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Abstract

Aims Macrocalcification and microcalcification present different clinical risks, but the regulatory of their formation was
unclear. Therefore, this study explored the underlying mechanisms of macrocalcification and microcalcification in diabetes
mellitus.

Methods Anterior tibial arteries of amputated diabetic feet were collected. According to the calcium content, patients were
divided into less-calcification group and more-calcification group. And calcification morphology in plaques was observed.
For further study, an in vivo mouse diabetic atherosclerosis model and an in vitro primary mouse aortic smooth muscle cell
model were established. After the receptors for AGEs (RAGE) or galectin-3 were silenced, calcified nodule sizes and sor-
tilin expression were determined. Scanning electron microscopy (SEM) was performed to detect the aggregation of matrix
vesicles with the inhibition or promotion of sortilin.

Results Both macro- and microcalcification were found in human anterior tibial artery plaques. Macrocalcification formed
after the silencing of RAGE, and microcalcification formed after the silencing of galectin-3. In the process of RAGE- or
galcetin-3-induced calcification, sortilin played an important role downstream. SEM showed that sortilin promoted the
aggregation of MVs in the early stage of calcification and formed larger calcified nodules.

Conclusion RAGE downregulated sortilin and then transmitted microcalcification signals, whereas galectin-3 upregulated
sortilin, which accelerated the aggregation of MVs in the early stage of calcification and mediated the formation of mac-
rocalcifications, These data illustrate the progression of two calcification types and suggest sortilin as a potential target for
early intervention of calcification and as an effective biomarker for the assessment of long-term clinical risk and prognosis.
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Introduction

Diabetes mellitus is a serious threat to human health.
Approximately, 5.2 million people die of diabetes each
year, and it is estimated that 642 million people will suf-
fer from diabetes by 2040 [1]. Diabetes is defined by the
impairment of glycometabolism and can lead to other
systemic metabolic disorders, such as abnormal lipid
metabolism and bone metabolic dysfunction. These meta-
bolic imbalances can cause irreversible harm to patients
[2]. Studies have found that 78% of diabetics have vary-
ing degrees of vascular calcification, which can further
increase the risk of heart or kidney disease and greatly
increase mortality [3]. Therefore, it is essential to explore
the potential mechanisms of diabetic vascular calcification.

According to morphology, vascular calcifications can
be classified into microcalcifications and macrocalcifica-
tions. Microcalcifications includes undetectable microcal-
cification (< 30 um) and spotty calcification (30—100 um).
Macrocalcifications are categorized into early macrocalci-
fications (100-200 um) and large calcifications (> 200 um)
[4, 5]. Clinical risks are also different between the two
vascular calcification patterns: microcalcifications usually
form vulnerable plaques, during which acute cardiovas-
cular events tend to occur, while macrocalcifications have
increased plaque stability [6]. Long-term macrocalcifica-
tions can lead to a significant decrease in vascular compli-
ance and subsequent heart failure [7]. Fomer reports sug-
gest that osteogenic trans-differentiated vascular smooth
muscle cells (VSMCs) can increase calcified lesion, and
calcification inhibitors can prevent this process [8, 9].
However, the mechanisms underlying the formation of
macro- or microcalcification still remain unclear.

Our previous study found that Ne-carboxymethyl-lysine
(CML), the main component of advanced glycation end
products (AGEs), has a pro-calcification effect [10]. CML
and the receptor for advanced glycation end products
(RAGE) produce CML/RAGE calcification cascade sig-
nals that mostly contribute to the formation of microcal-
cifications rather than macrocalcifications [11]. During the
process of mineralization, RAGE plays a role in delivering
osteoclast signals [12], while galectin-3, another major
receptor of AGEs, functions in regulating osteogenesis
[13]. Menini et al. [9] found that RAGE and galectin-3
played opposite roles in the formation of microcalcifica-
tion and macrocalcification. This is based on cellular lev-
els, so more in vivo experiments are needed to confirm this
conclusion. And, the mechanism of RAGE and galectin-3
in mediating the formation and morphology of calcified
nodules is unclear.

Sortilin is a key member of the Vps10p domain receptor
family that is involved in various cell functions [14, 15].
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A genome-wide association study (GWAS) revealed that
the SORT1 gene is closely associated with many human
diseases, such as myocardial infarction and atherosclerosis
[16]. Recent studies have also found that sortilin affects
in vivo metabolism and is a key player in glucose and
lipid metabolism disorders [17, 18]. These disorders act
as initiating factors for atherosclerosis and vascular cal-
cification. So, we speculated that sortilin may be a key
molecular switch in the regulation of calcification types
by RAGE/galectin-3.

In this study, we collected the anterior tibial arteries
of diabetic foot amputations and used an in vivo and an
in vitro vascular calcification model to elucidate the regula-
tory mechanisms of macrocalcification or microcalcifica-
tion formation. This may provide new perspectives for the
prevention, treatment and prognosis of diabetic vascular
calcification.

