflurane was 
used to anaesthetize the mice prior to mounting on a heated (37°C) 
platform to monitor electrocardiogram (ECG), heart rate (HR), respir‐
atory rate, and to eliminate movement artefacts. Abdominal hair was 
removed using hair removal cream (Veet). Isoflurane was reduced to 
1.5% with slight adjustments in order to maintain a heart rate (HR) 
of approximately 450  bpm. Aorta was identified using a B‐mode 
cross‐sectional image, and flow wave Doppler measurements were 
taken longitudinally at two locations along the aorta, one proximal 
and one distal to the heart, at 30 MHz with a pulse‐repetition fre‐
quency of 40 kHz at a depth of 6 mm. There was no difference in the 
HR between the proximal and distal point measurements. In offline 
analysis of the images, the time (ms) from the peak of the ECG R 
wave to the foot of the flow waves at both the proximal and distal 
locations was measured, in at least 5 replicates for each location per 
mouse. The difference between proximal point and distal point ar‐
rival time yields the transit time (TT). Pulse wave velocity (mm/ms) 
was calculated from TT(Δt) and the distance between the measure‐
ment sites (Δd).

2.11.1 | Statistical analysis

All of the values are expressed as mean  ±  SEM. Significant dif‐
ferences among multiple groups were examined using two‐way 
ANOVA followed by Duncan's test. P < .05 was considered statisti‐
cally significant.

3  | RESULTS

3.1 | Characterization of Smpd1trg/SMcre transgenic 
mice

To confirm the role of sphingolipid, ceramide in AMC, we employed 
an animal model, namely SMC‐specific Smpd1 transgenic mice 
(Smpd1trg/SMcre) which caused overexpression of Smpd1 gene in 
SMCs that encodes acid sphingomyelinase (ASM) to produce cera‐
mide via hydrolysis of sphingomyelin. Smpd1trg/SMcre were gener‐
ated by crossing the Smpd1 gene knock‐in mice (with floxed blocker 
for its transcription)46 and SM22α‐Cre transgenic mice (from Jackson 
laboratory, B6.129S6‐ Tagln tm2(cre)Yec/J, Stock No: 006878; SM22α‐
creKI). Figure 1A presents the genotyping gel documents, which 
show 3 PCR products including 360 bp for Smpd1 transgene allele, 
345 bp for HRPT exon as marker of WT allele and 758 bp for Cre. 
To confirm the specific overexpression of Smpd1 gene in the SMCs, 
each batch of Smpd1trg/SMcre mice was crossed with ROSA mice 
with floxed GFP (from Jackson laboratory, B6.129S6‐ Taglntm2(cre)

Yec/J, Stock No: 006878; SM22α‐creKI) to produce Smpd1trg/SMcre/
ROSA mice, which showed green fluorescence in the SMCs indicat‐
ing SMC‐specific overexpression of Smpd1 gene (Figure 1B). We ob‐
served co‐localization of GFP with SM22‐α in the coronary arterial 
wall of Smpd1trg/SMcre/ROSA mice (Figure 1C). We observed mark‐
edly increased immunostaining of CER, ASM and Cre in the aortic 
wall of Smpd1trg/SMcre mice as compared to Smpd1trg/SMwt and WT/
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WT mice (Figure 1D). As shown in Figure 1E, in SMC‐specific Smpd1 
transgenic mice, largely increased co‐localization (yellow spots) of 
α‐SMA (green) vs ASM (red) or ceramide (green) vs SM22‐α (red) was 
observed in Smpd1trg/SMcre mice compared with Smpd1trg/SMwt and 
WT/WT mice.

3.2 | Aortic calcification and SMC phenotype 
transition in Vit D‐treated Smpd1trg/SMcre mice

Both Alizarin Red S and Von Kossa staining showed more sig‐
nificantly enhanced calcification in the aortic medial wall of Vit 
D‐treated Smpd1trg/SMcre mice as compared to their littermates 
(Smpd1trg/SMwt and WT/WT mice) which was significantly de‐
creased by amitriptyline (Figure 2A,B). As summarized in the bar 
graphs (Figure 2C,D), overexpression of Smpd1 gene in arterial 
smooth muscle led to severe calcification upon s.c injection of high 

dose of Vit D (500 000  IU/kg/d) while as inhibition of ASM with 
amitriptyline, a pharmacological inhibitor of ASM, reduced arterial 
calcification. Also, we observed significantly decreased arterial cal‐
cification in Vit D‐treated Smpd1 KO mice as compared to WT/WT 
mice as shown in Figure S1A and B, indicating that both genetic and 
pharmacological inhibition of ASM reduced arterial calcification.

