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Abstract: Vascular calcification (VC) is an age-related complication characterised by calcium-phosphate
deposition in the arterial wall driven by the osteogenic transformation of vascular smooth muscle
cells (VSMCs). The JAK-STAT pathway is an emerging target in inflammation. Considering the
relationship between VC and inflammation, we investigated the role of JAK-STAT signalling during
VSMC calcification. Human aortic smooth muscle cells (HASMCs) were cultured in high-inorganic
phosphate (Pi) medium for up to 7 days; calcium deposition was determined via Alizarin staining and
colorimetric assay. Inflammatory factor secretion was evaluated via ELISA and JAK-STAT members’
activation using Western blot or immunohistochemistry on HASMCs or calcified aortas of Vitamin
D-treated C57BL6/] mice, respectively. The JAK-STAT pathway was blocked by JAK Inhibitor I
and Von Kossa staining was used for calcium deposits in murine aortic rings. During Pi-induced
calcification, HASMCs released IL-6, IL-8, and MCP-1 and activated JAK1-JAK3 proteins and STAT1.
Phospho-STAT1 was detected in murine calcified aortas. Blocking of the JAK-STAT cascade reduced
HASMC proliferation and pro-inflammatory factor expression and release while increasing calcium
deposition and osteogenic transcription factor RUNX2 expression. Consistently, JAK-STAT pathway
inhibition exacerbates mouse aortic ring calcification ex vivo. Intriguingly, our results suggest an
alternative link between VSMC inflammation and VC.

Keywords: vascular calcification; inflammation; vascular smooth muscle cells; JAK-STAT;
hyperphosphataemia

1. Introduction

Vascular calcification (VC) is a pathological process characterised by the deposition of
hydroxyapatite crystals in the layer of the arterial wall that increases the risk of cardiovas-
cular (CV) events [1]. VC is a hallmark of vascular remodelling induced by physiological
ageing, diabetes, atherosclerosis, and chronic kidney disease (CKD) [1-3]. Anatomically,
there are two types of VC. Intimal calcification, also known as atherosclerotic calcifica-
tion, is observed in the intima of coronary arteries and is associated with plaque rup-
ture and the risk of myocardial infarction and stroke. Medial calcification occurs mostly
in the medial layer of peripheral arteries and aortas, is responsible for vessel stiffness
and systolic hypertension, and is associated with diastolic dysfunction and heart fail-
ure [2—-4]. The principal inducers of atherosclerotic calcification are lipid accumulation,
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oxidative stress, and inflammatory cell infiltration of the vessels, while medial calcification
is driven by ageing, hyperglycaemia, and elevated serum levels of calcium (hypercal-
caemia) and inorganic phosphate (Pi; hyperphosphataemia), a typical condition of CKD
patients [2,3].

The main cellular mechanism underlying both types of VC is the vascular smooth
muscle cell (VSMC) trans-differentiation to an osteogenic phenotype caused by an un-
balance among endogenous inducers and inhibitors of the mineralisation process [3,5].
The VSMC osteogenic switch is characterised by the loss of a-smooth muscle actin («-SMA)
and smooth muscle protein 22« (SM22«) contractile proteins and the expression of specific
osteogenic factors, Runt-related transcription factor 2 (RUNX2) and sex-determining region
Y-box9 (SOX9) that, in turn, modulate genes involved in bone development and metabolism,
including alkaline phosphatase (ALP), osteopontin (OPN), osteocalcin, and bone mor-
phogenic protein 2 (BMP-2) [3]. Recent evidence indicates that senescent VSMCs express
bone-related proteins and are more prone to calcification [6-9]. Moreover, senescent VSMCs
are characterised by the release of senescence-associated secretory phenotype (SASP) factors
consisting of inflammatory molecules, growth factors, and extracellular matrix components
that, by promoting senescence of nearby cells, facilitate the osteo/chondrogenic switch and
VC [6,8,10]. Systemic inflammation and the interaction of VSMCs with infiltrated mono-
cytes are key mediators of atherosclerotic VC, while medial calcification may also occur in
the absence of inflammatory cell infiltration [3,11]. However, the role of local inflammation
during the process of VSMC calcification is still not clear.

The Janus Kinase-signal transducer and activator of transcription (JAK-STAT) sig-
nalling pathway is composed of four members of the non-receptor tyrosine protein kinases
JAK family (JAK1, JAK2, JAK3, and TYK?2) and seven members of the STAT family [12].
Numerous cytokines and growth factors are able to activate different combinations of the
JAK-STAT family after binding to the respective receptor, and consequently, the pathway
has been found to be involved in health and inflammatory-based diseases (e.g., haematolog-
ical malignancies, autoimmune, and neurodegenerative diseases), influencing a variety of
processes like tissue repair, cell proliferation, and apoptosis [12,13]. The JAK-STAT pathway
and its main activator, Interleukin-6 (IL-6), have been shown to exert both protective and
detrimental effects by regulating inflammation associated with CV diseases (CVDs) [13].
JAK1/JAK2-STATS3 activation is important to sustain inflammation in cancer and senescent
adipose tissue via the production of SASP factors IL-6, IL-8, and monocyte chemoattrac-
tant protein-1 (MCP-1; [14-16]). Concerning VC, Han et al. showed that the JAK-STAT
pathway is upregulated in both medial and atherosclerotic calcified murine aortas and that
STAT3 expression mediates human VSMC calcification induced by the IL-6/soluble IL-6
receptor (sIL6R)/miR-223-3p axis [17]. Inhibition of JAK2 or STAT3 activation reduces the
calcification of rat VSMCs induced by IL-29 [18]. However, in the mentioned studies, the
inflammatory secretory phenotype associated with the process of VSMC calcification was
not assessed.

The aim of this study is to elucidate whether inflammation occurring during VSMC
osteoblastic transition under the control of the JAK-STAT pathway affects the calcification
process induced by hyperphosphataemia.

2. Materials and Methods
2.1. Cell Culture

Human aortic smooth muscle cells (HASMCs) were purchased from Lonza (Basel,
Switzerland) and cultured in SmGM-2 Basal Medium (#CC-3182, Lonza™; Basel, Switzerland).
The donor was a 22-year-old Caucasian male, and all experiments were conducted with
cells at passage 9 (P9).