Methods
Patients

All 30 patients gave consent and received amputation sur-
gery in the Department of Orthopedics, Affiliated Hospi-
tal of Jiangsu University (Zhenjiang, China). This study
conforms to the principles outlined in the Declaration of
Helsinki and was approved by the Ethical Committee of
the Affiliated Hospital of Jiangsu University. These type 2
diabetic patients had no history of severe trauma or tumors
and underwent amputation because of diabetic foot from
March 2016 to December 2017. Prior to amputation sur-
gery, medical history assessments including age, sex, height,
weight, fasting blood glucose, cholesterol, and triglycerides
were performed. Patients with a history of stomach ulcers,
gastrectomy, taking hormones, or taking metformin were
excluded. For each artery, the calcium content of the three
most severe lesions was measured, and the mean calcium
content was taken as the basis for grouping. Then, according
to the determination of calcium content, the patients were
divided into less calcification group (<5 umol/mg) and more
calcification group (=5 umol/mg).

Animals

4-week-old ApoE~'~ mice on a C57BL/6J background were
purchased from Vital River Laboratories (Distributor of Jack-
son Laboratory, Beijing, China). All animals lived in a specific
pathogen-free (SPF) environment. The mice were given an
intraperitoneal injection of streptozotocin (STZ; 40 mg/kg/day)
for 5 days. 2 weeks after the initial STZ injection, mice with
blood glucose of >300 mg/dL were included in this study. Sub-
sequently, 10'?> DNAse-resistant particles of adeno-associated
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viral (AAV) vectors consisting of AAV-shscramble (as a con-
trol group), AAV-shRAGE, or AAV-shgalectin-3 (Han Heng
Biological Technology Co., Ltd. Shanghai China) solution was
injected into mice via the tail vein. 3 weeks after AAV injection,
the high-fat diet (HFD) was introduced. CML (10 mg/kg/day)
diluted in normal saline or recombinant sortilin protein (0.1 mg/
kg/day) or sortilin-neutralizing antibody (0.1 mg/kg/day) were
injected into tail veins for 6 weeks. Blood glucose levels were
assessed by tail blood sampling at 3, 6, 9, 12, and 15 weeks after
CML injection. Mice were euthanized with 90 mg/kg sodium
pentobarbital. The thoracic aorta and aortic arch were separated
under a dissecting microscope. After paraffin embedding, con-
secutive sections were taken, and calcified areas were selected
for follow-up experiments (Supplementary Fig. S1). All animal
experiments were approved by the Animal Health and Utiliza-
tion Committee of the Affiliated Hospital of Jiangsu University,
and carried out in accordance with the guidelines from Direc-
tive 2010/63/EU. The animal groups were as follows: NC group
(ordinary feed diet only), HFD group (high-fat diet only), CML
group (HFD +CML), AAV-shscramble group (HFD+ AAV-
shscramble), AAV-shRAGE group (HFD + AAV-shRAGE),
AAV-shgalectin-3 group (HFD + AAV-shgalectin-3), double
intervention group (HFD+ AAV-shRAGE + AAV-shgalectin-3),
AAV-shRAGE +sortilin group, AAV-shRAGE + anti-sortilin
group, AAV-shgalectin-3 + sortilin group, and AAV-shgalce-
tin-3 + anti-sortilin group.

Cell culture and diabetic vascular calcification
model

The mice were sacrificed by cervical dislocation and placed
in 75% ethanol for 5 min. After full exposure of the chest
cavity, the thoracic aorta was removed and the blood vessel
was longitudinally dissected. Then, the external layer was
cleaned, the internal layer was scraped with an ophthalmic
file and the middle layer was peeled off completely. The
tunica media was cut into 1-2 mm tissue pieces and placed
evenly on the bottom of a 25 cm flask. 5 mL of DMEM/
F12 medium containing 20% fetal bovine serum was added
and incubated at 37 °C in a 5% CO, incubator. The cells
were passaged when grown to 70% confluence. Osteogenic
medium (OM, 2.5 mM B-glycerophosphate and 50 pg/mL
ascorbic acid) was added to induce cell calcification. The
mock group, LV-shRAGE group, LV-shgalectin-3 group,
double intervention group (treated with LV-shRAGE and
LV-shgalectin-3), LV-shRAGE + scramble group, LV-
shRAGE + siRNA group, LV-shgalectin-3 + scramble group
and LV-shgalectin-3 + siRNA group were pretreated with
lentivirus vector or siRNA before adding OM. To simulate
the environment of diabetic patients, 50 ug/mL oxidized
low-density lipoprotein (oxLDL) and CML were also added
during calcification induction. Different CML concentra-
tions of 0, 5, 10, and 20 umol/L and three different time

points of 0, 7, and 14 days were used to determine the opti-
mal conditions for CML.

Cell viability measurement

Cell viability assay was conducted with the Cell Counting
Kit-8 (CCK-8, Beyotime Institute of biotechnology, Haimen,
China). Cells were seeded into 96-well culture plates at
1x 10° cells/well. And, after lentivirus transduction or fur-
ther siRNA transfection, the cell viability was determined by
CCK-8 according to manufacturer’s instructions.

