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Inhibition of endo-lysosomal 
function exacerbates vascular 
calcification
Yujun Cai, Xue-Lin Wang, Alyssa M. Flores, Tonghui Lin & Raul J. Guzman

Vascular calcification is a pathologic response to mineral imbalances and is prevalent in atherosclerosis, 
diabetes mellitus, and chronic kidney disease. When located in the media, it is highly associated 
with increased cardiovascular morbidity and mortality, particularly in patients on dialysis. Vascular 
calcification is tightly regulated and controlled by a series of endogenous factors. In the present study, 
we assess the effects of lysosomal and endosomal inhibition on calcification in vascular smooth muscle 
cells (VSMCs) and aortic rings. We observed that lysosomal function was increased in VSMCs cultured 
in calcification medium containing 3.5 mM inorganic phosphate (Pi) and 3 mM calcium (Ca2+) for 7 days. 
We also found that the lysosomal marker lysosome-associated membrane protein 2 was markedly 
increased and colocalized with osteogenic markers in calcified aortas from vitamin D3-treated rats. 
Interestingly, both the lysosomal inhibitor chloroquine and the endosomal inhibitor dynasore dose-
dependently enhanced Pi + Ca2+-mediated VSMC calcification. Inhibition of lysosomal and endosomal 
function also promoted osteogenic transformation of VSMCs. Additionally, lysosome inhibition 
increased Pi-induced medial calcification of aortic rings ex vivo. These data suggest that the endosome-
lysosome system may play a protective role in VSMC and medial artery calcification.

Medial artery calcification is prevalent in diabetes mellitus, chronic kidney disease, and with advancing age. It has 
been associated with morbidity and mortality related to cardiovascular diseases1–4. In the coronary arteries, it is 
strongly associated with atherosclerotic burden and independently predicts cardiovascular events5,6. In the lower 
extremities, arterial calcification predicts amputation independent of the ankle-brachial index (ABI) and athero-
sclerosis risk factors7. It is associated with increased risk of procedural complications, and it is more common in 
diabetic patients with foot ulcers than in those without8. When located in the media, arterial calcification is highly 
associated with increased cardiovascular morbidity and mortality, and this is particularly worse in patients with 
end-stage renal disease9.

Arterial calcification is typically divided into two major types. Intimal calcification is common in atheroscle-
rotic plaques such as those found in the coronary and carotid arteries, whereas the medial form is independent of 
atherosclerosis and usually found along with elastic lamellar degradation in the muscular arteries of the leg10,11. 
Vascular calcification is known to be a tightly regulated process, controlled by a series of endogenous inhibi-
tory factors including matrix gla protein (MGP) and pyrophosphate (PPi), and pro-osteogenic factors includ-
ing Runt-related transcription factor 2 (RUNX2) and bone morphogenetic proteins (BMPs)10,12. More recent 
investigations also suggest that microRNAs13, endoplasmic reticulum (ER) stress14, the inflammasome15, and 
autophagy16 are involved in the regulation of vascular calcification. Vascular smooth muscle cells (VSMCs) are 
thought to play a central role by differentiating into osteoblast-like cells capable of releasing matrix vesicles that 
give rise to calcium deposition on elastin fibers12.

Endosomes are membrane-bound, intracellular compartments that serve to internalize and sort molecules 
including inorganic compounds from the plasma membrane. They subsequently fuse with lysosomes where 
degradation occurs17. Lysosomes are single membrane-enclosed organelles present in all eukaryotic cells that 
contain large numbers of hydrolytic enzymes. Such proteases, nucleases, and phosphatases are able to degrade 
extracellular and intracellular components17,18. Lysosomes exhibit their maximal enzymatic activity at a low pH 
(pH ≤ 5). The two most abundant lysosomal membrane proteins, lysosome-associated membrane protein 1 and 
2, are transmembrane glycoproteins known to play a role in the protection, maintenance, and adhesion of the 
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lysosome19. Lysosome-associated membrane protein 2 (LAMP2) is primarily seen in late stage endosomes and 
lysosomes. Lysosomal dysfunction has been associated with aging and a number of human diseases including ath-
erosclerosis and chronic kidney disease20. In this study, we assess the changes in endo-lysosomal function during 
phosphate-induced VSMC calcification. We further evaluate the effect of endosomal and lysosomal inhibitors on 
phosphate stimulated VSMCs transformation and calcification of aortic rings.

Results
Lysosomal function is increased during VSMC calcification. To identify whether lysosome function 
is altered during smooth muscle cell calcification, confluent VSMCs were cultured in medium containing 3.5 mM 
Pi and 3 mM Ca2+ for 7 days to induce calcification. LysoTracker Red and SM22 alpha (SM22α) immunoflu-
orescence staining were used to label lysosomes and monitor VSMC phenotypic transformation. As shown in 
Fig. 1A and C, the VSMC contractile marker SM22α (green staining) was significantly decreased in calcifying 
cells compared with controls, while the intensity of LysoTracker Red (red staining) was increased, suggesting that 
lysosomes are increased in areas of calcifying VSMCs. Cathepsin B, a member of the lysosomal cysteine family, 
is mainly located within their acidic environment. It is commonly used to evaluate lysosomal function21. We 
next assessed lysosomal Cathepsin B activity using the Magic Red Cathepsin B activity assay. Consistent with 
our initial results, VSMCs cultured in calcification medium exhibited decreased SM22α and increased cathepsin 
B activity as shown in Fig. 1B and D. These results suggest that lysosomal function is increased during VSMC 
calcification.