The present study also showed that phenotypic switch in SMCs 
during AMC was characterized by decreased expression of the 
VSMC lineage marker, smooth muscle 22α (SM22‐α) (Figure 3A) 
and up‐regulation of both OSP (Figure 3C) and RUNX2 (Figure 3E) 
while as amitriptyline treatment prevented this phenotype change. 
As shown in the bar graph (Figure 3B), it is clear that SM22‐α ex‐
pression significantly decreased in the aortic medial wall of Vit 
D‐treated Smpd1trg/SMcre mice as compared to their littermates 
(Smpd1trg/SMwt and WT/WT mice). However, the expression of 
OSP and RUNX2 significantly increased in these transgenic mice 

F I G U R E  1  Characterization of SMC‐specific Smpd1 transgenic mice. A, Smpd1trg/SMcre had 2 positive PCR products including 758 bp 
for Cre and 360 bp for transgenic Smpd1 gene. Smpd1trg/SMwt mice had positive transgenic Smpd1 gene (360 bp), but no Cre (758 bp). 
WT/WT (Smpd1trg/SMwt) mice only had wild‐type Smpd1 gene with transgenic Smpd1 gene and Cre gene. B, Cre‐mediated SMC‐specific 
recombination was validated by breeding the Smpd1trg/SMcre mice with ROSA reporter mice; in vivo and ex vivo imaging of the offspring 
showed GFP expression in the aorta and heart. C, Representative fluorescent confocal microscopic images showed increased co‐
localization of GFP (green) vs SM22‐α (red) in coronary arterial wall of Smpd1trg/SMcre mice. D, Representative immunohistochemical 
images of aortic sections revealed increased immunostaining of CER, ASM and Cre (brown stain) in Smpd1trg/SMcre as compared to their 
littermates. E, Representative fluorescent confocal microscopic images showed increased co‐localization of α‐SMA (green) vs ASM (red, acid 
sphingomyelinase) and SM22‐α (red) vs ceramide (green) in Smpd1trg/SMcre mice compared with their littermates (Smpd1trg/SMwt and WT/
WT mice). ASM, acid sphingomyelinase; CER, Ceramide; Cre, Cre recombinase protein; SM22‐α, SMC lineage marker; SMC, smooth muscle 
cell; α‐SMA, α‐smooth muscle cell actin (smooth muscle cell marker)
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as compared to their littermates (Figure 3D,F). However, inhibition 
of ASM by amitriptyline which blocked the formation of ceramide 
from sphingomyelin prevented the phenotype change in arterial 

SMCs during AMC. Together, these results suggested that sphingo‐
lipid synthesis may be associated with the development of vascular 
calcification and phenotype change.

F I G U R E  2  Aortic calcification in Vit 
D‐treated SMC‐specific Smpd1 transgenic 
mice. Representative images of aortic 
sections stained by A, Alizarin Red S (red 
colour) and B, Von Kossa (black colour) 
staining showed significantly increased 
calcification in the aortic media of Vit D‐
treated Smpd1trg/SMcre mice as compared 
to their littermates which was reduced 
by amitriptyline. C, D, Summarized data 
showing calcification in the aortic media. 
Data are shown as mean ± SEM of values 
n = 6. Ami, amitriptyline; SMC, smooth 
muscle cell; Vehl, vehicle; Vit D, vitamin D. 
*P ˂ .05 vs WT/WT Vehl; #P ˂ .05 vs WT/
WT Vit D group; $P ˂ .05 vs Smpd1trg/
SMcre Vit D group by two‐way ANOVA 
followed by Duncan's test
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F I G U R E  3  Aortic SMC phenotype 
changes in Vit D‐treated SMC‐specific 
Smpd1 transgenic mice. Representative 
immunohistochemical images from the 
aorta show AMC associated with A, B, 
decreased expression of SM22‐α (brown 
stain); C, D, increased expression of 
OSP; and E, F, RUNX2 (brown stain) in 
the aortic media of Smpd1trg/SMcre mice 
receiving Vit D injections as compared to 
their littermates which was prevented by 
amitriptyline treatment. Data are shown 
as mean ± SEM of values. n = 6. Ami, 
amitriptyline; OSP, osteopontin; RUNX2, 
runt‐related transcription factor 2; SMC, 
smooth muscle cell; Vehl, vehicle; Vit 
D, vitamin D. *P ˂ .05 vs WT/WT Vehl; 
#P ˂ .05 vs WT/WT Vit D group; $P ˂ .05 
vs Smpd1trg/SMcre Vit D group by two‐way 
ANOVA followed by Duncan's test
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3.3 | Coronary arterial calcification and SMC 
phenotype change in Vit D‐treated Smpd1trg/
SMcre mice

