
Atherosclerosis 346 (2022) 86–97

Available online 22 January 2022
0021-9150/© 2022 Elsevier B.V. All rights reserved.

PCSK9 promotes arterial medial calcification 
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A B S T R A C T   

Background and aims: A complex interplay among chronic kidney disease (CKD), lipid metabolism and aortic 
calcification has been recognized. Here we investigated the influence of kidney function on PCSK9 levels and its 
potential direct action on smooth muscle cells (SMCs) calcification. 
Methods and Results: In a cohort of 594 subjects, a negative association between glomerular filtration rate and 
plasma PCSK9 was found. Atherosclerotic cardiovascular disease, as co-morbidity, further increased PCSK9 
plasma levels. Diet-induced uremic condition in rats led to aortic calcification and increased total cholesterol and 
Pcsk9 levels in plasma, livers, and kidneys. Both human and rat SMCs overexpressing human PCSK9 (SMCsPCSK9), 
cultured in a pro-calcific environment (2.0 mM or 2.4 mM inorganic phosphate, Pi) showed a significantly higher 
extracellular calcium (Ca2+) deposition compared to control SMCs. The addition of recombinant human PCSK9 
did not increase the extracellular calcification of SMCs, suggesting the involvement of intracellular PCSK9. 
Accordingly, the further challenge with evolocumab did not affect calcium deposition in hSMCsPCSK9. Under pro- 
calcific conditions, SMCsPCSK9 released a higher number of extracellular vesicles (EVs) positive for three tetra
spanin molecules, such as CD63, CD9, and CD81. EVs derived from SMCsPCSK9 tended to be more enriched in 
calcium and alkaline phosphatase (ALP), compared to EVs from control SMCs. In addition, PCSK9 has been 
detected in SMCsPCSK9-derived EVs. Finally, SMCsPCSK9 showed an increase in pro-calcific markers, namely bone 
morphogenetic protein 2 and ALP, and a decrease in anti-calcific mediator matrix GLA protein and osteopontin. 
Conclusions: Our study reveals a direct role of PCSK9 on vascular calcification induced by higher inorganic 
phosphate levels associated with renal impairment. This effect appears to be mediated by a switch towards a pro- 
calcific phenotype of SMCs associated with the release of EVs containing Ca2+ and ALP.   

1. Introduction 

Cardiovascular disease (CVD) is the leading cause of morbidity and 

mortality among patients with chronic kidney disease (CKD) [1]. Even 
after adjustment for known CV risk factors, including diabetes and hy
pertension, mortality risk progressively increases as CKD worsens [2,3]. 
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Cardiovascular abnormalities in CKD are associated with traditional (e. 
g., diabetes and hypertension) and nontraditional CKD-related CVD risk 
factors (e.g., mineral and bone disease abnormalities, anemia, inflam
mation, and oxidative stress), as well as dialysis-related factors [4]. As 
glomerular filtration rate (GFR) declines, the vascular calcification in
creases, an event that is associated with higher mortality in end-stage 
kidney disease (ESKD). 

Calcification of the subintima and media of large vessels is a result of 
the progressive reduction in the renal excretion of calcium (Ca2+) and 
phosphate (Pi), leading to a dramatic increase in their plasma concen
trations [5]. In addition, during the course of CKD, significant changes in 
lipoproteins profile have been documented with an increase in tri
glycerides (TG) and very low-density lipoprotein-cholesterol (VLDL-C) 
levels, a reduction in high-density lipoprotein-cholesterol (HDL-C) and 
minimal changes in low-density lipoprotein-cholesterol (LDL-C) [6,7]. 
However, qualitative modifications of LDL occur, resulting in an accu
mulation of small-dense LDL [8]. Similarly, lipoprotein(a) [Lp(a)] is 
increased [9], and considered as an independent risk factor for CVD in 
hemodialysis patients [10]. 