The lysosomal marker LAMP2 is upregulated in medial artery calcification in vivo. Lysosome 
associated membrane protein 2 (LAMP2) plays a pivotal role in the protection, maintenance, and signal transduc-
tion occurring within lysosomes22. To investigate whether lysosomal function is altered in calcifying arteries, we 
employed a model of medial calcification induced by vitamin D3

23. As shown in Fig. 2A, subcutaneous adminis-
tration of vitamin D3 induced profound aortic calcification that occurred in the medial layer as demonstrated by 
Von Kossa and Verhoeff van Giesen (VVG) staining. The osteoblast markers RUNX2 and BMP2 were increased 
and VSMC marker SM22α was decreased in the arterial media of vitamin D3-injected mice compared with vehi-
cle control (Fig. 2B). Importantly, the lysosomal marker LAMP2 was markedly increased in calcified areas that 
largely overlapped with RUNX2 and BMP2 staining. In RNA isolated from vitamin D3 or vehicle-treated mice, 
quantitative PCR (qPCR) showed increased LAMP2, RUNX2, and BMP2, while TAGLN was decreased (Fig. 3). 
These data suggest that lysosome function is increased in pathological medial artery calcification.

Inhibition of lysosomal function enhances VSMC calcification. Lysosomes consist of a large number 
of enzymes that function in an acidic environment. Vascular calcification involves progressively enlarging depos-
its of calcium hydroxyapatite mineral. To study whether lysosomal function is involved in VSMC calcification, 
we utilized the lysosomal inhibitor chloroquine that rapidly accumulates inside the organelle, increases the pH, 
and prevents fusion with endosomes and autophagosomes24,25. As shown in Fig. 4A, when VSMCs were cultured 
in calcification medium for 7 days, calcium levels were significantly increased compared with normal culture 
medium, and this effect was further enhanced by chloroquine treatment, suggesting that increasing lysosomal 
function may work to suppress VSMC calcification.

Inhibition of endosome function facilitates VSMC calcification. Accumulating evidence suggests 
that endocytosis plays a critical role in the early processing and degradation of extracellular materials26. In an 
attempt to determine whether endosomal function plays a role in VSMC calcification, cells were cultured in 
calcification medium with or without the endosomal inhibitor dynasore for 7 days. Dynasore is a cell-permeable 
small molecule that specifically inhibits the GTPase activity of dynamin1 and dynamin2, therefore, blocking the 
endocytic pathway. It is known that the GTPase dynamin is essential for clathrin-mediated endocytosis, a major 
process by which cells can deliver biomaterials to lysosomes26. As shown in Fig. 4B, when VSMCs were treated 
with increasing doses of dynasore, calcium accumulation was dose-dependently augmented as revealed by both 
Alizarin red S staining (top panel) and calcium assay (bottom panel). These data suggest that dynamin-dependent 
endocytosis could play a protective role in VSMC calcification.

Inhibition of lysosomal or endosomal function augments VSMC osteogenic differentiation. In 
response to elevated phosphate levels, VSMCs are able to undergo osteogenic transformation, a phenotypic 
change from a contractile to more bone cell-like state27. To determine whether inhibition of lysosomal or endo-
somal function could affect VSMC osteogenic transformation, confluent VSMCs were cultured in calcification 
medium with or without chloroquine or dynasore for 7 days. The osteoblast markers RUNX2 and BMP2, and 
VSMC contractile marker TAGLN were assessed by qPCR. As shown in Fig. 5, RUNX2 and BMP2 were sig-
nificantly upregulated when VSMCs were cultured in calcification medium. However, this effect was markedly 
enhanced by chloroquine treatment (Fig. 5A–B). Conversely, TAGLN was significantly decreased in calcification 
medium compared with normal culture medium, and it was further reduced by chloroquine treatment (Fig. 5C). 
In line with this, treatment with dynasore also significantly enhanced the effects of Pi + Ca2+ on VSMC osteo-
genic transformation (Fig. 5D–F). Interestingly, Dynasore treatment alone was also able to increase RUNX2 and 
decrease TAGLN, suggesting that endosomal inhibition affects osteogenic transformation. Collectively, these data 
suggest that the endosome/lysosome system plays a pivotal role in protecting VSMCs from Pi + Ca2+-mediated 
osteogenic transformation.

Lysosomal inhibition enhances medial artery calcification. We next used an organ culture model of 
medial calcification. Aortic rings incubated in calcification medium containing elevated phosphate levels for 8 
days develop medial artery calcification similar to that seen in vivo28. Calcium levels were significantly increased 
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Figure 1. Lysosomal function is increased in calcifying VSMCs. Confluent rat aortic VSMCs were cultured 
on a chamber slide in a Pi + Ca2+ (3.5 mM phosphate/3 mM calcium) calcification medium for 7 days, the 
function of lysosome was evaluated by the LysoTracker red and cathepsin B magic red staining. (A and C) 
Representative immunofluorescent staining images and quantitative results showing increased LysoTracker 
intensity and decreased SM22α expression in calcifying VSMCs. (C–D) Immunofluorescent staining 
images and quantitative results showing effects of calcification medium on cathepsin B activity and SM22α 
expression. The fluorescent intensity of lysosomes was analyzed using Image J software. At least 5 fields 
per condition and 3 independent experiments were performed. All Values are presented as mean ± SD. 
*P < 0.05.
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by chloroquine treatment in Pi-stimulated aortic rings (Fig. 6B). Von Kossa staining also showed that addition of 
chloroquine further increased calcium deposits in the medial layer of aortas (Fig. 6A). These data suggest a role 
for endo-lysosomal function in protecting arteries from medial calcification.