In addition to the aortic medial calcification, we extended our 
approach to find AMC and SMC phenotypic changes in coronary 

arteries. We observed an increased AMC by Alizarin Red S and 
Von Kossa staining in the coronary arterial wall of Vit D‐treated 
Smpd1trg/SMcre mice as compared to their littermates (Smpd1trg/
SMwt and WT/WT mice) which was reduced by amitriptyline 
(Figure 4A,C). The bar graph shows a significant increase in Vit 
D‐induced calcification in Smpd1trg/SMcre mice as compared to 

F I G U R E  4  Coronary arterial 
calcification in Vit D‐treated SMC‐specific 
Smpd1 transgenic mice. Representative 
images of coronary artery sections 
showed coronary AMC by A. Alizarin 
Red S (red colour) and C. Von Kossa 
(black colour) staining in Vit D‐treated 
mouse model. B, D, The bar graphs show 
a significantly increased calcification 
staining in Smpd1trg/SMcre mice as 
compared to their littermates (Smpd1trg/
SMwt and WT/WT mice) which was 
significantly reduced by amitriptyline. 
Data are shown as mean ± SEM of values. 
n = 6. Ami, amitriptyline; CA, coronary 
artery; SMC, smooth muscle cell; Vehl, 
vehicle; Vit D, vitamin D. *P ˂ .05 vs WT/
WT Vehl; #P ˂ .05 vs WT/WT Vit D group; 
$P ˂ .05 vs Smpd1trg/SMcre Vit D group by 
two‐way ANOVA followed by Duncan's 
test
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their littermates which was significantly decreased by amitripty‐
line (Figure 4B,D). Moreover, amitriptyline prevented the Vit D‐in‐
duced decreased expression of SM22‐α (Figure 5A) and increased 
OSP and RUNX2 (Figure 5C,E) in the coronary arterial wall of 
Smpd1trg/SMcre mice as compared to their littermates. As shown 
in Figure 5B,D,F, the SMC phenotype was changed in coronary 
arterial media towards more dedifferentiated or osteogenic status 
when Smpd1 gene was specifically overexpressed in these SMCs, 
which was prevented due to ASM inhibition by amitriptyline.

3.4 | Lysosome‐MVB interactions and sEV release 
in the arterial wall of Vit D‐treated SMC‐specific 
Smpd1 transgenic mice

The literature reports that sphingolipids such as CER participate 
in exosome or sEV biogenesis, formation of MVBs and their fusion 

with plasma membrane causing increased exosome secretion.47 
We observed that co‐localization of MVBs (VPS16, green) and lys‐
osomes (Lamp‐1, red) in SMCs was much lower in the aortic medial 
wall of SMC‐specific Smpd1 transgenic mice than their littermates 
(Smpd1trg/SMwt and WT/WT mice) receiving Vit D injection, while 
as amitriptyline enhanced this interaction between MVBs (VPS16, 
green) and lysosomes (Lamp‐1, red) in SMCs (Figure 6A). The co‐lo‐
calization coefficient (PCC) of both markers in Smpd1trg/SMcre mice 
was clearly reduced as shown in the bar graph, while as amitriptyline 
significantly increased the co‐localization coefficient of these mark‐
ers (Figure 6B). Immunohistochemically, we indeed found that CD63 
(Figure 6C), Annexin‐II (AnX2) (Figure 6E) and alkaline phosphatase 
(ALP) (Figure 6G) staining as sEV markers were significantly increased 
in the coronary arterial wall of Vit D‐treated Smpd1trg/SMcre mice 
than their littermates (Smpd1trg/SMwt and WT/WT) which were de‐
creased by amitriptyline as shown in the bar graphs (Figure 6D,F,H). 