Any dyslipidemia associated with a particular pathological condition 
deserves the assessment of the plasma levels of one of the major circu
lating players of lipid and cholesterol homeostasis, i.e., proprotein 
convertase subtilisin/kexin type 9 (PCSK9). PCSK9 emerged in the last 
decade as a valuable pharmacological target in the prevention of the 
most severe forms of atherosclerotic cardiovascular disease [11], 
including those associated with CKD [12]. Beyond the effect on plasma 
cholesterol, PCSK9 showed wide range of effects on patho-physiological 
mechanisms associated with cellular cholesterol handling, including the 
accumulation of visceral adipose tissue [13], and the release of insulin 
by pancreas [14]. PCSK9 plasma levels do not seem to correlate with 
GFR in studies recruiting a small number of patients [15,16], while a 
“suggestive” positive association was recently observed in the large 
cohort of IMPROVE European study [17]. However, the strongest 
elevation of plasma PCSK9 is observed in protein wasting conditions 
(such as nephrotic syndrome or peritoneal dialysis) [18], where alter
ations in lipid metabolism and exacerbation of vascular atherosclerotic 
calcifications occur [19]. Nonetheless, a role for PCSK9 in vascular and 
aortic valve calcification (AVC) is emerging both in clinical and exper
imental settings. PCSK9 levels correlate with higher risk of coronary 
artery calcification (CAC) in patients with familial hypercholesterolemia 
(FH) under statin treatment [20]. In patients with and without AVC, 
plasma PCSK9 levels correlate with the presence of calcific aortic valve 
disease (CAVS) but not with its severity [21]. A retrospective analysis of 
103,083 individuals revealed that subjects carrying the loss-of-function 
(LOF) R46L variant in PCSK9 are characterized by lower levels of LDL-C, 
Lp(a) and a lower risk of CAVS [22], results that were more recently 
confirmed by a pooled data analysis [23]. Thus, genetic analyses predict 
that an intervention aimed at reducing PCSK9 could prevent CAVS. 
Although clinical evidence on this effect is still lacking, a recent sub
group analysis of the FOURIER trial revealed that the monoclonal 
antibody anti PCSK9, evolocumab, could decrease CAVS incidence in 
patients with CVD [24]. Moreover, results of an unpaired cross-sectional 
study indicated that statins and/or PCSK9 inhibitors promote vascular 
calcification, while the evaluation of a longitudinal analysis suggests 
that CAC might be prevented with add-on PCSK9 inhibitors to statin 
[25]. Finally, coronary intravascular ultrasound imaging of 
statin-treated patients showed that the addition of evolocumab for 76 
weeks did not produce significant changes in plaque composition 
compared with statin monotherapy, including vascular calcium content 
[26], thus suggesting a lack of therapeutic efficacy of anti PCSK9 
monoclonal antibodies on vascular calcification. 

Experimentally, overexpression of a gain-of-function (GOF) D377Y 
variant of PCSK9, strongly promoted aortic calcification, an effect 
partially dependent on sortilin expression [27] - an important regulator 
of lipoprotein metabolism [28] and vascular calcification [29] - that 
directly binds to PCSK9 [30]. Finally, we have previously observed that 

Pcsk9 null mice have lower total calcium content in aortic valve leaflets 
and in valve interstitial cells compared to wild-type mice [31]. 

The mechanisms promoting the initiation and progression of 
vascular calcification show similarities to those of physiological bone 
formation, including osteo/chondrogenic transdifferentiation, 
decreased availability of calcification inhibitors, extracellular vesicle 
(EVs) release [32], and remodeling of extracellular matrix [33]. 
Vascular smooth muscle cells (SMCs) play a key role during vascular 
calcification [34]. Interestingly, PCSK9 has been detected in human 
atherosclerotic plaques [35], and around calcification areas formed by 
synthetic SMCs in patients with acute aortic dissection (AAD) [36]. 
These observations brought us to further investigate a potential direct 
role of PCSK9 in vascular calcification associated with renal impairment. 