Biomolecules 2024, 14, 29

30f15

2.2. Calcification Assays

In order to induce hyperphosphataemia-mediated calcification, HASMCs (5 x 10%)
were cultured in a medium containing a high concentration of inorganic phosphate (Pi;
DMEM supplemented with 15% FBS, 5 mM of phosphate, 10 mM of sodium pyruvate,
and 50 pg/mL of ascorbic acid) for 0 to 7 days (Days 0, 3, 5, and 7) [7,10]. Cells were
first seeded in SmMGM-2 Basal Medium (#CC-3182, Lonza, Basel, Switzerland) for 6 h, and,
after their adhesion, the medium was changed to a high Pi medium. Day 0 represents
HASMCs harvested after 6 h of incubation in SmGM-2. High Pi medium was replaced
every 2 days, and supernatants were collected and stored at —20 °C for further analysis.
To extract calcium, cells were washed twice with PBS without calcium (Phosphate Buffer
Saline, #£CB5004L, EuroClone, Milan, Italy) and incubated overnight with 0.6 N HCl
at 4 °C. Supernatants were collected to quantify the extracted calcium via colorimetric
analysis using the QuantiChrom™ Calcium Assay Kit (#DICA-500, Gentaur, Kampenhout,
Belgium) following the manufacturer’s instructions. In order to extract protein for normali-
sation, cells were washed twice with PBS and incubated for 4 h at room temperature with
0.1% SDS-0.1 N NaOH. Proteins extracted from cells were quantified with the Pierce™
BCA Protein Assay Kit (#23225, Thermo Scientific'™ Pierce™, Rockford, IL, USA). Fi-
nally, calcium content was normalised to the total amount of proteins and expressed as
Ca?* /protein (ug/pg).

For qualitative calcium detection, Alizarin Red Staining was performed using the
Alizarin Red S Staining Quantification Assay (#8678, ScienCell, San Diego, CA, USA) on
HASMCs cultured in calcification medium following the manufacturer’s protocol.

JAK Inhibitor I (#CAS457081-03-7, Calbiochem, Merck, Darmstadt, Germany), a potent,
reversible, cell-permeable, and ATP-competitive inhibitor of JAK1 (IC5y = 15 nM), JAK2
(ICs0 = 1 nM), JAK3 (Ki = 5 nM), and TYK2 (IC5y = 1 nM), was added to the calcification
medium at a concentration of 0.5 uM [15]. An equal volume of vehicle (DMSO) was used
in control cells (Vehicle).

2.3. Proliferation Assays

To test HASMC proliferation, HASMCs (1 x 10°) were first seeded in a 12-well plate
in SmGM-2 Basal Medium (#CC-3182, Lonza) for 6 h and, after their adhesion, cultured in
calcification medium with JAK Inhibitor I (0.5 uM) or an equal volume of the Vehicle for 48
and 72 h. Medium was replaced every other day. Cells were collected and stained with
Trypan blue (#15250-061, Gibco™, Waltham, MA, USA) and counted with an automated
cell counter (Biorad, Hercules, CA, USA).

2.4. ELISA Assays

The supernatant from HASMCs was collected at the indicated time, centrifuged at
12,000x g for 10 min, and stored at —80 °C. ELISA kits specific for IL-6 (#DY206, R&D
Systems, Minneapolis, MN, USA), IL-8 (#DY208, R&D Systems), MCP-1 (#DY279, R&D
Systems), and osteoprotegerin (OPG; #DY805, R&D Systems) were used following the
manufacturer’s instructions. The molecule concentration was normalised to the protein
concentration determined with the Pierce™ BCA Protein Assay Kit (Thermo Scientific™
Pierce™),

2.5. Western Blot

HASMCs (1 x 10°) were first seeded in a 6-multi-well plate in SmGM-2 Basal Medium
for 6 h, and, after their adhesion, the medium was changed to high Pi medium and
cultured for 3, 5, or 7 days. Day 0 represents HASMCs harvested after 6 h of incuba-
tion in SmMGM-2. JAK Inhibitor I (0.5 pM) or an equal volume of DMSO (Vehicle) was
added to the calcification medium when indicated. Then, cells were lysed in RIPA Buffer
(10 mM of Tris-HCl1 pH of 7.2, 150 mM of NaCl, 5 mM of EDTA, 0.1% SDS, 1% Nadeoxy-
cholate, and 1% Triton X-100 (#9036-19-5, Sigma Aldrich, Saint Luis, MO, USA)) supple-
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mented with protease (#P8849, Sigma-Aldrich) and phosphatase (#A32957, Roche, Basel,
Switzerland) inhibitors.

Extracted proteins were quantified with the BCA Assay (#23225, ThermoScientific™
Pierce™). Membranes were probed with antibodies reported in Table S1. Proteins were
visualised using a Clarity™ or Clarity Max™ Western ECL substrate (#170-5060, 170-
5062, Biorad, Hercules, CA, USA) and acquired with a ChemiDoc™ MP Imaging System
(Biorad). Ponceau-red staining was used to normalise protein loading. Protein bands were
quantified via densitometry analysis using Image] 1.54d (rsb.info.nih.gov /ij accessed on 26
March 2023).

2.6. RT-gPCR

HASMCs (5 x 10°) were seeded in a 24-well plate in SmGM-2 Basal Medium for 6 h
and, after their adhesion, cultured in calcification medium with JAK Inhibitor I (0.5 uM) or
an equal volume of the Vehicle for 3, 5, and 7 days. Day 0 represents HASMCs harvested
after 6 h of incubation in SmGM-2. The RNA was extracted through the Illustra RNAspin
Mini RNA Isolation Kit, following the manufacturer’s protocol (#25-0500-72, Illustra™ GE
Healthcare, IL, USA), and retrotranscribed using the iScriptTM Reverse Transcription Su-
permix kit (Bio-Rad). cDNA was amplified with Taq™ Universal SYBR® Green Supermix
(Bio-Rad). RNA expressions at Days 3, 5, and 7 were compared to Day 0, and UBC and
ZFN527 were used as reference genes. The sequence of primers for the analysed genes is
shown in Table S2.