F I G U R E  6  Lysosome‐MVB changes 
and sEV secretion in Vit D‐treated 
SMC‐specific Smpd1 transgenic mice. 
A, Representative confocal microscopic 
images showed that co‐localization of 
MVBs (VPS16, green) and lysosomes 
(lysosome marker, Lamp‐1, red) in SMCs 
was much lower in the aortic media 
of Smpd1trg/SMcre mice than their 
littermates (Smpd1trg/SMwt and WT/
WT mice) receiving Vit D injection while 
as amitriptyline significantly increased 
the co‐localization coefficient of these 
markers. B, The co‐localization coefficient 
(PCC) as shown in the bar graph. 
Representative immunohistochemical 
images showed that sEV makers C. 
CD63 (brown stain), E. AnX2 and G. ALP 
staining were significantly increased 
in the coronary arterial media of Vit 
D‐treated Smpd1trg/SMcre mice than 
their littermates which was decreased 
by amitriptyline. Summarized data 
showing area percentage of D. CD63, 
F. AnX2 and H. ALP‐positive staining in 
coronary arterial wall. Data are shown as 
mean ± SEM of values. n = 6. ALP, alkaline 
phosphatase; AnX2, Annexin‐II; PCC, 
Pearson correlation coefficient. *P ˂ .05 
vs WT/WT Vehl; #P ˂ .05 vs WT/WT Vit 
D group; $P ˂ .05 vs Smpd1trg/SMcre Vit 
D group by two‐way ANOVA followed by 
Duncan's test
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This suggests that more MVBs may not able to fuse with lysosomes, 
increasing sEV secretions during AMC. Together, these results indi‐
cated that increased ceramide levels in lysosomes due to SMC‐spe‐
cific overexpression of Smpd1 may result in reduced lysosome‐MVB 
interactions, and enhanced release of sEVs. However, preventing the 
increased production of lysosomal ceramide via inhibition of ASM by 
amitriptyline in Smpd1trg/SMcre mice may result in the reduced sEV 
secretion during AMC.

3.5 | Enhanced calcification and phenotype change 
in the Pi‐treated Smpd1trg/SMcre mice CASMCs in vitro

In our in vitro study, using CASMCs, we determined the effect of 
Cre‐mediated overexpression of Smpd1 gene in high phosphate (Pi)‐
induced calcification model. As shown in Figure 7A,B, calcium depo‐
sition as shown by the presence of Alizarin Red‐stained nodules was 
significantly increased with Pi treatment in CASMCs isolated from 
Smpd1trg/SMcre mice as compared to WT/WT cells, which were sig‐
nificantly decreased by ASM inhibition by amitriptyline.

Using real‐time PCR, we observed that SMC‐specific over‐
expression of Smpd1 gene induced the osteogenic phenotypic 
conversion in Pi‐treated CASMCs, as depicted by significantly in‐
creased expression of OSP and RUNX2 (Figure 7C,D). Together, 
these results indicate that lysosomal ceramide‐sphingolipid con‐
tributes to the phenotypic transition during the development of 
calcification.

3.6 | Lysosome‐MVB interactions and sEV secretion 
in the Pi‐treated Smpd1trg/SMcre mice CASMCs in vitro

Using confocal microscopy, we observed increased co‐localization of 
VPS16 (MVB marker, green) and Lamp‐1 (lysosome marker, red), in‐
dicating MVB interactions or even fusion with lysosomes in WT/WT 
CASMCs. In the CASMCs without Pi treatment, overexpression of 
Smpd1 gene had reduced co‐localization of VPS16 vs Lamp‐1 (fewer 
yellows dots) as compared to WT/WT cells, while as Pi exposure de‐
creased co‐localization of both the markers in CASMCs from WT/WT 
as well as Smpd1trg/SMcre (Figure 8A). However, amitriptyline treat‐
ment significantly increased the co‐localization of VPS16 vs Lamp‐1 
(larger yellow spots) in Pi‐treated CASMCs both in Smpd1trg/SMcre and 
WT/WT cells. The bar graphs represent the co‐localization coefficient 
(PPC), exhibiting decreased interaction of lysosomes and MVBs more 
in Pi‐treated Smpd1trg/SMcre CASMCs as compared to WT/WT cells, 
which was significantly increased by amitriptyline (Figure 8B).