2. Materials and methods 

2.1. Study population 

Subjects were enrolled in the “Progressione delle Lesioni Intimali 
Carotidee (PLIC) Study”, a general population-based study [37]. The 
study was approved by the Scientific Committee of the University of 
Milan (SEFAP/Pr.0003). An informed consent was obtained by subjects 
(all over 18 years of age), in accordance with the Declaration of Helsinki. 
Subjects were included in the study following these criteria: inflamma
tory or infectious disorders, congenital or hereditary kidney diseases, 
previous or current dialysis (either peritoneal or hemodialysis), 
glomerulonephritis, cardiovascular events in the previous six months, 
previous major cardiac or vascular surgery, microvascular complica
tions (either as retinopathy, neuropathy, foot ulcers or gangrenes), 
malignant neoplasms, and thyroid dysfunction were excluded from the 
study. Systolic and diastolic blood pressure, Body Mass Index (BMI), and 
waist and waist/hip ratio were measured. Information on presence of 
hepatic steatosis, available on a subgroup of 133 subjects, was defined 
via ultrasound, according to already published protocols [37]. Total 
body fat mass and abdominal fat mass were measured using Dual-X Ray 
Absorbimetry, as previously published [37]. Blood samples were 
collected from the antecubital vein after 12 h fasting on NaEDTA tubes 
(BD Vacuette®, Franklin Lakes, NJ, USA) and then, centrifuged at 3.000 
rpm for 12 min (Eppendorf 580r, Eppendorf, Hamburg, Germany) for 
biochemical parameters profiling including: total cholesterol, HDL-C, 
triglycerides, apolipoprotein B (ApoB), ApoA-I, glucose, liver enzymes, 
creatinine and creatinine-phospho kinase (CPK). Measurements were 
performed using immuno-turbidimetric and enzymatic methods thor
ough automatic analyzers (Randox, Crumlin, UK). LDL-C was derived 
from the Friedewald formula. Renal function was defined by GFR ac
cording to the Cockroft-Gault formula. Atherosclerotic calcifications 
were defined by ultrasound-based analysis of bilateral carotid arteries as 
previously described, as the presence of intima-media thickness (IMT) 
above the 75th percentile of the median IMT for a Caucasian population 
according to the American Society of Echocardiography (ASE) guide
lines. Subclinical atherosclerosis (SCA) was defined when mean IMT was 
≥1.3 mM or in presence of focal atherosclerotic lesions larger than 1.3 
mM using a manual caliper in longitudinal view either in far or near wall 
and over every carotid tract (common, bulb section, bifurcation, internal 
or external branches). Ultrasonic scanning of the lesions was performed 
in longitudinal, transverse, and oblique sections. Echolucency of the 
atherosclerotic calcifications was defined by an independent 
ultrasound-based system (HM70a Plus, Samsung Ultrasound System®) 
equipped with an automated software to differentiate Hypo-, Mild- and 
Hyper-echogenic atherosclerotic calcifications according to grayscale. 
Also, common carotid (CIMT) was measured (1 cm from the bulb) in 
longitudinal view, far wall, by high resolution B-mode ultrasound-based 
system (Vivid S5, GE Healthcare®, Wauwatosa, WI, USA) connected to a 
linear probe (4.0 × 13.0 MHz frequency; 14 × 48 mM footprint, 38 mM 
field of view). In two scans performed by the same operator in 75 sub
jects, the mean difference in IMT was 0.005 ± 0.002 mM and the 
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coefficient of variation (CV) was 1.93%. The correlation between two 
scans was significant (r = 0.96; p < 0.0001). 

Ankle-Brachial Index (ABI) was measured using an automatic blood 
pressure/Doppler monitor (Omron® model HEM-705 CP, Japan). The 
systolic pressure at the brachial artery was measured three times with 
the subject in a supine position, at 2-min intervals. Next, systolic blood 
pressure at the posterior tibial artery was measured three times in both 
legs at 2-min intervals. A ratio of the two term (respectively) was then 
calculated. Peripheral artery disease was defined in presence of 
ABI<0.9. 

2.1.1. PCSK9 plasma quantification 
Plasma PCSK9 concentrations were measured with a commercial 

ELISA kit (R&D System) able to recognize free and LDLR-bound PCSK9. 
Plasma samples were diluted 1:20, according to manufacturer’s in
structions, and incubated onto a microplate precoated with a mono
clonal antibody specific for human PCSK9. Sample concentrations were 
obtained by generating a four-parametric logistic (4 PL) curve-fit using 
GraphPad Prism v8.2.1® for Windows. The minimum detectable con
centration was 0.219 ng/mL. Intra- and inter-assay CV were 5.4 ± 1.2% 
and 4.8 ± 1.0%, respectively [17]. 