2.7. Animal Experiments

All procedures involving animals were performed following our Institutional Guide-
lines, which comply with national (D.L. n.116, G.U. suppl. 40, 18 February 1992) and
international laws (EU Directive 2010/63/EU). The study was authorized by the National
Ministry of Health and the Committee on Animal Resources of Cogentech (824-2020-PR).
Mice were housed in standard cages on a 12:12 h light-dark cycle and fed a normal chow
diet ad libitum. JAX™ C57BL/6] mice (wild-type, WT) were purchased from Charles River
Laboratories International, Inc. (Stock No. 000664; Wilmington, MA, USA).

Fifteen-week-old male C57BL6/] mice (Charles River Laboratories International, Inc.)
were used to obtain aortic rings. For in vivo calcification experiments, ten-week-old male
WT mice were treated with either 500,000 IU/kg/day Vitamin D (Cholecalciferol, #C1357,
Sigma-Aldrich, St. Louis, MO, USA) or a mock solution (1% (v/v) Ethanol, 7% (v/v)
Kolliphor® EL, and 3.75% (w/v) Dextrose (all from Sigma-Aldrich)) administered subcuta-
neously for three consecutive days and sacrificed seven days after the first injection [7,10].
Animals were anaesthetized with an intraperitoneal injection of ketamine (100 mg/kg) and
perfused with PBS. The aortas were dissected and processed as described below.

2.8. Aortic Rings

The thoracic aortas were harvested from the descending part of the aortic cross to
the diaphragm [19]. The adjacent connective tissue was gently removed in a physiologi-
cal solution and Penicillin-Streptomycin (5000 U/mL; Gibco™, ThermoFisher Scientific,
Waltham, MA, USA). Aortas were cut in rings of about 3 mm thickness and cultured in
24-well plates in SmMGM-2 medium (Basal Medium; Lonza) or in calcification medium
(DMEM supplemented with 15% FBS, 5 mM of phosphate, 10 mM of sodium pyruvate,
50 ng/mL of ascorbic acid, and 1% pen/strep) in presence of JAK Inhibitor I (0.5 uM)
(Calbiochem, Merck) or DMSO (Vehicle) for 14 days. The medium was changed every
two days.

2.9. Von Kossa Staining on Aortic Sections

Mice thoracic aortas or aortic rings were fixed in 10% formalin and embedded in
paraffin. A total of 5 to 7 pm sections were de-paraffinized and incubated with 1% silver
nitrate solution under ultraviolet light for 20-40 min. After rinsing the specimens with


rsb.info.nih.gov/ij

Biomolecules 2024, 14, 29

50f 15

several changes of distilled H,O, the unreacted silver was removed with 5% sodium
thiosulfate for 5 min at room temperature. Then, the sections were counterstained with
haematoxylin for 30 s and eosin for 3 min. The quantification of the Von Kossa positive area
was made by taking images with an Axioskop II microscope (Zeiss, Oberkochen, Germany)
using a digital camera (AxioCam Color, Zeiss). The entire aorta cross section was analysed
with Axiovision Software Rel 4.7 (Zeiss), and the percentage of calcium content was defined
as the Von Kossa positive area divided by the total area (um?).

2.10. Immunohistochemistry

Mouse distal thoracic aortas were fixed in 10% formalin and paraffin-embedded. A to-
tal of 7 um sections were de-paraffinized, re-hydrated, and boiled for 20 min in Dako Target
Retrieval Solution Citrate pH 6 (Aligent Technologies, Santa Clara, CA, USA). After wash-
ing in PBS-0.1% Triton X-100 (PBS-T), slides were incubated in 3% H,O, (Sigma-Aldrich)
and then blocked in PBS-T-5% BSA for 1 h at room temperature. Primary antibody against
phospho-STAT1 (40 ug/mL, #44-376G, ThermoFischer) was dissolved in 1% PBS-T-1% BSA
and incubated overnight at 4 °C in a humidified chamber. The sections were incubated
with biotin-conjugated goat anti-rabbit antibody (7.5 ug/mL, #BA-1000, Vector Labora-
tories, Burlingame, CA, USA) and then with horseradish peroxidase (HRP)-conjugated
streptavidin (ABC kit; #PK-6100, Vector Laboratories) for 30 min at room temperature.
Immunoreactions were revealed using 3.3-Diaminobenzidine (ImmPACT DAB substrate,
#5K-4105, Vector Laboratories) as chromogen, and slides were counterstained with haema-
toxylin. Images were acquired with an Axioskop II microscope (Zeiss) using a digital
camera (AxioCam Color, Zeiss).

The quantification of the phospho-STAT1 signal was carried out after acquiring the
images with an Axioskop II microscope (Zeiss) using a digital camera (AxioCam Color,
Zeiss) on the entire aorta cross-section with the Axiovision Software Rel 4.7 (Zeiss). The
percentage of positive area was defined as the ratio of the phospho-STAT1 positive area to
the total area of the aortas.

2.11. Statistical Analysis

For in vitro experiments, the Shapiro-Wilk or D’ Agostino & Pearson tests were used to
assess the normality of the distribution of the investigated parameters. Differences between
the two groups were analysed with an unpaired Student’s ¢-test or Mann—-Whitney U test for
normally or not normally distributed variables, respectively, or otherwise stated in figure
legends. For multiple-group comparisons, a one- or two-way Anova with a Bonferroni post
hoc test was used. Values are presented as means + SD. A value of p < 0.05 was considered
statistically significant.

3. Results
3.1. HASMC Calcification Is Associated with the Release of Inflammatory Factors

HASMCs were cultured in a calcification medium for 0 or 7 consecutive days, and
calcium deposition was analysed along with the secretion of inflammatory factors. Cal-
cification was evident after 7 days (Figure 1A,B) and was associated with the release of
pro-inflammatory molecules such as IL-6, IL-8, and MCP-1 (Figure 1C). OPG, a known VC
inhibitor [20,21], was also released during HASMC calcification, probably as a negative
feedback mechanism (Figure 1C).