Quantification of sEVs using a nanoparticle tracking analysis sys‐
tem showed that Pi treatment in CASMCs significantly increased se‐
cretion of sEVs (<200 nm), as shown by representative 3‐D histograms 
in Figure 8C and more particles in <200  nm in Pi‐treated CASMCs 
from SMC‐specific Smpd1 transgenic mice, while as amitriptyline sig‐
nificantly decreased Pi‐induced sEV secretion. A bar graph shows ves‐
icle counts of <200 nm size (Figure 8D). These data confirm that sEV 
release increased from SMCs with overexpression of Smpd1 gene 
even without stimulation by Pi, which may drive arterial calcification.

F I G U R E  7  Effect of SMC‐specific 
Smpd1 overexpression on Pi‐induced 
calcification and phenotype change in 
SMC‐specific Smpd1 transgenic CASMCs 
in vitro. A, Representative images showed 
increased calcium deposition in Pi‐treated 
Smpd1trg/SMcre CASMCs. B, Summarized 
bar graph showed significant increased 
Pi‐induced mineralization in Smpd1trg/
SMcre, which was significantly decreased 
by amitriptyline (Ami). Summarized bar 
graph showed mRNA expression of C. 
OSP and D. RUNX2 in Pi‐treated CASMCs 
by RT‐PCR. n = 3. Ami, amitriptyline; OSP, 
osteopontin; Pi, high phosphate; RUNX2, 
runt‐related transcription factor 2; SMC, 
smooth muscle cell; Vehl, vehicle. *P ˂ .05 
vs WT/WT Vehl; #P ˂ .05 vs WT/WT Pi; 
$P ˂ .05 vs Smpd1trg/SMcre Pi by two‐way 
ANOVA followed by Duncan's test
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3.7 | Overexpression of SMC‐specific 
Smpd1 accelerates arterial stiffness in Smpd1 
transgenic mice

Pulse wave velocity directly correlates with arterial stiffness and 
inversely proportional to arterial distensibility.48 As shown in 
Figure 9A,B, SMC‐specific overexpression of Smpd1 significantly 
increased PWV as compared to control WT/WT littermates, sug‐
gesting that aortic wall stiffening and remodelling in Smpd1trg/SMcre 
mice even before frank aortic medial calcification can be observed. 
Furthermore, PWV was significantly increased both in WT/WT and 
Smpd1trg/SMcre mice under Vit D‐treated conditions. However, PWV 
was significantly increased in Vit D‐treated Smpd1trg/SMcre mice as 
compared to Vit D‐treated WT/WT mice, confirming that increased 
lysosomal ceramide due to overexpression of Smpd1 gene plays a 
role in arterial stiffness.

Further, we performed the elastin staining to determine 
whether elastin degradation occurred in this animal model. WT/
WT and Smpd1trg/SMwt control aortas showed intact elastic lamellae 
(Figure 9C) while as upon receiving Vit D treatment, elastic lamel‐
lae appeared to be disorganized. In control Smpd1trg/SMcre mice, 
integrity of the elastic laminae in the media of aortas seems to be 
compromised, and with Vit D treatment thinning of elastin, distorted 
junctions of the innermost and outermost layers, and formation of 
solid plates or sheaths disorganization were readily observed in the 
calcified aortas of Smpd1trg/SMcre mice as shown in Figure 9C.