2.1.2. Statistical analysis 
Statistical analyses were performed using SPSS® v.23.0 for Win

dows® (IBM Corporation®) software. Shapiro–Wilk test was performed 
to verify the normal or non-normal distribution of continuous variables. 
In Supplemental Table 1 we compared raw clinical data by univariate 
analyses (ANOVA for linear values, chi-square test for dichotomous 
variables). Inter-variable co-linearity was tested to derive the Variation 
Inflation Factor (VIF) to exclude redundant covariates. Box plots for data 
distributions, reporting mean values with 10th to 90th upper and lower 
bounds, were generated using GraphPad Prism 5® for Windows®. For 
all analyses, p-values < 0.05 were considered statistically significant. 

2.2. In vivo experiments 

2.2.1. Animal model 
Twenty-two 10-week old male rats (Sprague-Dawley strain) were 

purchased from Charles River Laboratories ITALIA S.r.L. and housed in 
the facility at the Department of Pharmaceutical and Pharmacological 
Sciences, University of Padua, Padua, Italy. They were kept in pathogen- 
free and temperature-controlled rooms (25 ◦C), following the circadian 
rhythm of 12 h of light and 12 h of dark. 

Rats were fed a standard diet (SD) for seven days, after which they 
were randomized in control group (n = 11) or uremic group (n = 11), 
following a well-established uremic rat model [38] according to which 
an adenine-rich diet causes renal damage and thus severe renal 
impairment [39,40]. Food intake, as well as animal weights, were 
weekly monitored during all the period of treatment. Control diet con
tained 19% of proteins, 20% lactose, 1.2% phosphate, and 1% calcium, 
while uremic diet 4.5% proteins, 20% lactose, 1.2% phosphate, 0.5% 
adenine, and 1% calcium. Both were purchased from Mucedola S.r.L., 
Italy. 

Urines were collected every two weeks by means of metabolic cages 
and after 6 weeks of treatment rats were sacrificed and livers, aortas, 
kidneys, and blood collected. Euthanasia was performed by deep anes
thesia with 1.5%–4.5% isoflurane and perfusion with physiological so
lution. Both during the experimentation period and the sacrifice, the rats 
were continuously subjected to medical controls to check their health 
status, according to the Italian Guidelines for the animal experimenta
tion. The investigation conforms to the European Commission Directive 
2010/63/EU and was performed after the approval of the Italian Min
istry of Health (Auth. no. 278/2017-PR). 

GPower software [41] has been utilized to calculate the appropriate 
number of animals to perform an accurate statistical analysis. Parame
ters set: α-error 5%, power 80%, effect-size 0.35%. The primary 

endpoint was the determination of aortic calcium in the aortas. 
Sera were separated by centrifugation at 5,000g and stored at − 80 ◦C 

until further analyses. The thoracic aorta was freeze-dried for calcium 
quantification. A distal portion (0.3 cm) was included in OCT compound 
tissue tek (Akura) for histological analysis. The abdominal aortas, as 
well as the livers and the kidneys, were snap frozen and stored at − 80 ◦C 
until further analyses. 

2.2.2. Evaluation of arterial medial calcification 
The examination of arterial medial calcification was performed on 

transverse cryosections that were processed for von Kossa staining using 
the standard method. To quantitatively evaluate the degree of aortic 
medial calcification, freeze-dried aortic tissues were weighed and hy
drolyzed overnight in 1 mL of HCl 0.6 N at room temperature. The Ca2+

content of the supernatant was determined using commercially avail
able Calcium kits (Chema Diagnostica) and normalized to wet tissue 
weight (mg Ca2+/mg wet weight). 