Hence, the hyperphosphataemia condition promotes HASMC calcification and gener-
ates an inflammatory environment.
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Figure 1. Inflammation is associated with HASMC calcification. (A) Representative images of
HASMC:s cultured in osteogenic medium at Days 0 and 7 after Alizarin Red staining reveal calcium
deposits (red). (B) Calcium content of HASMCs, quantified via colorimetric analysis and normalised
based on protein content. t-test; ***, p < 0.001; n = 3. (C) Quantification of IL-6, IL-8, MCP-1, and
OPG secreted by HASMCs at indicated days of calcification (Day 0 and Day 7). t-test; *, p < 0.05;
**,p <0.01; ***, p <0.001;, n = 3.

3.2. The JAK-STAT Pathway Is Activated during HASMC Calcification In Vitro and VC In Vivo

Then, we evaluate the activation of the JAK-STAT pathway by checking the phospho-
rylation of JAK (JAK1 and JAK3) and STAT (STAT1, STAT3, STAT5, and STAT6) members
in HASMCs stimulated by calcification medium at Days 0, 3, 5, and 7. We found that
phosphorylation of JAK1, JAK3, and STAT1 increased significantly (Figures 2 and 3A),
while STAT3 showed only a tendency to increase during cell mineralisation (Figure 3B).
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STAT5 and STAT6 maintained similar levels of activation during calcification compared to
Day 0 (Figure 3C,D).

We also assessed if the activation of the JAK-STAT pathway is associated with VC
in vivo using a mouse model of medial VC induced by an overdose of Vitamin D (Vit
D; [7,10]). Calcification of the aortas was measured using means of Von Kossa staining
(Figure 4A). Phospho-STAT1 (p-STAT1) was upregulated in the aortas of mice treated with
Vit D compared to control mice (CTR; Figure 4B).

Altogether, these data indicate that the JAK-STAT pathway is activated during VSMC
calcification in vitro and medial VC in vivo.
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Figure 2. Activation of JAK members during HASMC calcification. (A,B) (Left panels) representative
Western blot images of phosphorylated and total JAK members of HASMCs cultured in osteogenic
medium for 0, 3, 5, and 7 days (Day). Ponceau-red staining was used to normalise protein loading.
(Right panels) quantification of phosphorylated / total JAK members. One-way Anova with Bonferroni
post hoc test (Days 3, 5, and 7 vs. Day 0); *, p < 0.05; and n = 3. Original images of (A,B) can be found
in Figure 54.
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Figure 3. Activation of STAT members during HASMC calcification. (A-D) (Left panels) repre-
sentative Western blot images of phosphorylated and total STAT members of HASMCs cultured in
osteogenic medium for 0, 3, 5, and 7 days (Day). Ponceau-red staining was used to normalise protein
loading. (Right panels) quantification of phosphorylated/total STAT members. One-way Anova with
Bonferroni post hoc test (Days 3, 5, and 7 vs. Day 0); *, p < 0.05; **, p < 0.01; and n = 3-4. Original
images of (A-D) can be found in Figure S5.
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Figure 4. The JAK-STAT pathway is activated during vascular calcification. (A) (Left panels) rep-
resentative images of aortas in control (CTR) and Vitamin D-treated mice (Vit D), after Von Kossa
staining to reveal calcium deposits (black); scale bars: 100 um. (Right panel) quantification of calcium
signal in CTR and Vit D-treated mice (t-test; *, p < 0.05; and n = 4, 3). (B) (Left panels) representative
images of aortas of CTR and Vit D-treated mice after staining for phospho-STAT1 (pSTAT1); scale
bars: 50 pm. (Right panel) quantification of pSTAT1 positive signal in CTR and Vit D-treated mice
(t-test; **, p < 0.01; and n = 4, 5).

3.3. The JAK-STAT Pathway Activated by High Pi Induces HASMC Inflammation and
Proliferation but Not Calcification

Next, we investigated the putative role of the JAK-STAT pathway in HASMC calcifi-
cation by using the JAK Inhibitor I, a known inhibitor of the JAK members’ activity [15].
JAK Inhibitor I was able to prevent STAT1 phosphorylation during HASMC calcification
(Figure S1). First, we explored JAK Inhibitor I's effect on HASMC proliferation in hyper-
phosphataemia conditions. HASMCs treated with the vehicle (Vehicle) were characterised
by an increase in proliferation evident after 72 h of culture, and the presence of JAK In-
hibitor I caused a significant inhibition of their growth (Figure 5A). Apoptosis measured as
Caspase 3 cleavage was not observed during calcification, neither in the absence nor in the
presence of JAK-STAT inhibition (Figure S2). Then, we assessed the ability of JAK Inhibitor
I to reduce inflammation during HASMC calcification. mRNA expression of IL-6, IL-8,
and MCP-1 was downregulated by 3 days of calcification, and accordingly, their secretion
was reduced by the JAK-STAT inhibitor compared to control cells (Figure 5B,C). Of note,
the inhibitor affected OPG mRNA expression but did not significantly influence levels of
extracellular OPG (Figure 5B,C).
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Figure 5. The JAK-STAT pathway affects HASMC inflammation and proliferation. HASMCs were
cultured in a calcification medium in the presence of 0.5 uM JAK Inhibitor I (JAK Inh I) or an equal
volume of DMSO (vehicle). (A) Proliferation of HASMCs after 48 or 72 h (h) in calcification medium.
One-way Anova with Bonferroni post hoc test; ***, p < 0.001; and n = 6. (B) The heat map shows RNA
expression of indicated genes after 3, 5, and 7 days (day) of HASMC culture in calcification medium.
The colour gradient is proportional to gene expression level, from low (dark blue) to high (red).
RNA expressions at Days 3, 5, and 7 were normalised to Day 0, and UBC and ZFN527 were used as
reference genes. Two-way Anova with Bonferroni post hoc test; JAK Inh I vs. Vehicle; ***, p < 0.001
for IL-6, IL-8, MCP-1, and OPG; and n = 4. (C) Quantification of IL-6, IL-8, MCP-1, and OPG secreted
by HASMC s after 7 days of calcification (day). t-test; **, p < 0.01; and n = 3.