Calcium content quantification

Quantification of calcium content was previously described
[2]. In brief, the dehydrated, dried aorta (approximately 10 mg)
or cells were decalcified with 0.6 N HCI for 24 h at room
temperature. Free calcium was then determined using the
o-cresolphthalein complex ketone method (QuantiChromTM
Calcium Assay Kit, BioAssay Systems, USA). The sample
was then washed with phosphate-buffered saline (PBS) and
dissolved in 0.1 mol/L. NaOH and 0.1% sodium dodecyl sulfate
(SDS) for protein concentration analysis. The protein content
was measured with BCA Protein Assay Kit (Nanjing Jiancheng
Bioengineering Institute, China). Experimental steps followed
the manufacturer’s instructions. Finally, calcification deposi-
tion was normalized to the amount of total protein.

Serological tests

Fasting patient or mouse blood serum was collected, and
serum was separated and stored at — 80 °C. All samples were
measured on the same day. The levels of human CML and
mouse sortilin were measured using an ELISA kit (Nanjing
Jiancheng Bioengineering Institute, China). All steps fol-
lowed the manufacturer’s instructions.

Immunofluorescence

Cells or tissues were fixed with 5% formaldehyde for 30 min.
After washing with PBS, 0.2% Triton X-100 was added for
10 min to initiate permeabilization. The samples were then
incubated with 1% bovine serum albumin for 1 h at 37 °C.
Primary antibody was diluted and incubated for 16 h. After
washing the sample in PBS, secondary fluorescent antibody
was added and incubated for 1 h in the dark. Images were
taken under an inverted microscope (IX51, Olympus Corpo-
ration, Tokyo, Japan). The antibodies used were: anti-RAGE
(ab216329, Abcam, 1:100, Cambridge, UK); anti-galectin-3
(ab76245, Abcam, 1:1000); anti-sortilin (ab16640, Abcam,
1 pg/mL); anti-a-SMA(F3777, Sigma—Aldrich, 1:500, St.
Louis, MO, USA).
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«Fig. 1 RAGE and galectin-3 expression in arteries from amputated
diabetic foot samples were different in macro- and microcalcifica-
tions. a—d According to the calcified nodule size of plaques, the less
calcification group and more calcification group were further divided
into macrocalcification and microcalcification conditions. a Calcium
content was tested. *p<0.05 compared with macrocalcification of
the less calcification group; **p <0.05 compared with microcalcifi-
cation of the less calcification group. b Serum CML of patients with
macrocalcifications or microcalcifications was detected by enzyme-
linked immunosorbent assay (ELISA). ¢ First row: von Kossa staining
shows the two calcification patterns of the less and more calcification
groups. Black: calcium deposition. Scale bar 100 um. Second and
third row: immunohistochemistry shows the expression of RAGE and
galectin-3. Bar represents 50 um. Representative images are shown.
d Percentage of positive immunohistochemical staining area. After
immunostaining with RAGE and galectin-3 antibodies, four images
of vascular smooth muscle from different fields were randomly
selected. The proportion of the positive area to the total smooth mus-
cle area was calculated by Imagel. *p <0.05, in two-sample unpaired
1 test

Immunohistochemistry

Paraffin sections were deparaffinized and rehydrated and
boiled in citrate buffer for 20 min for antigen retrieval. Sec-
tions were blocked with 5% goat serum for 1 h at room tem-
perature. Human samples were incubated with anti-RAGE
(ab216329, Abcam, 1:4000) and anti-galectin-3 (ab76245,
Abcam, 1:250) at 4 °C overnight. The rest of the steps were
performed using the SP Rabbit & Mouse HRP Kit (Kangwei
Century Biotechnology Co., Ltd. China). Finally, samples
were photographed under a microscope (Olympus).

Von Kossa staining and Alizarin red staining

For von Kossa staining, cells or tissues were incubated with
5% silver nitrate under sunlight until they turned black.
5% sodium thiosulfate solution was then added for 5 min
to remove unreacted silver. After washing three times with
deionized water, neutral fuchsin was used to counterstain for
3 min followed by washing for observation under a micro-
scope (Olympus). For Alizarin red staining, samples were
washed twice with phosphate-buffered saline, fixed in 4%
paraformaldehyde at 4 °C for 5 min, and stained with 2%
Alizarin red (pH 4.2) for 5 min at room temperature. Sam-
ples were then rinsed with deionized water and observed.
Alizarin red-stained samples were extracted with 10%
cetylpyridinium chloride for 10 min. The OD value was
measured at 570 nm with a spectrophotometer.

Western blot and semi-quantitative RT-PCR analysis

For immunoblots, cells were lysed with RIPA lysis buffer for
total protein. Samples were separated by SDS—PAGE and
transferred to a nitrocellulose membrane. After the blocking
with 5% nonfat milk, membranes were then incubated with

sortilin (ab16640, Abcam, 1 pg/mL), RUNX2 (YT5356,
ImmunoWay, 1:1000), B-actin (#4967, Cell Signaling Tech-
nology, 1:1000, Danvers, MA, USA), CML (ab125145,
Abcam, 1:2000), RAGE (ab216329, Abcam, 1:1000) or
galectin-3 (ab76245, Abcam, 1:5000) antibodies overnight
at 4 °C. Then, the membranes were washed with TBST, and
diluted secondary antibody (1:5000) was added and incu-
bated at 37 °C for 1.5 h. After enhancement with the ECL
detection kit (Bio-Rad, Hercules, CA, USA), analysis was
performed with a gel imaging system (Amersham Imager
600). For RT-PCR, total RNA was isolated using Trizol
reagent (Invitrogen, Carlsbad, CA, USA) and reverse tran-
scribed into cDNA. Real-time PCR was performed using
primers for mouse RAGE, galectin-3 and p-actin (Sangon
Biotech, China). Primer sequences are detailed in Supple-
mentary Table S1. The RT-PCR detection conditions were:
94 °C for 1 min followed by 33 cycles at 94 °C for 30 s,
63 °C for 30 s, 72 °C for 1 min, and a final extension at
72 °C for 7 min.