2.2.3. Immunohistochemistry 
Pcsk9 expression in aortic rat tissues was analyzed by immunohis

tochemistry using the EXPOSE Mouse and Rabbit Specific HRP/DAB 
Detection IHC Kit (Abcam) according to the manufacturer’s protocol. 
Briefly, transverse cryosections (8 μm) adjacent to those processed with 
the von Kossa were stained with polyclonal PCSK9 antibody (Abcam). 
The blocking of endogenous peroxidase was performed by incubation of 
sections in a hydrogen peroxidase solution. Controls for the indirect- 
immunohistochemistry experiments were as follows: 1) non-immune 
immunoglobulin G (IgG) instead of primary antibody and 2) the sec
ond antibody alone. The image acquisition was performed using a Leica 
microscope assembled with a DFC 420 camera. 

2.2.4. Pcsk9 plasma quantification 
Plasma Pcsk9 was measured with the commercial ELISA kit specific 

for rat Pcsk9 (Elabscience), according to manufacturer’s instructions. 
Sample concentrations were obtained by generating a 4 PL curve-fit with 
GraphPad Prism v8.2.1. The minimal detectable concentration was 0.47 
ng/mL, with CV less than 10%. 

2.2.5. Western blotting 
Kidneys and livers (100 mg) were homogenized in 1 mL of lysis 

buffer containing 1% NP-40, 150 mM NaCl and 50 mM Tris-HCl at pH 
7.5. Protein concentration was assessed by bicinchoninic acid (BCA) 
assays (EuroClone), accordingly to manufacturer’s instructions. 25 μg 
total protein extract/sample was separated on 4–20% SDS-Page gel (Bio- 
Rad) under denaturing and reducing conditions. Proteins were then 
transferred onto a nitrocellulose membrane using the Trans-Blot® 
Turbo™ Transfer System (Bio-Rad); 5% non-fat dried milk in tris- 
buffered saline containing 0.2% of tween 20 (TBST20) was used as 
blocking buffer. All the primary antibodies were diluted in 5% non-fat 
dried milk in TBST20 and incubated overnight at 4 ◦C in agitation; 
horseradish peroxidase (HPR)-conjugated secondary antibodies were 
diluted in blocking solution and membranes were left to incubate 2h at 
room temperature (RT) in agitation. Luminescence signals were ac
quired with c400 Azure Molecular Imager (Aurogene). Quantitative 
densitometric analysis was performed with ImageJ software. When 
used, stripping buffer was prepared according to Abcam’s protocol. 
PCSK9 antibody was purchased from Abcam (cod. ab181142; dilution 
1:1000), α-tubulin antibody from Sigma-Aldrich (cod. T6199; dilution 
1:1000), secondary anti-mouse antibody was from Jackson ImmunoR
esearch (cod. 115-036-062; dilution 1:5000), and anti-rabbit antibody 
was from Jackson ImmunoResearch (cod. 113-036-045, dilution 
1:5000). 

2.2.6. Statistical analysis 
Data are expressed as mean ± standard deviation. Differences be

tween the two groups were analyzed via ANOVA test followed by 
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Bonferroni post-hoc correction or Student’s t-test, when appropriate 
(GraphPad Prism v8.2.1® for Windows). p-values lower than 0.05 were 
considered statistically significant. 

2.3. In vitro experiments 

2.3.1. Cell cultures 
Cell culture reagents were from EuroClone (Milan, Italy). Rat aortic 

smooth muscle cells (SMCs) were isolated by explant technique as pre
viously described [42]. Human SMCs (A617 from human femoral artery) 
and rat SMCs were maintained in Dulbecco’s Modified Eagle’s Medium 
(DMEM) High Glucose supplemented by 10% Fetal Bovine Serum (FBS), 
1% penicillin/streptomycin solution (10.000U/mL and 10 mg/mL, 
respectively), 1% L-glutamine 200 mM and 1% non-essential amino 
acids 100X solution. Simvastatin (Merck Sharp & Dohme Research 
Laboratories, Readington, NJ, USA) was dissolved in 0.1 M NaOH and 
the pH was adjusted to 7.4. This solution was then sterilized by filtration 
[43]. Evolocumab was kindly provided by Amgen S.r.L. and dissolved in 
cultured media at the final concentration of 10 μg/mL. 