Figure 2. Lysosomal marker LAMP2 is increased and co-localizes with osteogenic markers in calcifying aortas. 
Rats were subcutaneously injected with 1.2 × 105 IU/kg/day vitamin D3 or vehicle for 3 days and euthanized 14 
days later. (A) Histological staining with Von Kossa and VVG showing vitamin D3-induced medial calcification. 
(B) Double immunofluorescent staining showing increased lysosomal marker LAMP2 fluorescence that largely 
overlaps with osteoblast markers RUNX2 and BMP2 in calcifying aortas. Nuclei were stained with DAPI. 
Bar = 50 μm. L and M refer to lumen and media, respectively.
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Discussion
Medial artery calcification is a pathological response to metabolic derangements most commonly seen in diabetes 
and renal failure. It is associated with increased morbidity and mortality related to cardiovascular diseases and 
predicts outcomes in patients with peripheral artery disease such as amputation and death3,29. Currently, there 
are no therapeutic agents available to prevent arterial calcification or slow its development. Medial VSMCs play a 
central role in vascular calcification as they can transform into more osteogenic cell types in response to elevated 
phosphate levels12. In this study, we observed that endo-lysosomal function is increased in calcifying VSMCs in 
vitro and aortic segments in vivo as demonstrated by Lysotracker and LAMP2 staining. Inhibition of endosome 
function by dynasore, and lysosome function by chloroquine significantly increased VSMC calcification and 
osteogenic transformation. These data suggest that endo-lysosomal function plays an important regulatory role 
in vascular calcification and that targeting these processes may provide a new strategy to suppress arterial calcifi-
cation and improve outcomes in patients with arterial disease.

Endosomes are membrane-bound compartments that internalize molecules from the extracellular space and 
plasma membrane. They provide an environment where internalized materials can be sorted before they are 
degraded in the lysosomes. Three separate pathways are known to be involved in endocytosis. Clathrin-mediated 
endocytosis is the most common, while the caveolae and non-clathrin/non-caveolae mediated pathways fol-
low26. We used dynasore, a cell-permeable, reversible, and non-competitive inhibitor of dyanamin 1 2 GTPase, to 
inhibit clathrin-mediated endosomal function. We found that dynasore dose-dependently increased calcification 
of VSMC, suggesting that clathrin-mediated endocytosis is involved in protecting against vascular calcification. 
Future studies on the role of endosomal pathways in calcification are needed.

Lysosomes play a critical role in cellular homeostasis and are implicated in a wide array of physiological pro-
cesses including cellular clearance, lipid and energy metabolism, and bone remodeling. The autophagy/lysosome 

Figure 3. LAMP2 is increased in calcifying rodent aortas. Rat aortic calcification was induced by subcutaneous 
injection with 1.2 × 105 IU/kg/day vitamin D3 or vehicle for 3 days. After total 14 days, aortas were dissected 
and total RNA was isolated. qPCR results revealed that LAMP2 was increased concomitant with osteogenic 
transformation showing increased RUNX2 and BMP2, and decreased TAGLN. Six rats for each group were 
analyzed. Values are presented as mean ± SEM. *P < 0.05.
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pathway is used to degrade intracellular macromolecules and dysfunctional organelles30, whereas the endosome/
lysosome pathway is mainly involved in degrading materials that are brought in from the extracellular environ-
ment31,32. Lysosomes contain over 60 different hydrolytic enzymes that function in an acidic milieu. Chloroquine 
has been shown to inhibit endosomal and lysosomal function by preventing acidification required for enzymatic 
activity. Recent studies suggest that chloroquine may also function by inhibiting the fusion of autophagosomes 
with lysosomes through a pH-dependent mechanism33. In the present study, we observed that chloroquine treat-
ment enhanced calcification and osteogenic transformation in cultured VSMCs. It also increased medial calcifi-
cation in aortic rings cultured in medium with elevated phosphate levels, suggesting that lysosomal function play 
a role in preventing vascular calcification.

Bone morphogenetic proteins (BMPs) are part of the TGF-beta superfamily of signaling proteins that play 
critical roles in determining cell fate and function34. BMP2 is highly expressed in calcifying arteries and increas-
ing VSMC-specific BMP2 expression accelerates vascular calcification. Others groups and we ourselves have pre-
viously shown that BMP2 is involved in VSMC calcification35,36. Interestingly, in the present study, we observed 
that chloroquine and dynasore dramatically increase BMP2 expression and provoked a synergistic effect, suggest-
ing that BMP2 could be a major target for endosome and lysosome-regulated vascular calcification.

It has been shown that high phosphate levels are capable of promoting autophagy in VSMCs as measured by 
staining for the autophagosome marker microtubule-associated protein 1A/1B light chain 3B-II (LC3-II), and 
inhibition of autophagy increased VSMC calcification as well as aortic calcification in an organ culture model16,37. 
In the present study, we observed that inhibition of endo-lysosomal function significantly enhanced VSMC cal-
cification. These findings suggest that both endosomal and autophagosomal pathways are involved in the control 
of VSMC phenotype and vascular calcification. Interestingly, vascular cells exposed to basic calcium phosphate 
(BCP) crystals exhibited increased intracellular calcium levels and cell death. This was reversed by lysosomal 
de-acidification with bafilomycin. When applied to VSMCs, BCP crystals caused release of high levels of cal-
cium in lysosome acidic milieu. However cell death did not occur when BCPs were applied in serum-containing 
medium suggesting that protein crystal aggregates are not as toxic38. It also has been demonstrated that high Pi 
could promote calcification by stimulating VSMC apoptosis39. In uremic mice and dialysis patients, extensive 
VSMC apoptosis is evident40,41. Moreover, chloroquine has also been shown to mediate cell death by disrupting 
lysosome function in various cell types42,43. Importantly, a recent study has shown that 7-ketocholesterol, a major 
component of oxidized low-density lipoprotein caused lysosome dysfunction and in turn exacerbated VSMC 
calcification44. Therefore, it is possible that chloroquine enhances vascular calcification by disrupting lysosomal 
function and subsequently inducing cell death.