Lentivirus transduction and siRNA transfection

For lentiviral vector infections, cells were seeded in 6-well
plates at a density of 1x 10°. The virus-containing stock
solution (Han Heng Biological Technology Co., Ltd. Shang-
hai China) was mixed with a complete medium containing
10 ug/mL polybrene in a 1:1 ratio and added to the cells at
a multiplicity of infection (MOI) of 30. After 16 h of infec-
tion, the medium was changed and cells were selected with
2 pug/mL puromycin for 3 days. For siRNA transfection, cells
were co-incubated with 50 nM siRNA in serum-free medium
for 6 h. Then, the medium was changed to serum-containing
medium. Transfection efficiency was enhanced using Lipo-
fectamine 2000 (1:25, Invitrogen).

Coimmunoprecipitation (ColP)

Tissue proteins were extracted by cutting the tissues into
2 mm X2 mm pieces. 100-200 ColP buffer was added per
20 mg tissue (50 mM Tris/HCI pH 8.0, 150 mM NaCl, 5 mM
EDTA, 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride,
2 ug/mL aprotinin, 2 pg/mL leupeptin and 2 pg/mL pep-
statin) for 30 min on ice. Samples were homogenized with
a glass homogenizer until fully lysed then centrifuged at
12,000 X g for 5 min, and the supernatant was taken for sub-
sequent experiments. Protein A/G agarose (YEASEN Bio-
technology Co., Ltd. Shanghai China) was used to eliminate
nonspecific protein binding. Primary antibody was added
and samples were slowly shaken overnight at 4 °C. Samples
were then centrifuged 14,000 xg for 5 min to collect the
precipitate, which was analyzed by Western blot. The anti-
bodies used were: anti-RAGE (ab216329, Abcam, 1:30) and
anti-CML (ab125145, Abcam, 1:50).
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Fig.2 RAGE and galectin-3 CML AAV-shscramble AAV-shRAGE
expression in the diabetic
atherosclerosis mouse model
changed after AAV injection. a
Representative images of RAGE
and galectin-3 immunostain-
ing are shown (n=>5 mice in
each group); green: a-SMA,
red: sortilin, blue: nucleus,
orange: co-localization of
a-SMA and RAGE/galectin-3.
Scale bar 100 um. b, ¢ RAGE
and galectin-3 mRNA levels in
mouse aortas were tested at the
3rd week after AAV injection
(n=4 independent experi-
ments). *p <0.05 compared
with AAV-shscramble group.
$p<0.05 compared with AAV-
RAGE group. d, e ColP shows
the interaction between CML,
RAGE and galectin-3. d CML
interacted with RAGE or galec-
tin-3. e RAGE had no interac-
tion with galectin-3. (Color
figure online)
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Scanning electron microscopy (SEM)

Before obtaining micrographs of samples, a critical point
dryer (PVT-3, Tousimis Semidri, Rockville, MD, USA) was
used to completely evaporate water from the samples. Then,
the samples were coated with a 10 nm gold layer under a
vacuum and inspected with SEM (SU8000 and S4800,
Hitachi, Tokyo, Japan).

Matrix vesicles isolation and nanoparticle tracking
analysis (NTA)

During the induction of calcification, OM was gradually
replaced by media containing the same components but
with a low concentration of serum (0.1%) to reduce its
interference with vesicles. As previously described [19],
ultra-centrifugation (L-70, Beckmann Coulter, USA) was
used for matrix vesicles (MVs) isolation. In brief, media
was centrifuged at 20,000 Xg for 30 min at 4 °C to remove
cellular contaminants. Then, the supernatant was further
centrifuged at 100,000 xg for 60 min at 4 °C. After removing
the supernatant, MVs were resuspended in fresh calcifying
medium and divided into three parts for NTA. The three
portions were incubated at 37 °C for 1, 4, or 7 days and
detected with NTA to determine the size distribution of MVs
aggregates. All experiments were performed with an NTA
machine (LM10, Malvern Instruments Ltd, UK). Samples
were diluted and at least three NTA videos were taken for
1 min each with background level 10, camera level 12 and
shutter speed 1/30 s.

Statistical analysis

Data are expressed as means + SD. SPSS 11.0 software was
used for data analysis. Student’s ¢ test or one-way analysis of
variance was used for comparison between the two groups.
One-way ANOVA was used for comparisons among three
groups. Pearson correlation analysis was used for correlation
analysis. p <0.05 was considered statistically significant.