2.3.2. SMCs overexpressing human PCSK9 
Human and rat vascular SMCs overexpressing human PCSK9 were 

generated by the means of HEK293-Phoenix (φNX-A) cells as previously 
described [44], using empty pBMN-IRES-puromycin vector or the same 
vector carrying human PCSK9 coding sequence under CMV promoter to 
generate, respectively, SMCs (control cells) and SMCsPCSK9. 

2.3.3. SMCs calcification 
SMCs were seeded in 6-well trays at cellular density of 5 × 103 cells/ 

well. After 24 h, media were replaced with complete fresh media sup
plemented with 2.5% of FBS or with calcific media (2.5% FBS + 2.0 mM 
or 2.4 mM inorganic phosphate (Pi) solution). Stock 100 mM Pi solution 
was composed by Na2HPO4 + NaH2PO4, pH 7.4. Treatments were 
refreshed every two days for a period of 6-days. The level of calcification 
was then measured by means of colorimetric assay (Chema Diagnostica) 
accordingly to manufacturer’s instructions. Briefly, the cells were 
washed twice with PBS and incubated in agitation overnight at 4 ◦C in 
500 μL of HCl 0.6 N. The day after the HCl supernatant were tested for 
Ca2+ presence basing on the reaction of o-cresolftalein complexone with 
calcium in an alkaline pH environment. Values were normalized for 
intracellular protein content, measured as described below. 

2.3.4. Western blotting 
SMCs were washed twice with PBS and homogenized in lysis buffer 

containing 1% NP-40, 150 mM NaCl and 50 mM Tris-HCl at pH 7.5. 
Protein concentration was assessed by BCA assays (EuroClone), 
accordingly to manufacturer’s instructions. 25 μg total protein extract/ 
sample were separated on 4–20% SDS-Page gel (Bio-Rad) under dena
turing and reducing conditions. Proteins are then transferred onto a 
nitrocellulose membrane by using the Trans-Blot® Turbo™ Transfer 
System (Bio-Rad); 5% non-fat dried milk in tris-buffered saline con
taining 0.2% of tween 20 (TBST20) was used as blocking buffer. All the 
primary antibodies were diluted in 5% non-fat dried milk in TBST20 and 
incubate overnight at 4 ◦C in agitation; horseradish peroxidase (HPR)- 
conjugated secondary antibodies were diluted in blocking solution and 
membranes were left to incubate 2h at room temperature (RT) in 
agitation. 

Luminescence signals were acquired with c400 Azure Molecular 
Imager (Aurogene). Quantitative densitometric analysis was performed 
with ImageJ software. When used, stripping buffer was prepared ac
cording to abcam’s recipe. PCSK9 antibody (ab) was from abcam (cod. 
ab181142; dilution 1:1000), MGP ab was from GeneTex (cod. 
GTX57155; dilution 1:1000), BMP2 was from abcam (cod. ab6285, 
dilution 1:400), ALP was from abcam (cod. ab65834, dilution 1:500), 
OPN was from GeneTex (cod. GTX134553, dilution 1:1000), Sortilin was 
from abcam (cod. ab16640, dilution 1:1000), GAPDH ab was from 

GeneTex (cod. GTX100118; dilution 1:5000), anti-mouse ab was from 
Jackson ImmunoResearch (cod. 115-036-062; dilution 1:5000), anti- 
rabbit ab was from Jackson ImmunoResearch (cod. 113-036-045, dilu
tion 1:5000). 

2.3.5. Reverse transcription and quantitative PCR (RT-qPCR) 
Total RNA was extracted using the iScript™ RT-qPCR Sample Prep 

reagent (Bio-Rad), according to the manufacturer’s instructions. Tran
Scriba 1step PCR Mix SYBR kit (A&A Biotechnology) was used for qPCR, 
along with specific primers for 18S (FWD 5′-CGGCTACCA
CATCCACGGAA-3′, REV 5′-CCTGAATTGTTATTTTTCGTCACTACC-3′) 
and PCSK9 (FWD 5′-CCTGCGCGTGCTCAACT-3′, REV 5′- 
GCTGGCTTTTCCGAATAAACTC-3′). The analyses were performed with 
the CFX96 Touch Real-Time PCR Detection System (Bio-Rad) with 
cycling conditions of 50 ◦C for 10 min, 95 ◦C for 1 min, and a repetition 
of 40 cycles at 95 ◦C for 15 s followed by 30 s at 60 ◦C. The data were 
expressed as Ct values and used for relative quantification of targets with 
ΔΔCt calculations. The ΔΔCt values were determined by multiplying the 
ratio value between the efficiency of specific primers and housekeeping 
18S. The efficiency was calculated as ((10^(-1/slope)) - 1) x 100. 