4  | DISCUSSION

In the present study, we describe for the first time that lysosomal 
ceramide plays a critical role in sEV release, phenotype transition and 

F I G U R E  8  Lysosome‐MVB 
interactions and sEV excretion in the 
Pi‐treated SMC‐specific Smpd1 transgenic 
CASMCs in vitro. A, Representative 
confocal images showed co‐localization 
of VPS16 (green) and Lamp‐1(red) in 
CASMCs B. Bar graph shows significant 
decrease in co‐localization of VPS16/
Lamp‐1 in Pi‐treated Smpd1trg/SMcre 
CASMCs, which was significantly 
increased by Ami. n = 3. C, High Pi 
treatment increased sEV release from 
Smpd1trg/SMcre CASMCs. D, Bar graph 
shows significantly increased sEV release 
from CASMCs of SMC‐specific Smpd1 
transgenic mice, which was significantly 
decreased through ASM inhibition by Ami, 
n = 3. Ami, amitriptyline; PCC, Pearson 
correlation coefficient; Pi, high phosphate; 
SMC, smooth muscle cell; Vehl, vehicle. 
*P ˂ .05 vs WT/WT Vehl; #P ˂ .05 vs WT/
WT Pi; $P ˂ .05 vs Smpd1trg/SMcre Pi. Data 
are shown as mean ± SEM of values
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mineral deposition in arterial SMCs leading to AMC. Overexpression 
of Smpd1 gene that encodes a lysosomal ASM to increase ceramide 
showed that lysosomal sphingolipid/ceramide pathway in SMCs may 
be a contributing factor that determine the development of AMC. 
Using a non‐invasive imaging technique, we found that overexpres‐
sion of Smpd1 in SMCs of Smpd1trg/SMcre mice resulted in increased 
arterial stiffness as compared to their littermates. Moreover, overex‐
pression of Smpd1 gene in SMCs using Smpd1trg/SMcre mice largely 
enhanced calcification in the aortic medial and coronary arterial wall 
than their littermates during hypercalcaemia induced by high doses 
of Vit D. However, using amitriptyline, a pharmacological inhibitor 
of ASM significantly reduced both aortic and coronary arterial wall 
calcification.

Our histopathological studies showed that in Smpd1trg/SMcre 
mice, enhanced damage to elastic fibres and distorted junctions of 
the innermost and outermost layers occurred with the formation of 
solid plates or sheaths, which in turn damaged the architecture of 
aortic medial wall. We also observed decreased co‐localization of 
MVBs (VPS16) and lysosome (Lamp‐1) in aortic medial wall while as 
increased expression of sEV markers such as CD63, AnX2 and ALP 
were observed in coronary arterial wall in Vit D‐treated Smpd1trg/
SMcre mice compared with their littermates (Smpd1trg/SMwt and 
controls). In addition, SMC lineage marker SM22‐α was signifi‐
cantly decreased, while as ‘bone’ transcription factors (eg RUNX2) 
and matrix proteins (eg osteopontin (OSP)) remarkably increased 
in the arterial wall in Vit D‐treated Smpd1trg/SMcre mice compared 
with their littermates (Smpd1trg/SMwt and controls), which was pre‐
vented by amitriptyline. Furthermore, under in vitro conditions in 
CASMCs, we observed that Cre‐mediated overexpression of Smpd1 

gene increased calcium deposition, sEV secretion, increased OSP 
and RUNX2 expression associated with decreased co‐localization 
of VPS16 and Lamp‐1 in Pi‐induced calcification model. Conversely, 
inhibition of ASM by amitriptyline decreased sEV secretion and cal‐
cium deposition in CASMCs in vitro. These pathological changes in 
AMC development and SMC phenotypic transition due to specific 
overexpression of Smpd1 gene in SMCs were demonstrated to be 
mainly associated with increased ceramide in lysosome of these 
cells because the SMC‐specific Smpd1 transgenic mice (Smpd1trg/
SMcre) caused similar changes in aortic and coronary arterial wall. 
To our knowledge, these findings provide evidence that lysosome 
ceramide/sphingolipid metabolism may be critically involved in the 
development of AMC.

Overexpression of Smpd1 in SMCs results in increased pro‐
duction of ceramide from sphingomyelin in Smpd1trg/SMcre 
mice.49 Although there is no direct evidence regarding the role 
of lysosome ceramide in AMC, some studies provided scientific 
premise for our studies in this area. For example, Song et al50 
demonstrated  that  TLR4 regulates vascular calcificafication in 
VSMCs and  C2‐ceramide treatment rescued vascular calcification 
inhibited by pyrrolidine dithiocarbamate (PDTC) suggesting that 
TLR4/NF‐κB/Ceramide signalling mediates Ox‐LDL‐induced calcifi‐
cation of human VSMCs. It has been reported that the imbalanced 
mineral metabolism in SMCs may increase sEV release via sphingo‐
lipid/ceramide pathway, which triggers more secretion of calcifying 
exosomes, resulting in arterial calcification.10 Also, increased cera‐
mide production in cell membrane or cytoplasm via SMPD3 path‐
way may induce sEV biogenesis leading to arterial calcification,10,47 
which represents a different mechanism from lysosomal regulation 