Results

RAGE and galectin-3 expression are different
in macro- and microcalcifications

Baseline information is shown in Table S2. There were no
significant differences in age, BMI, fasting blood glucose,
total cholesterol, or triglycerides between the less and more
calcification group except for the diabetes duration and
serum CML. However, there was no significant difference
in the calcium content (Fig. 1a) or the serum CML (Fig. 1b)

between the macrocalcifications and microcalcifications
within each calcification group. Von Kossa staining shown
in the first row of Fig. 1c indicated that macro- and microc-
alcified nodules both exist in the more and less calcification
groups. So, it can be speculated that calcification type is
not associated with calcium content and CML level. Fur-
thermore, immunohistochemistry (Fig. 1c¢ second and third
row; Fig. 1d) shows that RAGE expression was significantly
lower than galectin-3 in macrocalcified vascular smooth
muscle, while in microcalcified conditions RAGE level was
significantly higher than galectin-3. This result was consist-
ent with the finding of Menini et al. [9]. Therefore, RAGE
and galectin-3 may play different roles in the mediation of
diabetic vascular calcification.

Silencing either RAGE or galectin-3, the other
increased

To verify our hypothesis, an in vivo model was constructed.
Apolipoprotein E knockout (ApoE™~) mice are commonly
used as models of atherosclerosis. After the introduction of
HFD, the body weight line began to rise (Supplementary
Fig. S2A) and reached their highest level at about the 9th
week. Mice in CML group and CML combined with AAV
treatment group (AAV-shscramble group, AAV-shRAGE
group, AAV-shgalectin-3 group, and double intervention
group) all began to lose weight after the 9th week, indicat-
ing that the injection of AAV did not influence the change
of body weights. After the injection of CML, the blood
glucose of mice continued to increase (Supplementary Fig.
S2b). AAV injection did not affect the change of blood glu-
cose too. In the HFD group, the blood glucose levels rose
steadily after the 3rd week, possibly due to the dysfunc-
tional lipid metabolism. RAGE or galectin-3 immunofluo-
rescence (Fig. 2a) and its quantification (Supplementary
Fig. S3) show that RAGE and galectin-3 expression did not
change significantly after the injection of AAV-shscramble.
AAV-shRAGE significantly downregulated the expression
of RAGE, while galectin-3 increased obviously. Addition-
ally, after AAV-shgalectin-3 injection, galectin-3 signifi-
cantly decreased, while RAGE was markedly upregulated.
The changes in RAGE and galectin-3 mRNA (Fig. 2b, c¢)
were consistent with protein expression. Since the injection
of AAV came before atherosclerosis, changes in RAGE
and galectin-3 expression in plaques were not completely
consistent with those in vascular smooth muscle. So, we
detected RAGE and galectin-3 mRINA at the 3rd week after
AAV injection, at a time when vascular plaques had not
formed. We also found that CML could interact with both
RAGE and galectin-3 (Fig. 2d), whereas RAGE and galec-
tin-3 did not interact with each other (Fig. 2e).
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«Fig. 3 RAGE/galectin-3 regulated the calcification progression and
type in the diabetic atherosclerosis mouse model. a-d RAGE/galec-
tin-3 influenced sortilin expression of vascular smooth muscles and
calcium nodule size. a 1st row, Movat pentachrome staining shows
the gross morphology of vascular smooth muscles. Boxes show the
regions of immunofluorescence images below. a 2nd row, von Kossa
staining shows the largest calcium nodules of mouse aortas in contin-
uous slices (n=3 mice). a Line 3-6, the location of vascular smooth
muscles and sortilin-positive area is shown by immunostaining (n=5
mice in each group). green: a-SMA, red: sortilin, blue: nucleus,
orange: co-localization of a-SMA and sortilin. Scale bar 100 um. b
Calcium content of mouse aortas was measured (n=35 independent
experiments). ¢ Mean diameters of aortic calcium nodules in mice
*p<0.05; **p<0.001 in two-sample unpaired ¢ test. d Percentage
of sortilin-positive smooth muscle area. After immunofluorescence
staining, images of four different visual fields were randomly chosen.
The proportion of the sortilin-positive smooth muscle area (orange
area) was calculated with Image J. *p<0.05 compared with the
AAV-shscramble groups. *p <0.05 compared with the AAV-shRAGE
group. e Pearson correlation analysis shows the relation between
serum sortilin and the maximum diameter of calcification nodules
(r=0.843, p<0.05). (Color figure online)

RAGE and galectin-3-mediated calcification patterns
in mouse aorta

Calcium content in mice aortas significantly increased after
HFD (Fig. 3b) and increased to 2.09-fold that of the HFD
group (8.21+1.71 vs. 3.92 +0.97 umol/mg, p <0.05) after
CML treatment (CML group). Injection of AAV-shscramble,
AAV-shRAGE or AAV-shgalectin-3 had no significant effect
on the calcium content. In terms of calcification morphol-
ogy (Fig. 3a, c¢), mean diameters of the CML group were
at the tipping point of macrocalcifications and microcalci-
fications (83.75+37.42 um). AAV-shscramble had no sig-
nificant influence on calcification morphology. Compared
with the AAV-shscramble group, the diameters of calcified
nodules were obviously larger in the AAV-shRAGE group
(254.58+98.79 vs. 92.16 +58.23 um, p <0.05). When AAV-
shgalectin-3 was injected, the calcified nodules became
significantly smaller and tended to form microcalcifica-
tions (20.26 + 15.82 pm). When both RAGE and galectin-3
were silenced (the double intervention group), the calcium
content decreased to the level of the NC group (1.08 +0.29
vs.1.43 +0.34 pmol/mg, ns), which may be due to the block-
age of calcification cascade signaling. Because of the signifi-
cant decrease of calcium content, the calcium nodule size
of the double intervention group was not compared with
the AAV-shRAGE group or AAV-shgalectin-3 group. We
also measured the expression of sortilin in arteries (Fig. 3a,
lines 3-6). Compared with the AAV-shgalectin-3 group,