2.3.6. Extracellular vesicles isolation and analyses 
SMCs were seeded in 100 mM dishes at cellular density of 25 × 103 

cells/dish and incubated for 6 days with media supplemented with 2.5% 
of FBS in the presence or absence of Pi. Before extracellular vesicles 
(EVs) analysis, cells layer was washed twice with PBS and conditioned 
media were replaced with serum-free media containing 0.5% BSA for 20 
h. For flow cytometry analysis, 50 μL of culture medium containing 
hSMCs-derived EVs were diluted with 0.22 μm-pore-size-membrane- 
filtered PBS 1X (Gibco) and then incubated at 37 ◦C in the dark for 25 
min with Calcein AM (10 μM, Invitrogen) to detect intact microparticles. 
Afterwards, saturating concentration of monoclonal antibodies against 
tetraspanin family members, phycoerythrin (PE)-Cy7-conjugated CD63, 
peridinin phlorophyll protein complex (PerCP)-Cy5.5-conjugated CD81 
and brilliant violet (BV) 421-conjugated CD9 (BD Biosciences), that are 
expressed by hSMCs-derived EVs, were added for 15 min at room tem
perature in the dark. Before use, all antibodies were centrifuged at 
17,000g for 30 min at 4 ◦C, in order to remove any aggregate. At the end 
of the incubation, the samples were immediately analyzed by Gallios 
flow cytometer (Beckman Coulter), equipped with four solid-state lasers 
at 488 nm, 638 nm, 405 nm, and 561 nm, with an enhanced wide for
ward angle light scatter optimized for EVs detection. Flow-check Pro 
Fluorospheres (Beckman Coulter) were daily used to monitor cytometer 
performance according to the manufacturer’s instruction. Megamix-SSC 
Plus beads (0.5, 0.9, 3 μm, BioCytex) were used to define the analysis 
gate and BD Trucount tubes to have the absolute count of EVs. 

For Western blotting analysis, the serum free media were centrifuged 
(500g at 4 ◦C) for 10 min to pellet cells and subsequently the supernatant 
was collected and the EVs released in the media were isolated by ultra- 
centrifugation (24,000 rpm at 4 ◦C for 2 h, L7-80 ultracentrifuge, 
Beckman Coulter), after which the media were discarded, and the EVs- 
containing pellets were resuspended in 100 μL of cold PBS and stored at 
− 80 ◦C for further experiments. Three freezing/thawing cycles were 
performed to lyse the EVs. 

The morphology of EVs was examined by transmission electron mi
croscopy (TEM) using the Tecnai G2 microscope (FEI). Samples were 
deposited on a small holey carbon-coated support grid (400 mesh) and 
the solvent was allowed to dry at room temperature. Prior to TEM im
aging, samples were negatively stained with 1% w/v aqueous uranyl 
acetate solution. TEM images were captured by rotating the sample from 
+60◦ to − 60◦ and collected every 2◦ of rotation. 

Numbers and dimensions of EVs were assessed by nanoparticle 
tracking analysis (NTA), using the NanoSight NS300 system (Malvern 
Panalytical Ltd.) [45], which measures the Brownian motion of particles 
suspended in fluid and displays them in real time through a high 
sensitivity CCD camera. Five 30s recordings were made for each sample. 
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Collected data were analyzed with NTA software (Malvern Panalytical 
Ltd.), which provided high-resolution particle-size distribution profiles 
as well as measurements of the EVs concentration. 