Surprisingly, inhibition of the JAK-STAT pathway caused an increment of calcium
deposition in HASMCs (Figure 6A,B) that was dose-dependent (Figure S3). mRNA levels
of RUNX2, a master gene of VSMC calcification, were also significantly upregulated at
Days 3 and 5 in HASMCs treated with JAK Inhibitor I compared to the vehicle condition
(Figure 6C). Finally, to explore the effect of JAK-STAT pathway inhibition on the calcification
of an entire aorta segment, we used an ex vivo organ culture system [19]. After incubation
in a calcification medium, mouse aortic rings grown in the presence of JAK Inhibitor I
developed more calcification than those grown without the inhibitor (vehicle), confirming
the in vitro data (Figure 6D).
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Figure 6. The JAK-STAT pathway regulates calcification in vitro and ex vivo. (A-C) HASMCs were
cultured in a calcification medium in the presence of 0.5 uM JAK Inhibitor I (JAK Inh I) or an equal
volume of DMSO (Vehicle). (A) Representative images of HASMCs cultured in calcification medium
for 7 days (day) and after Alizarin Red staining (red). (B) Calcium content was quantified via
colorimetric analysis and normalised on protein content. t- test; *, p < 0.05; and n = 3. (C) Analysis of
RUNX2 mRNA expression in HASMCs after 3, 5, and 7 days of calcification (day). RNA expressions
at Days 3, 5, and 7 were normalised to Day 0 (dotted line), and UBC and ZFN527 were used as
reference genes. (Two-way Anova with Bonferroni post hoc test; **, p < 0.01; ***, p < 0.001; and n = 4)
(D) Mouse aortic rings were exposed to calcification medium in the presence of 0.5 uM JAK Inhibitor
I JAK Inh I) or an equal volume of DMSO (vehicle). (Left) representative images of sections from
aortic rings after Von Kossa staining (black); scale bars: 100 um. (Right) quantification of calcium
signal in aortic rings (t-test; *, p < 0.05; and n = 3, 3).

These data demonstrate that the JAK-STAT pathway controls the release of pro-
inflammatory molecules and proliferation of HASMCs in hyperphosphaetemia conditions
and limits calcification.

4. Discussion

The JAK-STAT pathway regulates inflammation associated with the pathogenesis of
various diseases, including CVDs [12,13,15,22]. In addition, it is emerging as a target in
rheumatoid arthritis and chronic myeloproliferative neoplasms, disorders that heighten
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the CV risk, and atherosclerosis [13]. In this study, we demonstrated that HASMC calci-
fication induced by elevated concentrations of Pi, a culture condition that recapitulates
the hyperphosphataemia typical of patients with CKD, is associated with the onset of an
inflammatory secretory phenotype consisting of the release of IL-6, IL-8, MCP-1, and the
calcification inhibitor OPG. We also found that the JAK-STAT pathway, which is activated
during the HASMC osteogenic transition, is responsible for the expression and release of
the aforementioned inflammatory mediators and limits the calcification process.

Recent evidence has demonstrated the involvement of JAK-STAT members in VSMC
calcification upon activation by specific inflammatory molecules. Fractalkine (FKN), a
chemokine that activates CX3C chemokine receptor 1, and IL-29, a newly discovered mem-
ber of the type III interferon family, selectively activate JAK2-STAT3 to induce osteogenic
transformation of murine or rat VSMCs. Specific inhibition of JAK2 or STAT3 impedes
the induction of osteogenic mediators [18,23]. A reduction in STAT3 expression has been
shown to block the VSMC osteogenic transition induced by IL-6/sIL6R [17,24]. Herein,
we show that hyperphosphatemia induces the phosphorylation of JAK1 and JAK3 and
of the downstream effector STAT1 in HASMCs. Higher expression of phosphorylated
STAT1 was also noticed in the calcified aortas of Vit D-treated mice, indicating that the
JAK-STAT pathway is activated during medial VC and confirming previously published
RNA-Seq data reporting upregulation of genes associated with the JAK-STAT pathway in
both medial and atherosclerotic calcification [17]. In order to assess the putative role of
JAK-STAT during HASMC calcification, we took advantage of the JAK Inhibitor I, known to
block the activation of all JAK members [15]. JAK Inhibitor I reduces HASMC proliferation
and the expression and release of IL-6, IL-8, and MCP-1. Surprisingly, inhibition of the
JAK-STAT pathway is not able to prevent but rather increases VSMC mineralisation in vitro
and in murine aortic rings cultured in calcification medium. Accordingly, at the molecular
level, JAK-STAT inhibition upregulates the expression of RUNX2, a master regulator of
osteogenic differentiation, while decreasing the expression of OPG in HASMCs. Overall,
our data indicate that the JAK-STAT pathway, more specifically the activation of JAK1-JAK2
and STAT1, acts as a brake in the osteogenic trans-differentiation of VSMCs induced by
hyperphosphatemia. Therefore, activation of diverse combinations of JAK-STAT members
can differentially modulate the calcification of VSMCs.

The causal link between inflammation and VC has been extensively investigated
but not fully resolved. Several studies report that the stimulation of VSMCs with some
inflammatory molecules triggers calcification. For instance, IL-8 enhances the uraemic
toxins-induced HASMC calcification by preventing the induction of OPN, a potent calcifi-
cation inhibitor [25], and IL-29 accelerates rat VSMC calcification driven by high Pi [18].
On the other hand, we and others have shown that IL-6 by itself is not sufficient to influ-
ence HASMC calcification under hyperphosphataemia conditions [10,24]. Notably, anti-
inflammatory treatments have been reported to reduce CV events but not intimal VC [26].
Indeed, statins that have anti-inflammatory properties beyond cholesterol reduction de-
crease CV risk but accelerate the progression of coronary artery calcification, which in turn
affects plaque stability [27,28]. Our results show that VSMCs under a pro-calcification
stimulus can activate the JAK-STAT pathway to develop a protective inflammatory state
that reduces their pathogenic differentiation, thus highlighting an alternative link between
inflammation and medial VC.