more sortilin-positive smooth muscle cells were found in the
AAV-shRAGE group (Fig. 3d). These sortilin-positive cells
may play an important role in the progression of calcifica-
tion. Pearson correlation analysis (Fig. 3e) also revealed that
serum sortilin was positive correlated with the maximum
of calcium nodule diameters (r=0.843, p <0.05). Serum
sortilin of each group was shown in Table 1. From immu-
nostaining, other cell-derived sortilin-positive cells (such as
macrophages) were also found in plaques. However, our pre-
sent findings do not confirm the close relationship between
these sortilin-positive cells and calcification types.

RAGE and galectin-3 regulate calcification patterns
of VSMCs

To further investigate the mechanism of calcification pat-
terns, we isolated primary cells from mouse aortic smooth
muscles (Supplementary Fig. S4) and established an in vitro
model of diabetic vascular calcification. Alizarin red staining
was performed after 7 days of culture (Supplementary Fig.
S5a, b). We found that after adding oxLDL and 10 umol/L
CML, calcification increased most significantly. Then,
VSMCs were cultured with OM, oxLDL and 10 umol/L
CML for 7 or 14 days. Western blotting (Supplementary Fig.
S5c) shows that the expression of Runt-Related Transcrip-
tion Factor 2 (RUNX2) was significantly higher on the 7th
day, whereas its expression decreased on the 14th day, which
may be related to the cytotoxic effects of CML. So, cells were
induced with OM, oxLDL and 10 umol/L. CML for 7 days
to establish the in vitro model of diabetic calcification. We
chose lentiviral vectors that have reliable transfection effi-
ciency for primary cells. CCK-8 assay (Supplementary Fig.
S6) shows that lentivirus transduction did not influence cell
viability. From immunofluorescence (Fig. 4a; Supplemen-
tary Fig. S7) and RT-PCR (Fig. 4b, c), it can be seen that
the level of RAGE was significantly decreased in the LV-
shRAGE group, whilst galectin-3 was significantly reduced
in the LV-shgalectin-3 group. The blank vector (mock group)
had no significant effect on the expression of RAGE or galec-
tin-3. Meanwhile, the calcification morphology (Fig. 4d, f)
of the mock group was similar to that of the CML group
(64.26+38.91 vs. 58.72+20.07 um ns.), indicating that the
blank vector had no effect on the formation of calcified nod-
ules. The LV-shRAGE group tended to form macrocalcifica-
tions (158.15+51.96 um), while the LV-shgalectin-3 group
tended to form microcalcifications (14.17 £9.37 um). The
CML, mock, LV-shRAGE, and LV-shgalectin-3 groups had

Table 1 Calcium nodule size

. CML AAV-shscramble AAV-shRAGE AAV-shgalectin-3
and serum sortilin after CML
and AAV treatment Major nodule size (um) ~ 84.01+33.55  86.31+28.61 253.6+99.54 20.77 +14.65
Serum sortilin (ng/ml) 30.49+8.17 35.88+13.43 61.2+19.02 13.37+8.55
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no significant difference in calcium content (Fig. 4¢). When
RAGE and galectin-3 were both silenced, the calcium content
was reduced significantly. Western blotting (Fig. 4g) shows
that the expression of sortilin significantly increased in the
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LV-shRAGE group and noticeably decreased in the LV-shga-
lectin-3 group. So, it can be inferred that galectin-3 upregu-
lated sortilin, whereas RAGE inhibited sortilin expression.
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«Fig.4 RAGE and galectin-3 deliver different signals in the progres-
sion of calcification formation in the in vitro diabetic vascular cal-
cification model. a Representative images of immunofluorescence
staining on the 7th day after LV transfection (n=>5 independent expe-
rienments). Scale 100 um. b, ¢ RAGE and galectin-3 mRNA levels
(n=5 independent experienments). *p <0.05, compared with mock
group. *p<0.05, compared with LV-shRAGE group. d Von Kossa
staining shows calcification morphology under different treatments.
Representative images are shown with a scale of 100 um (n=5 inde-
pendent experienments). LV-shRAGE group had macrocalcification
and LV-shgalectin-3 group had microcalcification. Black: calcium
deposition. e Calcium content of each group (n=5 independent expe-
rienments). f Mean diameter of calcium nodules in each group. g
Western blot and semi-quantitative analysis show sortilin expression
of vascular smooth muscle cells (n=5 independent experienments).
#p<0.05 compared with Mock group; 3p <0.05 compared with LV-
shRAGE group. (Color figure online)

RAGE/galectin-3 regulated sortilin to further
mediate calcification morphology of VSMCs