F I G U R E  9  Effect of SMC‐specific 
Smpd1 overexpression on arterial stiffness 
in Vit D‐treated SMC‐specific Smpd1 
transgenic mice. A, Representative 
Doppler images showed Doppler velocity 
signals. B, Bar graph shows significant 
increase in PWV of Smpd1trg/SMcre as 
compared to control WT/WT littermates. 
C, Representative images of aortic 
sections showed damage to elastic fibres, 
distorted junctions of the innermost and 
outermost layers, and formation of solid 
plates or sheaths. n = 5. SMC: smooth 
muscle cell; Vehl: vehicle; Vit D: vitamin 
D. *P ˂ .05 vs WT/WT Vehl; #P ˂ .05 vs 
WT/WT Vit D group. Data are shown as 
mean ± SEM of values
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of sEV secretion shown in the present study. Vascular SMC‐derived 
vesicles were enriched with sEV markers such as CD63, AnX2 and 
ALP, and their production and fetuin‐A recycling are regulated by 
SMPD3, a known regulator of exosome biogenesis.47 We found 
that SMC‐specific overexpression of Smpd1 gene substantially re‐
duces lysosome‐MVB interactions in aortic medial SMCs (VPS16 
vs Lamp‐1), which may decrease lysosome degradation of MVBs, 
increasing the fusion of MVBs with the plasma membrane to re‐
lease sEVs. Increased exosomes or sEV in arterial interstitial spaces 
may initiate nidus for mineralization.8,10 Furthermore, we observed 
that sEV markers, CD63, AnX2 and ALP, were increased in the coro‐
nary arterial wall of SMC‐specific Smpd1 transgenic mice, and have 
increased ceramide locally in medial SMCs. However, inhibition 
of ASM pharmacologically by amitriptyline decreased lysosome 
fusion with MVBs, observed by decreased VPS16 and Lamp‐1 co‐
localization, also reduced the expression of sEV markers such as 
CD63, AnX2 and ALP. Recent studies have indicated that intimal 
and medial vascular calcification may be mediated by a common 
mechanism, namely the large increases in extracellular vesicles in 
the vascular interstitial space, in particular, the sEVS or exosomes 
(with size of 40‐100 or to 140 nm). These sEVs are mainly produced 
and excreted from arterial SMCs.8,10,51 Co‐culture of matrix vesi‐
cles (MVs) isolated from vascular SMCs of rats having chronic kid‐
ney disease with SMCs from normal littermates demonstrated that 
endocytosis of these MVs results in increased [Ca2+]i of recipient 
normal vascular SMCs and accelerated calcification.52 However, 
the mechanisms mediating sEV biogenesis and secretion in SMCs 
remain poorly understood. It has been observed that ASM is a key 
enzyme involved microvesicle biogenesis in glial cells (microglia and 
astrocytes) via activation of P38 MAP kinase where it catalyses 
CER formation from sphingomyelin.24 In the oxidized LDL‐activated 
human macrophage cell line, U937, it was found that activation of 
ASM contributes to the release of IL‐1β in association with exo‐
somes.26 Also, it was found that pharmacological (desipramine) or 
genetical (ASM siRNA) inhibition of ASM reduced exosome and 
IL‐1β secretion. Cigarette smoke (CS)‐induced activation of ASM 
increased extracellular vesicle (EV) production in lung endothelial 
cells while as its inhibition with imipramine decreased CS‐induced 
EV production.27 These in vitro findings were validated in ASM 
(Smpd1−/−) knockout mice which showed decreased levels of EVs 
in plasma, while as its overexpression increased circulating EVs. 
Another study reported that CS promoted microvesicle shedding 
via activation of p38 MAPK mediated by an ASM‐dependent path‐
way.24,28 By nanoparticle tracking analysis, we demonstrated that 
sEV secretion was increased in CASMCs from Smpd1 transgenic 
mice which were decreased by amitriptyline. PDMP, a ceramide an‐
alogue, reduced osteoblastic proliferation and pre‐osteoblastic cell 
differentiation by translocation of mTORC1 from late endosome/
Lysosome to the endoplasmic reticulum, suggesting inhibition of 
mTORC1 activity. This inhibitory action of ceramide analogue al‐
lows normal lysosomal functioning or lysosomal activation and 
their fusion with MVBs.33 Together, all these studies conclude that 

activation of ASM promotes sEV release under various pathological 
conditions.