In summary, we have demonstrated that inhibiting endosomal and lysosomal function can increase smooth mus-
cle cell osteogenic transformation and calcification (Fig. 7). These findings suggest that preserving endo-lysosomal 
function may provide a new strategy to suppress medial artery calcification in patients with vascular disease.

Methods
Reagents. Cholecalciferol (vitamin D3), sodium monohydrogen phosphate heptahydrate (Na2HPO4.7H2O), 
sodium dihydrogen phosphate monohydrate (NaH2PO4.H2O), calcium chloride (CaCl2), chloroquine diphosphate, 
dynasore hydrate, Alizarin Red S, Silver nitrate, and nuclear fast red were purchased from Sigma-Aldrich (St. Louis, 

Figure 4. Inhibition of lysosomal and endosomal function enhances VSMC calcification. Confluent rat aortic 
VSMC were cultured in a Pi + Ca2+ (3.5 mM phosphate/3 mM calcium) calcification medium with or without 
indicated concentration of lysosomal inhibitor chloroquine or endosomal inhibitor dynasore for 7 days, and 
calcification medium was replaced every other day. (A) Effect of increasing concentrations of chloroquine on 
calcium deposition. (B) Effect of dynasore on calcium deposition. Top panel, Alizarin Red S staining; Bottom 
panel, calcium assay. The data represent 6 determinations. Values are presented as mean ± SD. *P < 0.05.
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MO). Dulbecco’s Modified Eagle’s Medium (DMEM) and fetal bovine serum (FBS) were obtained from Thermo 
Fisher Scientific. Vitamin D3 was dissolved in ethanol/kolliphor EL/dextrose prior to subcutaneous injection.

Animals. All animal usage was reviewed and approved by Institutional Animal Care and Use Committee 
(IACUC) at Beth Israel Deaconess Medical Center (086–2014 and 093–2016). All animal experiments and pro-
cedures were performed in accordance with the approved guidelines. Sprague-Dawley rats were purchased from 
Charles River Laboratories and C57BL/6J mice were obtained from Jackson Lab Laboratories. Animals were fed 
with a normal rodent diet ad libitum.

Rat aortic VSMC culture and calcification induction. VSMCs were prepared using enzymatic diges-
tion of aortas from male Sprague-Dawley rats (250 ± 50 g) as previously described45. Cells were grown in cul-
ture medium (DMEM + 10% FBS + 1% pen/strep) in a humidified incubator (37 °C, 5% CO2), and used for the 
experiments from passages 7 to 12. To induce calcification, the final concentrations of inorganic phosphate (Pi) 
and calcium (as CaCl2) were increased to 3.5 mM and 3 mM respectively. Cells were incubated in calcification 
medium for 7 days and the medium was replaced every other day.

Medial artery calcification rat model. To induce medial artery calcification, male Sprague-Dawley rats 
(250 ± 50 g) were subcutaneously injected with 1.2 × 105 IU/kg/day vitamin D3 (dissolved in denatured alcohol/
kolliphor/dextrose) for 3 consecutive days as described previously23. After 14 days, animals were perfused with 
saline, and the thoracic aortas were dissected for qPCR. The aortas were fixed with 10% neutral buffer formalin 
(10% NBF) and embedded in paraffin for histology and immunostaining.

Aortic ring organ ex vivo culture. Aortic ring organ culture was performed as previously described28. 
Thoracic aortas were isolated from 8 week old C57BL/6 J mice, gently cleared of surrounding tissues and cut into 3 
mm-long segments. The aortic segments were incubated in a calcification medium (DMEM + 10% FBS + 1% pen/
strep + 2.6 mM Pi) for 8 days at 37 °C in a humidified 5% CO2 incubator. Medium was replaced every other day.

Figure 5. Inhibition of lysosomal or endosomal function augments osteogenic VSMC transformation. 
Confluent rat aortic VSMCs were cultured in Pi + Ca2+ (3.5 mM phosphate/3 mM calcium) calcification 
medium with or without 10 μM of lysosomal inhibitor chloroquine or 40 μM of endosome inhibitor dynasore 
for 7 days, and the fresh calcification culture medium was changed every other day. (A–C) qPCR results 
demonstrate effect of chloroquine on osteoblast markers RUNX2 and BMP2, and VSMC contractile marker 
TAGLN in Pi + Ca2+-stimulated VSMCs. (D–F) qPCR results showed an enhanced effect of dynasore on 
Pi + Ca2+-induced osteogenic transformation. The data represent 6 determinations and were replicated two 
times. Values are presented as mean ± SD. *P < 0.05.
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Calcification assessment. Calcium content was determined as previously described23,36. At the end of 
the experiment, VSMCs or aortic organ rings were washed with saline and decalcified in 200 μl 0.6 N HCl for 
24 h. Calcium levels were measured using the o-cresolphthalein complexone method. Protein concentration was 

Figure 6. Lysosomal inhibition increases medial calcification. Mouse thoracic aortas were isolated from 
C57BL/6 J mice and cut into 3 mm-long aortic rings. Aorta segments were cultured in calcification media 
(DMEM + 10% FBS + 2.6 mM Pi) with or without chloroquine for 8 days. (A) HE and Von Kossa staining 
showing chloroquine effect on Pi-induced medial calcification. (B) Calcium assay showing effect of chlorquine 
on Pi-induced calcium accumulation. The data represent 6 aortic rings per each group. Values are presented as 
mean ± SEM. *P < 0.05.