There were no significant changes in sortilin expression
after adding recombinant protein, while sortilin siRNA
significantly downregulated sortilin expression (Fig. 5d,
e). And, siRNA had no significant effect on cell viability
(Supplementary Fig. S6). Von Kossa staining, calcium
nodule size and calcium content analysis (Fig. Sa—c) show
that the LV-RAGE + scramble and LV-galectin-3 + scram-
ble groups had no significant difference compared with
the LV-shRAGE or LV-galectin-3 groups in calcification
morphology and quantification. Calcium nodule size and
calcium content were clearly increased after adding sorti-
lin recombinant protein. Meanwhile, the calcified nodule
size and calcium content were also reduced after blocking
sortilin with siRNA. The calcium content reduction of the
LV-shRAGE + siRNA group was greater than that of the
LV-shgalectin-3 + siRNA group. Compared with the LV-
RAGE + scramble group, the calcium content of the LV-
RAGE 4+ siRNA group decreased significantly (2.64 +0.73
vs. 4.24 +1.06 mol/mg, p <0.05). Compared with the
LV-galectin-3 + scramble group, the calcium content of
the LV-galectin-3 + siRNA group was not significantly
reduced (3.72+0.45 vs. 4.10+0.93 mol/mg, ns). After
4 days of calcification induction, the samples were exam-
ined by SEM (Fig. 5f), which showed that the MVs aggre-
gates of the LV-shRAGE group were larger than those of
the LV-galectin-3 group. The aggregates’ volume was fur-
ther increased after treatment with recombinant sortilin
protein, and sortilin siRNA partially reversed this progres-
sion. NTA (Fig. 5g, h) also shows that the vesicle aggre-
gates diameter of the LV-shRAGE group was significantly
increased on the fourth day of calcification induction,
which was greater than that of the LV-galectin-3 group
(160.22 +11.25 vs. 130.59 +9.42 um, p <0.05). The diam-
eter further increased with the addition of recombinant
sortilin protein and reached 221.77 + 13.60 um on the 7th

day. We also found that although there was no significant
difference in the calcification morphology between the
LV-shRAGE + siRNA group and LV-shgalectin-3 + sorti-
lin group, there were differences in the vesicle aggrega-
tion patterns between the two groups. Compared with the
1st day, the diameter of vesicles in LV-shRAGE + siRNA
group did not change significantly on the 4th day
(134.46 +£8.03 vs. 121.68 £ 11.68 um, ns). While in LV-
shgalectin-3 + sortilin group, the diameter had a significant
increase (122.26 +10.52 vs. 155.82 +7.33 um, p <0.05)
on the 4th day. So sortilin may accelerate the accumula-
tion of MVs, leading to the earlier appearance of vesicle
aggregates.

Sortilin accelerates matrix vesicle aggregation
and affects the calcification process

From in vitro experiments, we initially concluded that
RAGE/galectin-3 mediates the calcification outcomes
of smooth muscle cells by sortilin. So, a further in vivo
study was needed. From von Kossa staining (Fig. 6a),
calcium content (Fig. 6b) and calcium nodule analysis
(Fig. 6¢), we found that compared with the AAV-shRAGE
or AAV-shgalectin-3 groups, the AAV-shRAGE + sorti-
lin or AAV-shgalectin-3 + sortilin groups had larger cal-
cium nodule sizes (349.79 +74.14 vs. 231.18 +78.19 um,
p<0.05; 92.38 +30.74 vs. 24.19+10.77 pm, p <0.05)
and more calcium content. After the injection of sortilin
antibody, vascular calcification morphology was obviously
smaller. SEM (Fig. 6d) shows that at the 3rd week, the
AAV-shRAGE + sortilin group had larger MVs aggre-
gates than the AAV-shRAGE group. And, there were no
vesicle aggregates in other groups except for the AAV-
shRAGE + sortilin group at the 2nd week (results not
shown). Although the AAV-shRAGE + anti-sortilin group
and AAV-shgalectin-3 + sortilin group had no significant
differences in calcification morphology, vesicle aggrega-
tion was found in the AAV-shgalectin-3 + sortilin group
instead of the AAV-shRAGE + anti-sortilin group at the
3rd week, which also indicated that sortilin could acceler-
ate the formation of MVs aggregates.

Discussion

Previous studies have usually focused on the process of pro-
moting or inhibiting vascular calcification [20, 21]. When
we analyzed the calcification conditions of anterior tibial
arteries in patients, we found that microcalcifications and
macrocalcifications commonly exist in diabetic patients. We
constructed a diabetic vascular calcification in vivo mouse
model and an in vitro model using mouse-derived VSMCs to
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«Fig.5 RAGE/galectin-3 leads to changes in sortilin expression and
subsequent morphological differences in calcification in the in vitro
diabetic vascular calcification model. a Representative images of
von Kossa staining show the calcified nodules (n=5). The calcifica-
tion morphology was further enlarged when recombinant sortilin
protein was added, while the calcification nodules were significantly
smaller after sortilin siRNA addition. Black: calcium nodules. Scale
bar 100 pm. b Mean diameter of major calcium nodules. ¢ Calcium
content in each group (n=6 independent experienments). Sorti-
lin promoted calcification. Blocking of sortilin with siRNA reduced
calcification, but its effect on the LV-galectin-3 group was not sig-
nificant. d, e Western blotting and semi-quantitative analysis of
sortilin expression (n=35 independent experienments). *p<0.05
compared with LV-shRAGE + scramble group. #*p <0.05 compared
with LV-shRAGE +sortilin group. p<0.05 compared with LV-
shgalectin-3 +scramble group. ©p<0.05 compared with LV-shga-
lectin-3 +sortilin group. f 4 days after calcification induction, SEM
revealed that the volume of MVs aggregates was larger in the sortilin
addition group. The scale bars are shown at the bottom of each image.
g, h NTA indicated vesicle aggregate diameters of each group. g At 1,
4 and 7 days, diameters of MVs increased in each group and sortilin
promoted this process. h NTA shows the percentage of MVs in differ-
ent diameter intervals on the 7th day. (Color figure online)