Recently, decreased VSMC proliferation has been associated with gains in osteogenic
transformation [3,18,29]; for instance, Hao et al. published that IL-29 treatment inhibits the
proliferation of rat VSMCs while enhancing their mineralisation [18]. IL-8, IL-6, and MCP-1
are known to directly influence VSMC proliferation and cytokine production [30-32]. We
found that the inhibition of JAK-STAT signalling affects both transcription of IL-8, IL-6, and
MCP-1 and cell proliferation as early as 72 h of culture in high Pi. Hence, it is likely that,
in the initial phase of the calcification process, the JAK-STAT pathway promotes HASMC
growth through the production of inflammatory molecules, eventually slowing down the
calcification onset.
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This study has some limitations that require further investigation. First, we performed
experiments using HASMCs isolated from one donor. Second, a chemical inhibitor of JAK
enzymes was used here, and off-target effects cannot be excluded. Silencing of specific JAK-
STAT members can help to confirm the findings as well as to discriminate the contribution
of each pathway component to the process of HASMC mineralisation. Third, we did not
investigate whether JAK-STAT signalling influences HASMC senescence, a phenotype that
accelerates calcification [7,10].

In conclusion, our study showed that hyperphosphatemia-induced mineralisation of
VSMCs is characterised by the onset of an inflammatory phenotype and the activation of
the JAK-STAT pathway. JAK-STAT signalling controls the expression and release of some
inflammatory molecules and the proliferation of VSMCs while acting as a brake on the
calcification process. The present data suggest that anti-inflammatory therapeutic agents
that reduce or prevent CV events should be carefully tested in order to determine the
ultimate effect on VC.
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Figure 3A-D.

Author Contributions: Conceptualisation, A.R. and S.C.; methodology, EM., L.V, S.C., S.F, M.C. and
N.E; validation, EM., S.C. and S.E; formal analysis, A.R., EM., S.C., S.E. and L.P; investigation, EM.,
S.C.,S.F, M.C. and N.F; data curation, AR., EM.,S.C.,S.F, D.V,, L.P. and M.C.V,; writing—original
draft preparation, A.R.; writing—review and editing, A.R., M.C.V,, D.V. and L.P; supervision, A.R,;
project administration, A.R.; funding acquisition, A.R. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Italian Ministry of Health (Ricerca Corrente 2023) to
Centro Cardiologico Monzino-IRCCS to AR.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the National Ministry of Health and the Institutional
Review Board on Animal Resources of Cogentech (824-2020-PR; 12 August 2020).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Davide Rovina for the technical help.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Sutton, N.R.; Malhotra, R.; St Hilaire, C.; Aikawa, E.; Blumenthal, R.S.; Gackenbach, G.; Goyal, P; Johnson, A.; Nigwekar, S.U.;
Shanahan, C.M.; et al. Molecular Mechanisms of Vascular Health: Insights From Vascular Aging and Calcification. Arterioscler.
Thromb. Vasc. Biol. 2023, 43, 15-29. [CrossRef] [PubMed]

Ding, N.; Lv, Y;; Su, H,; Wang, Z.; Kong, X.; Zhen, J.; Lv, Z.; Wang, R. Vascular calcification in CKD: New insights into its
mechanisms. J. Cell. Physiol. 2023, 238, 1160-1182. [CrossRef] [PubMed]

Durham, A.L.; Speer, M.Y,; Scatena, M.; Giachelli, C.M.; Shanahan, C.M. Role of smooth muscle cells in vascular calcification:
Implications in atherosclerosis and arterial stiffness. Cardiovasc. Res. 2018, 114, 590-600. [CrossRef] [PubMed]

Lanzer, P.; Hannan, EM.; Lanzer, ].D.; Janzen, J.; Raggi, P.; Furniss, D.; Schuchardt, M.; Thakker, R.; Fok, PW.; Saez-Rodriguez, J.;
et al. Medial Arterial Calcification: JACC State-of-the-Art Review. J. Am. Coll. Cardiol. 2021, 78, 1145-1165. [CrossRef] [PubMed]
Back, M.; Aranyi, T.; Cancela, M.L.; Carracedo, M.; Conceicao, N.; Leftheriotis, G.; Macrae, V.; Martin, L.; Nitschke, Y.; Pasch, A.;
et al. Endogenous Calcification Inhibitors in the Prevention of Vascular Calcification: A Consensus Statement From the COST
Action EuroSoftCalcNet. Front. Cardiovasc. Med. 2018, 5, 196. [CrossRef] [PubMed]

Badi, I.; Burba, I.; Ruggeri, C.; Zeni, F; Bertolotti, M.; Scopece, A.; Pompilio, G.; Raucci, A. MicroRNA-34a Induces Vascular
Smooth Muscle Cells Senescence by SIRT1 Downregulation and Promotes the Expression of Age-Associated Pro-inflammatory
Secretory Factors. J. Gerontol. A Biol. Sci. Med. Sci. 2015, 70, 1304-1311. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/biom14010029/s1
https://www.mdpi.com/article/10.3390/biom14010029/s1
https://doi.org/10.1161/ATVBAHA.122.317332
https://www.ncbi.nlm.nih.gov/pubmed/36412195
https://doi.org/10.1002/jcp.31021
https://www.ncbi.nlm.nih.gov/pubmed/37269534
https://doi.org/10.1093/cvr/cvy010
https://www.ncbi.nlm.nih.gov/pubmed/29514202
https://doi.org/10.1016/j.jacc.2021.06.049
https://www.ncbi.nlm.nih.gov/pubmed/34503684
https://doi.org/10.3389/fcvm.2018.00196
https://www.ncbi.nlm.nih.gov/pubmed/30713844
https://doi.org/10.1093/gerona/glu180
https://www.ncbi.nlm.nih.gov/pubmed/25352462

Biomolecules 2024, 14, 29 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Badji, I.; Mancinelli, L.; Polizzotto, A.; Ferri, D.; Zeni, F.; Burba, I.; Milano, G.; Brambilla, F; Saccu, C.; Bianchi, M.E.; et al. miR-34a
Promotes Vascular Smooth Muscle Cell Calcification by Downregulating SIRT1 (Sirtuin 1) and Axl (AXL Receptor Tyrosine
Kinase). Arterioscler. Thromb. Vasc. Biol. 2018, 38, 2079-2090. [CrossRef] [PubMed]