Figure 7. Model of endo-lysosome regulating vascular calcification in VSMCs. Elevated Pi/Ca2+ can 
increase endo-lysosomal function, which is capable of partially reducing Pi/Ca2+-induced VSMC osteogenic 
transformation and subsequent calcification.
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measured using a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific). Results were expressed as µg/mg 
protein for VSMCs and mg/mm for aortic rings. VSMCs were also fixed with 4% Paraformaldehyde (4% PFA), 
and stained with 2% Alizarin Red S Solution to visualize the extent of calcification36. Additionally, aorta segments 
were fixed with 10% NBF and embedded in paraffin. Cross-sections were used for staining with Von Kossa’s and 
Verhoeff-Van Gieson’s (VVG) methods to evaluate the medial calcification.

RNA isolation and Quantitative PCR. Total RNA was isolated from VSMCs or rat aortas using a 
RNeasy Mini Kit (Qiagen). 1 ug total RNA was utilized to synthesize cDNA using an iScript cDNA Synthesis 
kit (Bio-Rad). The cDNA equivalent to 10 ng total RNA was applied as template in qPCR reaction using the 
PowerUp™ SYBR® Green Master Mix (Thermo Fisher Scientific). The amplifications were performed using an 
AB 7500 Fast Real-Time PCR System (Applied Biosystems). The melt curve was also performed and analyzed 
to avoid any contaminations. The relative mRNA levels were obtained using the comparative Ct method and 
normalized with glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primers used in qPCR are LAMP2 
(Forward: 5′-AGCAGTTGTGGCGATGATAAG-3′; Reverse: 5′- CTGAGATGCTTCCTTGGTGAAA-3′), 
RUNX2 (Forward: 5′-GCCACTTACCACAGAGCTATTA-3′; Reverse: 5′-GGCGGTCAGAGAACAAACTA-3′), 
BMP2 (Forward: 5′-TGTGAGGATTAGCAGGTCTTTG-3′; Reverse: 5′-TTGTGGAGTGGATGTCCTTTAC-3′), 
SM22a (Forward: 5′-AGAGGACTGTAATGGCTTTGG-3′; Reverse: 5′-CTGTCTGTGAACTCCCTCTTATG-3′), 
and GAPDH (Forward: 5′-GATGCTGGTGCTGAGTATGT-3′; Reverse: 5′-GCGGAGATGATGACCCTTT-3′).

Immunofluorescent staining. Aortas isolated from vehicle or vitamin D3-treated rats were fixed with 10% 
NBF and embedded in paraffin. The sections were deparaffinized and treated with 10 mM HIER citrate buffer 
(pH 6.0) for antigen retrieval, and then blocked with Dako serum-free blocking solution (Dako), followed by 
incubation of secondary antibody Alexa Fluor 488 or 546 (Thermo Fisher Scientific). The antibodies includ-
ing anti-LAMP2 (Santa Cruz Biotechnology, sc-20004), anti-RUNX2 (BML Life science, D130-3), anti-BMP2 
(Abcam, ab14933), and anti-SM22α (Abcam, ab14106) were used. Nuclei were stained with DAPI. Cells were 
visualized with Zeiss AxioImager M1 microscope.

Lysosomal function analysis. Lysotracker red DND-99 (Thermo Fisher Scientific), a fluorescent acid 
tropic probe for labeling and tracking acidic organelles in live cells, was used to visualize lysosomes46. Confluent 
VSMCs were treated with the calcification culture medium for 7 days, and then added with 1 μM Lysotracker red, 
followed by culture for 2 h. Moreover, Magic Red Cathepsin B (ImmunoChemistry Technologies) was also used 
to examine lysosomal function. Confluent VSMCs were treated with the calcification culture medium for 7 days, 
and then added with cathepsin B substrate reagent, MR-(RR)2, followed by incubation for 1 h. VSMCs were fixed 
with 4% PFA and stained with anti-SM22α antibody. Nuclei were stained with DAPI. Cells were visualized and 
images were captured using with Zeiss LSM 880 Confocal microscope. To quantify the function of lysosomes, the 
fluorescent intensity of lysosomes in each field was analyzed using Image J software. At least 5 fields per condition 
were measured.

Statistical analysis. Statistical analyses were performed using GraphPad Prism 6.0 software. Differences 
were analyzed by one-way ANOVA. P values less than 0.05 were considered significant.

References
 1. Marso, S. P. & Hiatt, W. R. Peripheral arterial disease in patients with diabetes. J Am Coll Cardiol 47, 921–929, https://doi.

org/10.1016/j.jacc.2005.09.065 (2006).
 2. Lanzer, P. et al. Medial vascular calcification revisited: review and perspectives. European heart journal 35, 1515–1525, https://doi.

org/10.1093/eurheartj/ehu163 (2014).
 3. Paloian, N. J. & Giachelli, C. M. A current understanding of vascular calcification in CKD. American journal of physiology. Renal 

physiology 307, F891–900, https://doi.org/10.1152/ajprenal.00163.2014 (2014).
 4. Shroff, R., Long, D. A. & Shanahan, C. Mechanistic insights into vascular calcification in CKD. J Am Soc Nephrol 24, 179–189, 

https://doi.org/10.1681/ASN.2011121191 (2013).
 5. Greenland, P., LaBree, L., Azen, S. P., Doherty, T. M. & Detrano, R. C. Coronary artery calcium score combined with Framingham 

score for risk prediction in asymptomatic individuals. JAMA 291, 210–215, https://doi.org/10.1001/jama.291.2.210 (2004).
 6. Liu, W. et al. Current understanding of coronary artery calcification. J Geriatr Cardiol 12, 668–675, https://doi.org/10.11909/j.