further investigate the underlying mechanisms. We revealed
that RAGE and galectin-3 play different roles in the regula-
tion of calcification morphology. RAGE promoted microc-
alcification, whereas galectin-3 mediated the formation of
macrocalcification. But, the effect of RAGE or galectin-3
on calcium content was not much different. **At the same
time, we explored the signaling molecules downstream of
RAGE and galectin-3 and found that sortilin acted as the
key molecular switch of calcification patterns; targeting of
sortilin may have potential clinical application in the future.

In addition, we performed scanning electron microscopy
and found that there were differences in the aggregation
degree of the MVs (50-500 nm). Such differences may lead
to changes in the development of calcification patterns. It has
been pointed out that MVs promote mineralization in bone
and cartilage tissues [22]. In terms of vascular calcification,
osteogenic differentiated smooth muscle cells secret MVs
into the extracellular matrix. Then, acicular hydroxyapatite
crystals begin to accumulate in vesicles. When the accu-
mulation reaches a certain level, they can pierce the vesicle
membrane and spread into the surrounding matrix, which
form calcification nodules and islands [23]. The release and
aggregation of MVs in the early calcified stage will largely
determine the amount and shape of calcified nodules, for
calcification slowly expands along the existing calcification
baseline [24]. MV aggregates provide conditions for the
formation of larger calcium islands. Larger calcium islands
are highly likely to form macrocalcifications.

Sortilin was first discovered in yeast [25], and has since
been found to be closely related to many human diseases
such as hyperlipidemia [26], diabetes [27], tumorigenesis
[28], atherosclerosis [29], B-cell lymphoma [30], and nerv-
ous system diseases [31]. Recent studies have also reported

that sortilin can transport tissue nonspecific alkaline phos-
phatase (TNAP) to extracellular vesicles (EVs) during
calcification progression, which plays an important role in
calcification [32]. TNAP has been confirmed to promote
osteogenic differentiation [33]. Vesicles containing TNAP
can be endocytosed by surrounding smooth muscle cells
[34], which further promotes their trans-differentiation
into osteogenic phenotype. And, smooth muscle cells that
undergo osteogenic trans-differentiation tend to form mac-
rocalcifications [35]. That is consistent with the results of
our study. When suppressing galectin-3, the expression of
sortilin decreased, but the calcium content was only slightly
reduced indicating that there could be other pro-calcification
signals (such as the CML/RAGE calcification cascade) being
activated in this process [11]. M Vs are a specific subtype of
EVs [36], so it can be speculated that sortilin also affects
the osteogenic medium in MVs. Whether MVs aggregation
is associated with calcification morphology requires further
study.

RAGE and galectin-3 are two major receptors for CML,
but they seem to have opposite functions. Galectin-3 can
eliminate AGEs [37] and play a protective role. Our previ-
ous study [10] confirmed that AGEs can promote calcifica-
tion. In the present study when RAGE was silenced, sortilin
increased. However, the increase of calcium content was not
substantial, probably due to the removal of AGEs by the
upregulated galectin-3. Galectin-3 can also act as an inde-
pendent mortality predictor of heart failure [38]. Current
studies have confirmed that the continuous expression of
galectin-3 in the myocardium can induce myocardial remod-
eling and myocardial fibrosis [39]. In addition, the decrease
of vascular compliance induced by macrocalcification is also
a potential reason for heart failure.

Conclusion

In summary, the results of our study show that RAGE and
galectin-3 play different roles in the regulation of calcifica-
tion patterns through sortilin (Fig. 7). RAGE inhibited the
expression of sortilin and mediated the formation of microc-
alcification, while galectin-3 promoted the expression of sor-
tilin and induced macrocalcification. In the progression of
macrocalcification formation, sortilin accelerated the aggre-
gation of MVs. While MVs aggregation was significantly
decelerated in microcalcification, due to the downregulation
of sortilin. These findings could provide a worthwhile inter-
vention target for the treatment and prevention of vascular
calcification in diabetes, and provide a reference value in
clinical risk prediction.
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Fig.6 Effects of RAGE/galectin-3 on aortic calcification with sorti-
lin-related treatment in the diabetic atherosclerosis mouse model. a
Morphology of vascular calcification as visualized by von Kossa
staining after injection of recombinant sortilin protein or sortilin-
neutralizing antibody. Serial sections of the aorta were created and
representative images of their calcified areas are shown (=5 mice in
each group). Black: calcium nodules. Scale 100 um. b Vascular cal-
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