Liu, Y,; Drozdov, I.; Shroff, R.; Beltran, L.E.; Shanahan, C.M. Prelamin A accelerates vascular calcification via activation of the
DNA damage response and senescence-associated secretory phenotype in vascular smooth muscle cells. Circ. Res. 2013, 112,
€99-e109. [CrossRef]

Nakano-Kurimoto, R.; Ikeda, K.; Uraoka, M.; Nakagawa, Y.; Yutaka, K.; Koide, M.; Takahashi, T.; Matoba, S.; Yamada, H.; Okigaki,
M.; et al. Replicative senescence of vascular smooth muscle cells enhances the calcification through initiating the osteoblastic
transition. Am. J. Physiol. Heart Circ. Physiol. 2009, 297, H1673-H1684. [CrossRef]

Zuccolo, E.; Badi, I.; Scavello, F.; Gambuzza, I.; Mancinelli, L.; Macri, F,; Tedesco, C.C.; Veglia, F.; Bonfigli, A.R.; Olivieri, F,;
et al. The microRNA-34a-Induced Senescence-Associated Secretory Phenotype (SASP) Favors Vascular Smooth Muscle Cells
Calcification. Int. J. Mol. Sci. 2020, 21, 4454. [CrossRef]

Ceneri, N.; Zhao, L.; Young, B.D.; Healy, A.; Coskun, S.; Vasavada, H.; Yarovinsky, T.O.; Ike, K.; Pardi, R.; Qin, L.; et al. Rac2
Modulates Atherosclerotic Calcification by Regulating Macrophage Interleukin-1beta Production. Arterioscler. Thromb. Vasc. Biol.
2017, 37, 328-340. [CrossRef] [PubMed]

Hu, X.; Li, J.; Fu, M.; Zhao, X.; Wang, W. The JAK/STAT signaling pathway: From bench to clinic. Signal Transduct. Target. Ther.
2021, 6, 402. [CrossRef] [PubMed]

Baldini, C.; Moriconi, ER.; Galimberti, S.; Libby, P.; De Caterina, R. The JAK-STAT pathway: An emerging target for cardiovascular
disease in rheumatoid arthritis and myeloproliferative neoplasms. Eur. Heart J. 2021, 42, 4389-4400. [CrossRef]

Richard, A.].; Stephens, ].M. Emerging roles of JAK-STAT signaling pathways in adipocytes. Trends Endocrinol. Metab. 2011, 22,
325-332. [CrossRef] [PubMed]

Xu, M.; Tchkonia, T.; Ding, H.; Ogrodnik, M.; Lubbers, E.R.; Pirtskhalava, T.; White, T.A.; Johnson, K.O.; Stout, M.B.; Mezera, V,;
et al. JAK inhibition alleviates the cellular senescence-associated secretory phenotype and frailty in old age. Proc. Natl. Acad. Sci.
USA 2015, 112, E6301-E6310. [CrossRef] [PubMed]

Yu, H,; Pardoll, D.; Jove, R. STATs in cancer inflammation and immunity: A leading role for STAT3. Nat. Rev. Cancer 2009, 9,
798-809. [CrossRef] [PubMed]

Han, Y.; Zhang, ].; Huang, S.; Cheng, N.; Zhang, C.; Li, Y.; Wang, X,; Liu, J.; You, B.; Du, J. MicroRNA-223-3p inhibits vascular
calcification and the osteogenic switch of vascular smooth muscle cells. J. Biol. Chem. 2021, 296, 100483. [CrossRef]

Hao, N.; Zhou, Z.; Zhang, F; Li, Y.; Hu, R; Zou, J.; Zheng, R.; Wang, L.; Xu, L.; Tan, W.; et al. Interleukin-29 Accelerates Vascular
Calcification via JAK2/STAT3/BMP2 Signaling. J. Am. Heart Assoc. 2023, 12, €027222. [CrossRef]

Gayrard, N.; Muyor, K.; Notarnicola, C.; Duranton, E; Jover, B.; Argiles, A. Optimisation of cell and ex vivo culture conditions to
study vascular calcification. PLoS ONE 2020, 15, e0230201. [CrossRef]

Bucay, N.; Sarosi, I.; Dunstan, C.R.; Morony, S.; Tarpley, J.; Capparelli, C.; Scully, S.; Tan, H.L.; Xu, W.; Lacey, D.L.; et al.
Osteoprotegerin-deficient mice develop early onset osteoporosis and arterial calcification. Genes Dev. 1998, 12, 1260-1268.
[CrossRef]

Min, H.; Morony, S.; Sarosi, I.; Dunstan, C.R.; Capparelli, C.; Scully, S.; Van, G.; Kaufman, S.; Kostenuik, PJ.; Lacey, D.L.; et al.
Osteoprotegerin reverses osteoporosis by inhibiting endosteal osteoclasts and prevents vascular calcification by blocking a process
resembling osteoclastogenesis. |. Exp. Med. 2000, 192, 463—474. [CrossRef] [PubMed]

Banerjee, S.; Biehl, A.; Gadina, M.; Hasni, S.; Schwartz, D.M. Erratum to: JAK-STAT Signaling as a Target for Inflammatory and
Autoimmune Diseases: Current and Future Prospects. Drugs 2017, 77, 939. [CrossRef] [PubMed]

Yang, T.; Guo, L.; Chen, L.; Li, J.; Li, Q.; Pi, Y.; Zhu, J.; Zhang, L. A novel role of FKN/CX3CR1 in promoting osteogenic
transformation of VSMCs and atherosclerotic calcification. Cell Calcium 2020, 91, 102265. [CrossRef] [PubMed]

Kurozumi, A.; Nakano, K.; Yamagata, K.; Okada, Y.; Nakayamada, S.; Tanaka, Y. IL-6 and sIL-6R induces STAT3-dependent
differentiation of human VSMCs into osteoblast-like cells through JMJD2B-mediated histone demethylation of RUNX2. Bone
2019, 124, 53-61. [CrossRef] [PubMed]