issn.1671-5411.2015.06.012 (2015).
 7. Guzman, R. J. et al. Tibial artery calcification as a marker of amputation risk in patients with peripheral arterial disease. Journal of 

the American College of Cardiology 51, 1967–1974, https://doi.org/10.1016/j.jacc.2007.12.058 (2008).
 8. Guzman, R. J., Bian, A., Shintani, A. & Stein, C. M. Association of foot ulcer with tibial artery calcification is independent of 

peripheral occlusive disease in type 2 diabetes. Diabetes research and clinical practice 99, 281–286, https://doi.org/10.1016/j.
diabres.2012.12.022 (2013).

 9. Guerin, A. P., London, G. M., Marchais, S. J. & Metivier, F. Arterial stiffening and vascular calcifications in end-stage renal disease. 
Nephrology, dialysis, transplantation: official publication of the European Dialysis and Transplant Association - European Renal 
Association 15, 1014–1021 (2000).

 10. Demer, L. L. & Tintut, Y. Vascular calcification: pathobiology of a multifaceted disease. Circulation 117, 2938–2948, https://doi.
org/10.1161/CIRCULATIONAHA.107.743161 (2008).

 11. O’Neill, W. C., Han, K. H., Schneider, T. M. & Hennigar, R. A. Prevalence of nonatheromatous lesions in peripheral arterial disease. 
Arterioscler Thromb Vasc Biol 35, 439–447, https://doi.org/10.1161/ATVBAHA.114.304764 (2015).

 12. Leopold, J. A. Vascular calcification: Mechanisms of vascular smooth muscle cell calcification. Trends in cardiovascular medicine 25, 
267–274, https://doi.org/10.1016/j.tcm.2014.10.021 (2015).

 13. Goettsch, C., Hutcheson, J. D. & Aikawa, E. MicroRNA in cardiovascular calcification: focus on targets and extracellular vesicle 
delivery mechanisms. Circ Res 112, 1073–1084, https://doi.org/10.1161/CIRCRESAHA.113.300937 (2013).

 14. Duan, X., Zhou, Y., Teng, X., Tang, C. & Qi, Y. Endoplasmic reticulum stress-mediated apoptosis is activated in vascular calcification. 
Biochemical and biophysical research communications 387, 694–699, https://doi.org/10.1016/j.bbrc.2009.07.085 (2009).

 15. Wen, C. et al. Nalp3 inflammasome is activated and required for vascular smooth muscle cell calcification. International journal of 
cardiology 168, 2242–2247, https://doi.org/10.1016/j.ijcard.2013.01.211 (2013).

http://dx.doi.org/10.1016/j.jacc.2005.09.065
http://dx.doi.org/10.1016/j.jacc.2005.09.065
http://dx.doi.org/10.1093/eurheartj/ehu163
http://dx.doi.org/10.1093/eurheartj/ehu163
http://dx.doi.org/10.1152/ajprenal.00163.2014
http://dx.doi.org/10.1681/ASN.2011121191
http://dx.doi.org/10.1001/jama.291.2.210
http://dx.doi.org/10.11909/j.issn.1671-5411.2015.06.012
http://dx.doi.org/10.11909/j.issn.1671-5411.2015.06.012
http://dx.doi.org/10.1016/j.jacc.2007.12.058
http://dx.doi.org/10.1016/j.diabres.2012.12.022
http://dx.doi.org/10.1016/j.diabres.2012.12.022
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.743161
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.743161
http://dx.doi.org/10.1161/ATVBAHA.114.304764
http://dx.doi.org/10.1016/j.tcm.2014.10.021
http://dx.doi.org/10.1161/CIRCRESAHA.113.300937
http://dx.doi.org/10.1016/j.bbrc.2009.07.085
http://dx.doi.org/10.1016/j.ijcard.2013.01.211


www.nature.com/scientificreports/

1 0SCIEntIfIC RepoRTS | 7: 3377  | DOI:10.1038/s41598-017-17540-6

 16. Dai, X. Y. et al. Phosphate-induced autophagy counteracts vascular calcification by reducing matrix vesicle release. Kidney Int 83, 
1042–1051, https://doi.org/10.1038/ki.2012.482 (2013).

 17. Luzio, J. P., Pryor, P. R. & Bright, N. A. Lysosomes: fusion and function. Nature reviews. Molecular cell biology 8, 622–632, https://doi.
org/10.1038/nrm2217 (2007).

 18. Settembre, C., Fraldi, A., Medina, D. L. & Ballabio, A. Signals from the lysosome: a control centre for cellular clearance and energy 
metabolism. Nature reviews. Molecular cell biology 14, 283–296, https://doi.org/10.1038/nrm3565 (2013).

 19. Eskelinen, E. L. Roles of LAMP-1 and LAMP-2 in lysosome biogenesis and autophagy. Mol Aspects Med 27, 495–502, https://doi.
org/10.1016/j.mam.2006.08.005 (2006).

 20. Boya, P. Lysosomal function and dysfunction: mechanism and disease. Antioxid Redox Signal 17, 766–774, https://doi.org/10.1089/
ars.2011.4405 (2012).