The phenotype change in SMCs shares some features with min‐
eralizing SMC phenotype, including loss of smooth muscle lineage 
markers and up‐regulation of osteopontin.53 In AMC, osteogenic 
phenotype can be observed in vascular medial cells both in humans 
and experimental animals, and these cells are known as major medi‐
ators of vascular calcification.54-56 In this context, in human femoral 
arterial SMCs it was observed that Ox‐LDL‐induced matrix mineral‐
ization may be mediated by ceramide,57 which was due to increased 
neutral sphingomyelinase activity and ceramide levels. GW4869, a 
neutral sphingomyelinase (N‐SMase) inhibitor, significantly reduced 
Ox‐LDL‐induced calcification in these cultured SMCs.57

In the present study, we found that the overexpression of Smpd1 
gene has little effect on the basal expression of SMC marker gene 
SM22‐α. In contrast, the impact of the overexpression of Smpd1 
gene on Vit D‐induced expression of SMC marker was dramatic, as 
shown by the significant decrease in the expression of SM22‐α and 
increased OSP and RUNX2. However, treatment with amitriptyline, 
a functional inhibitor of ASM, markedly increased the expression of 
SM22‐α whereas decreased OSP and RUNX2 expression was ob‐
served. Also, mRNA expression of OSP and RUNX2 was increased 
both in ASM overexpressed vehicle and in Pi‐treated CASMCs. 
These findings confirm the idea that lysosomal Smpd1 expression‐
associated sphingolipid‐ceramide pathway in SMCs may be one of 
the contributing factors for the phenotype change in SMCs under‐
going AMC.

Medial calcification increases arterial stiffness that develop along 
the concentric elastin lamellae during ageing, detected as continu‐
ous linear hydroxyapatite deposits in the absence of inflammatory 
cells.58,59 Cellular sphingolipids alterations appear to be a hallmark 
of ageing; in particular, ceramide could contribute to age‐related re‐
modelling of the vasculature. Various studies reported that ceramide 
promotes collagen deposition, lung and liver fibrosis.60,61 Moreover, 
ceramide is known to regulate actin cytoskeleton dynamics and 
its alteration has been reported in VSMCs from large arteries with 
age.62,63 Actin cytoskeleton regulation is an important component 
of VSMC mechanosensing64 and the myogenic response,65 suggest‐
ing that ceramide could also play a role in impaired mechano‐trans‐
duction in small arteries with ageing. In the current study, we tried 
to investigate whether the increased lysosomal ceramide in SMCs 
contributes to arterial plasticity by measuring PWV as an index of 
arterial stiffness.66 We found that SMC‐specific overexpression of 
Smpd1 significantly increased PWV suggesting that increased lyso‐
somal ceramide due to overexpression of Smpd1 in SMCs contrib‐
uted to the arterial stiffness during the development of AMC. In 
this context, study in ApoE−/− mice and rabbits fed a Western diet 
reported that inhibition of glycosphingolipid synthesis can prevent 
the development of atherosclerosis and lower arterial stiffness inde‐
pendent of blood pressure.30 Hence, these studies provide evidence 
that sphingolipid biosynthesis pathway could be a target for the pre‐
vention of arterial stiffness during AMC.
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In summary, this study demonstrates remodelling of arteries 
during AMC that is accompanied by lysosomal enzyme ASM con‐
trolling ceramide production in arterial SMCs. Lysosomal over‐
expression of Smpd1 gene specifically in SMCs may be crucially 
involved in the secretion of sEVs and phenotypic switch in arterial 
SMCs, initiating AMC. This suggests sphingolipids may be important 
mediators of vascular calcification. Given that arterial medial calci‐
fication is a major risk factor for cardiovascular disease, our study 
opens a new area for further research into the mechanisms that un‐
derlie vascular remodelling in AMC.
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