Bouabdallah, J.; Zibara, K.; Issa, H.; Lenglet, G.; Kchour, G.; Caus, T.; Six, I.; Choukroun, G.; Kamel, S.; Bennis, Y. Endothelial
cells exposed to phosphate and indoxyl sulphate promote vascular calcification through interleukin-8 secretion. Nephrol. Dial.
Transplant. 2019, 34, 1125-1134. [CrossRef]

Alfaddagh, A.; Martin, S.S.; Leucker, T.M.; Michos, E.D.; Blaha, M.].; Lowenstein, C.J.; Jones, S.R.; Toth, P.P. Inflammation and
cardiovascular disease: From mechanisms to therapeutics. Am. J. Prev. Cardiol. 2020, 4, 100130. [CrossRef]

Lee, S.E.; Sung, ].M.; Andreini, D.; Budoff, M.].; Cademartiri, F.; Chinnaiyan, K.; Choi, ].H.; Chun, E.J.; Conte, E.; Gottlieb, I;
et al. Differential association between the progression of coronary artery calcium score and coronary plaque volume progression
according to statins: The Progression of AtheRosclerotic PIAque DetermIned by Computed TomoGraphic Angiography Imaging
(PARADIGM) study. Eur. Heart |. Cardiovasc. Imaging 2019, 20, 1307-1314. [CrossRef]

Puri, R.; Nicholls, S.J.; Shao, M.; Kataoka, Y.; Uno, K.; Kapadia, S.R.; Tuzcu, E.M.; Nissen, S.E. Impact of statins on serial coronary
calcification during atheroma progression and regression. J. Am. Coll. Cardiol. 2015, 65, 1273-1282. [CrossRef]

Rangrez, A.Y.; M’Baya-Moutoula, E.; Metzinger-Le Meuth, V.; Henaut, L.; Djelouat, M.S.; Benchitrit, J.; Massy, Z.A.; Metzinger, L.
Inorganic phosphate accelerates the migration of vascular smooth muscle cells: Evidence for the involvement of miR-223. PLoS
ONE 2012, 7, e47807. [CrossRef]


https://doi.org/10.1161/ATVBAHA.118.311298
https://www.ncbi.nlm.nih.gov/pubmed/30026277
https://doi.org/10.1161/CIRCRESAHA.111.300543
https://doi.org/10.1152/ajpheart.00455.2009
https://doi.org/10.3390/ijms21124454
https://doi.org/10.1161/ATVBAHA.116.308507
https://www.ncbi.nlm.nih.gov/pubmed/27834690
https://doi.org/10.1038/s41392-021-00791-1
https://www.ncbi.nlm.nih.gov/pubmed/34824210
https://doi.org/10.1093/eurheartj/ehab447
https://doi.org/10.1016/j.tem.2011.03.007
https://www.ncbi.nlm.nih.gov/pubmed/21561789
https://doi.org/10.1073/pnas.1515386112
https://www.ncbi.nlm.nih.gov/pubmed/26578790
https://doi.org/10.1038/nrc2734
https://www.ncbi.nlm.nih.gov/pubmed/19851315
https://doi.org/10.1016/j.jbc.2021.100483
https://doi.org/10.1161/JAHA.122.027222
https://doi.org/10.1371/journal.pone.0230201
https://doi.org/10.1101/gad.12.9.1260
https://doi.org/10.1084/jem.192.4.463
https://www.ncbi.nlm.nih.gov/pubmed/10952716
https://doi.org/10.1007/s40265-017-0736-y
https://www.ncbi.nlm.nih.gov/pubmed/28365883
https://doi.org/10.1016/j.ceca.2020.102265
https://www.ncbi.nlm.nih.gov/pubmed/32814243
https://doi.org/10.1016/j.bone.2019.04.006
https://www.ncbi.nlm.nih.gov/pubmed/30981888
https://doi.org/10.1093/ndt/gfy325
https://doi.org/10.1016/j.ajpc.2020.100130
https://doi.org/10.1093/ehjci/jez022
https://doi.org/10.1016/j.jacc.2015.01.036
https://doi.org/10.1371/journal.pone.0047807

Biomolecules 2024, 14, 29 15 of 15

30. Morimoto, S.; Nabata, T.; Koh, E.; Shiraishi, T.; Fukuo, K.; Imanaka, S.; Kitano, S.; Miyashita, Y.; Ogihara, T. Interleukin-6
stimulates proliferation of cultured vascular smooth muscle cells independently of interleukin-1 beta. J. Cardiovasc. Pharmacol.
1991, 17 (Suppl. 2), S117-5118. [CrossRef]

31. Viedt, C,; Vogel, ].; Athanasiou, T.; Shen, W.; Orth, S.R.; Kubler, W.; Kreuzer, ]. Monocyte chemoattractant protein-1 induces
proliferation and interleukin-6 production in human smooth muscle cells by differential activation of nuclear factor-kappaB and
activator protein-1. Arterioscler. Thromb. Vasc. Biol. 2002, 22, 914-920. [CrossRef] [PubMed]

32. Yue, T.L.; Wang, X.; Sung, C.P; Olson, B.; McKenna, PJ.; Gu, J.L.; Feuerstein, G.Z. Interleukin-8. A mitogen and chemoattractant
for vascular smooth muscle cells. Circ. Res. 1994, 75, 1-7. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/00005344-199117002-00026
https://doi.org/10.1161/01.ATV.0000019009.73586.7F
https://www.ncbi.nlm.nih.gov/pubmed/12067898
https://doi.org/10.1161/01.RES.75.1.1
https://www.ncbi.nlm.nih.gov/pubmed/8013067

	Introduction 
	Materials and Methods 
	Cell Culture 
	Calcification Assays 
	Proliferation Assays 
	ELISA Assays 
	Western Blot 
	RT-qPCR 
	Animal Experiments 
	Aortic Rings 
	Von Kossa Staining on Aortic Sections 
	Immunohistochemistry 
	Statistical Analysis 

	Results 
	HASMC Calcification Is Associated with the Release of Inflammatory Factors 
	The JAK-STAT Pathway Is Activated during HASMC Calcification In Vitro and VC In Vivo 
	The JAK-STAT Pathway Activated by High Pi Induces HASMC Inflammation and Proliferation but Not Calcification 

	Discussion 
	References