 21. Lee, S., Sato, Y. & Nixon, R. A. Lysosomal proteolysis inhibition selectively disrupts axonal transport of degradative organelles and 
causes an Alzheimer’s-like axonal dystrophy. J Neurosci 31, 7817–7830, https://doi.org/10.1523/JNEUROSCI.6412-10.2011 (2011).

 22. Hua, C. T., Hopwood, J. J., Carlsson, S. R., Harris, R. J. & Meikle, P. J. Evaluation of the lysosome-associated membrane protein 
LAMP-2 as a marker for lysosomal storage disorders. Clin Chem 44, 2094–2102 (1998).

 23. Qin, X., Corriere, M. A., Matrisian, L. M. & Guzman, R. J. Matrix metalloproteinase inhibition attenuates aortic calcification. 
Arterioscler Thromb Vasc Biol 26, 1510–1516, https://doi.org/10.1161/01.ATV.0000225807.76419.a7 (2006).

 24. Dunmore, B. J. et al. The lysosomal inhibitor, chloroquine, increases cell surface BMPR-II levels and restores BMP9 signalling in 
endothelial cells harbouring BMPR-II mutations. Hum Mol Genet 22, 3667–3679, https://doi.org/10.1093/hmg/ddt216 (2013).

 25. Misinzo, G., Delputte, P. L. & Nauwynck, H. J. Inhibition of endosome-lysosome system acidification enhances porcine circovirus 2 
infection of porcine epithelial cells. J Virol 82, 1128–1135, https://doi.org/10.1128/JVI.01229-07 (2008).

 26. Doherty, G. J. & McMahon, H. T. Mechanisms of endocytosis. Annu Rev Biochem 78, 857–902, https://doi.org/10.1146/annurev.
biochem.78.081307.110540 (2009).

 27. Speer, M. Y. et al. Smooth muscle cells give rise to osteochondrogenic precursors and chondrocytes in calcifying arteries. Circ Res 
104, 733–741, https://doi.org/10.1161/CIRCRESAHA.108.183053 (2009).

 28. Akiyoshi, T. et al. A novel organ culture model of aorta for vascular calcification. Atherosclerosis 244, 51–58, https://doi.
org/10.1016/j.atherosclerosis.2015.11.005 (2016).

 29. Blacher, J., Guerin, A. P., Pannier, B., Marchais, S. J. & London, G. M. Arterial calcifications, arterial stiffness, and cardiovascular risk 
in end-stage renal disease. Hypertension 38, 938–942 (2001).

 30. Mizushima, N., Levine, B., Cuervo, A. M. & Klionsky, D. J. Autophagy fights disease through cellular self-digestion. Nature 451, 
1069–1075, https://doi.org/10.1038/nature06639 (2008).

 31. Saftig, P. & Klumperman, J. Lysosome biogenesis and lysosomal membrane proteins: trafficking meets function. Nature reviews. 
Molecular cell biology 10, 623–635, https://doi.org/10.1038/nrm2745 (2009).

 32. Jerome, W. G. Lysosomes, cholesterol and atherosclerosis. Clin Lipidol 5, 853–865, https://doi.org/10.2217/clp.10.70 (2010).
 33. Verschooten, L. et al. Autophagy inhibitor chloroquine enhanced the cell death inducing effect of the flavonoid luteolin in metastatic 

squamous cell carcinoma cells. PLoS ONE 7, e48264, https://doi.org/10.1371/journal.pone.0048264 (2012).
 34. Miyazono, K., Maeda, S. & Imamura, T. BMP receptor signaling: transcriptional targets, regulation of signals, and signaling cross-

talk. Cytokine & growth factor reviews 16, 251–263, https://doi.org/10.1016/j.cytogfr.2005.01.009 (2005).
 35. Li, X., Yang, H. Y. & Giachelli, C. M. BMP-2 promotes phosphate uptake, phenotypic modulation, and calcification of human 

vascular smooth muscle cells. Atherosclerosis 199, 271–277, https://doi.org/10.1016/j.atherosclerosis.2007.11.031 (2008).
 36. Lin, T., Wang, X. L., Zettervall, S. L., Cai, Y. & Guzman, R. J. Dorsomorphin homologue 1, a highly selective small-molecule bone 

morphogenetic protein inhibitor, suppresses medial artery calcification. J Vasc Surg, https://doi.org/10.1016/j.jvs.2016.03.462 
(2016).

 37. Shanahan, C. M. Autophagy and matrix vesicles: new partners in vascular calcification. Kidney Int 83, 984–986, https://doi.
org/10.1038/ki.2013.75 (2013).

 38. Ewence, A. E. et al. Calcium phosphate crystals induce cell death in human vascular smooth muscle cells: a potential mechanism in 
atherosclerotic plaque destabilization. Circ Res 103, e28–34, https://doi.org/10.1161/CIRCRESAHA.108.181305 (2008).

 39. Son, B. K. et al. Statins protect human aortic smooth muscle cells from inorganic phosphate-induced calcification by restoring Gas6-
Axl survival pathway. Circ Res 98, 1024–1031, https://doi.org/10.1161/01.RES.0000218859.90970.8d (2006).

 40. Shroff, R. C. et al. Dialysis accelerates medial vascular calcification in part by triggering smooth muscle cell apoptosis. Circulation 
118, 1748–1757, https://doi.org/10.1161/CIRCULATIONAHA.108.783738 (2008).

 41. Pai, A. S. & Giachelli, C. M. Matrix remodeling in vascular calcification associated with chronic kidney disease. J Am Soc Nephrol 21, 
1637–1640, https://doi.org/10.1681/ASN.2010040349 (2010).

 42. Zaidi, A. U. et al. Chloroquine-induced neuronal cell death is p53 and Bcl-2 family-dependent but caspase-independent. J 
Neuropathol Exp Neurol 60, 937–945 (2001).

 43. Boya, P. et al. Mitochondrial membrane permeabilization is a critical step of lysosome-initiated apoptosis induced by 
hydroxychloroquine. Oncogene 22, 3927–3936, https://doi.org/10.1038/sj.onc.1206622 (2003).

 44. Sudo, R., Sato, F., Azechi, T. & Wachi, H. 7-Ketocholesterol-induced lysosomal dysfunction exacerbates vascular smooth muscle cell 
calcification via oxidative stress. Genes Cells 20, 982–991, https://doi.org/10.1111/gtc.12301 (2015).

 45. Cai, Y. et al. Role of cAMP-phosphodiesterase 1C signaling in regulating growth factor receptor stability, vascular smooth muscle 
cell growth, migration, and neointimal hyperplasia. Circ Res 116, 1120–1132, https://doi.org/10.1161/CIRCRESAHA.116.304408 
(2015).

 46. Cai, Y. et al. Cyclic nucleotide phosphodiesterase 1 regulates lysosome-dependent type I collagen protein degradation in vascular 
smooth muscle cells. Arterioscler Thromb Vasc Biol 31, 616–623, https://doi.org/10.1161/ATVBAHA.110.212621 (2011).

Acknowledgements
This work was supported by the National Institutes of Health grant R01HL105641 (R.J. Guzman) and the AHA 
Scientist Development Grant 13SDG16560024 (Y. Cai).

Author Contributions
Y. Cai and R.J. Guzman conceptualized and designed the study. Y. Cai, X. Wang, and A.M. Flores collected the 
data. Y. Cai, X. Wang, and T. Lin analyzed the data. Y. Cai and R.J. Guzman wrote the manuscript. R.J. Guzman 
and Y. Cai obtained funding and supervised the work.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1038/ki.2012.482
http://dx.doi.org/10.1038/nrm2217
http://dx.doi.org/10.1038/nrm2217
http://dx.doi.org/10.1038/nrm3565
http://dx.doi.org/10.1016/j.mam.2006.08.005
http://dx.doi.org/10.1016/j.mam.2006.08.005
http://dx.doi.org/10.1089/ars.2011.4405
http://dx.doi.org/10.1089/ars.2011.4405
http://dx.doi.org/10.1523/JNEUROSCI.6412-10.2011
http://dx.doi.org/10.1161/01.ATV.0000225807.76419.a7
http://dx.doi.org/10.1093/hmg/ddt216
http://dx.doi.org/10.1128/JVI.01229-07
http://dx.doi.org/10.1146/annurev.biochem.78.081307.110540
http://dx.doi.org/10.1146/annurev.biochem.78.081307.110540
http://dx.doi.org/10.1161/CIRCRESAHA.108.183053
http://dx.doi.org/10.1016/j.atherosclerosis.2015.11.005
http://dx.doi.org/10.1016/j.atherosclerosis.2015.11.005
http://dx.doi.org/10.1038/nature06639
http://dx.doi.org/10.1038/nrm2745
http://dx.doi.org/10.2217/clp.10.70
http://dx.doi.org/10.1371/journal.pone.0048264
http://dx.doi.org/10.1016/j.cytogfr.2005.01.009
http://dx.doi.org/10.1016/j.atherosclerosis.2007.11.031
http://dx.doi.org/10.1016/j.jvs.2016.03.462
http://dx.doi.org/10.1038/ki.2013.75
http://dx.doi.org/10.1038/ki.2013.75
http://dx.doi.org/10.1161/CIRCRESAHA.108.181305
http://dx.doi.org/10.1161/01.RES.0000218859.90970.8d
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.783738
http://dx.doi.org/10.1681/ASN.2010040349
http://dx.doi.org/10.1038/sj.onc.1206622
http://dx.doi.org/10.1111/gtc.12301
http://dx.doi.org/10.1161/CIRCRESAHA.116.304408
http://dx.doi.org/10.1161/ATVBAHA.110.212621


www.nature.com/scientificreports/

1 1SCIEntIfIC RepoRTS | 7: 3377  | DOI:10.1038/s41598-017-17540-6

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Inhibition of endo-lysosomal function exacerbates vascular calcification
	Results
	Lysosomal function is increased during VSMC calcification. 
	The lysosomal marker LAMP2 is upregulated in medial artery calcification in vivo. 
	Inhibition of lysosomal function enhances VSMC calcification. 
	Inhibition of endosome function facilitates VSMC calcification. 
	Inhibition of lysosomal or endosomal function augments VSMC osteogenic differentiation. 
	Lysosomal inhibition enhances medial artery calcification. 

	Discussion
	Methods
	Reagents. 
	Animals. 
	Rat aortic VSMC culture and calcification induction. 
	Medial artery calcification rat model. 
	Aortic ring organ ex vivo culture. 
	Calcification assessment. 
	RNA isolation and Quantitative PCR. 
	Immunofluorescent staining. 
	Lysosomal function analysis. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Lysosomal function is increased in calcifying VSMCs.
	Figure 2 Lysosomal marker LAMP2 is increased and co-localizes with osteogenic markers in calcifying aortas.
	Figure 3 LAMP2 is increased in calcifying rodent aortas.
	Figure 4 Inhibition of lysosomal and endosomal function enhances VSMC calcification.
	Figure 5 Inhibition of lysosomal or endosomal function augments osteogenic VSMC transformation.
	Figure 6 Lysosomal inhibition increases medial calcification.
	Figure 7 Model of endo-lysosome regulating vascular calcification in VSMCs.