2.3.7. Statistical analysis 
Data are expressed as mean ± standard deviation. To compare dif

ferences between two conditions, p values were determined by Student’s 
t-test using GraphPad® Software v8.2.1 for Windows. Otherwise, dif
ferences between treatment groups were evaluated by one-way ANOVA. 
A probability value of p < 0.05 was considered statistically significant. 

3. Results 

3.1. PCSK9 plasma levels increased in atherosclerotic subjects with low 
GFR 

At univariate analysis, we observed that PCSK9 plasma levels were 
increased in subjects with renal dysfunction and with atherosclerotic 
calcification (“CKD+/ATH+”, n = 104) as compared to those with renal 
dysfunction but without atherosclerotic calcifications (“CKD+/ATH-”, n 
= 173) and those without renal dysfunction and without atherosclerotic 
calcification (“CKD-/ATH-”, n = 330) (Supplemental Table 1, subjects 
from the PLIC study [6,46–48], see Materials and methods). Since these 
three groups also differed for classical cardiovascular risk factors (age, 
waist circumference/overweight, smoking habit, hypertension, and 
dyslipidemia), we then explored whether these differences in plasma 
PCSK9 were independently associated with renal impairment and 
atherosclerotic calcifications. When controlling for these risk factors, 
PCSK9 plasma levels were still increased in “CKD+/ATH+” vs 
“CKD+/ATH-” (339.4 ± 11.9 ng/mL vs 306.9 ± 8.8 ng/mL, p = 0.007) 
as well as vs “CKD-/ATH-” (339.4 ± 11.9 ng/mL vs 214.1 ± 6.6 ng/mL, p 
< 0.001) (Fig. 1), prompting us to investigate the relationship between 
PCSK9 and vascular calcifications in CKD. 

3.2. Psck9 levels are induced in uremic rats 

To investigate the relationship between PCSK9, kidney function, and 
vascular calcification, we adopted an in vivo experimental model of 
adenine-induced chronic kidney damage [49]. After 6 weeks, the 
development of a uremic condition was confirmed by a significant 

increase of creatinine and phosphate plasma levels (Fig. 2A and B). In 
addition, we observed a partial anemia with reduced hemoglobin levels 
and red blood cells count (Fig. 2C and D). Weights of rats fed a control 
diet raised from 424.7 ± 22.5 g to 563.4 ± 40.9 g (+32%) during the 6 
weeks of the study, while adenine-fed rats weight decreased from 502.7 
± 73.4 g to 329.8 ± 49.7 g (− 34%), showing a suffering phenotype as 
previously reported [50]. High phosphate levels induced a massive 
aortic calcification determined both by biochemical tests and von Kossa 
staining (Fig. 2E and F). Immunohistological analysis also confirmed the 
presence of Pcsk9 in medial SMCs in both control and adenine treated 
rats (Fig. 2F). Taken together, these observations indicate that adenine 
supplementation induces a uremic condition associated with a diffuse 
vascular calcification in response to high phosphate levels. 

Interestingly, uremic rats showed a mild, but significant, hypercho
lesterolemia with an increase of total cholesterol level from 79 mg/dL to 
109 mg/dL (Fig. 3A). This result is in line with what observed in a 
murine model of nephrotic syndrome, where the contribution of Pcsk9 
to the hypercholesterolemic status has been hypothesized [51]. There
fore, we evaluated the effect of uremic status on plasma, liver, and 
kidney levels of Pcsk9. Uremic rats showed a significant 2.7-fold in
crease in plasma levels of Pcsk9 compared to controls (Fig. 3B). Western 
blot analysis of total protein extracts of liver and kidney also showed a 
mild, but not significant, increase of Pcsk9 in the liver (Fig. 3C) and a 
5-fold upregulation of Pcsk9 in kidney (Fig. 3D). In conclusion, the in
duction of kidney failure determined a mild hypercholesterolemic status 
associated with a significant increase of circulating and kidney Pcsk9 
levels. 

3.3. PCSK9 increases SMCs calcification in response to high phosphate 
concentration 

To investigate a possible role of PCSK9 in arterial calcification, we 
performed a series of in vitro experiments with rat and human SMCs 
overexpressing human PCSK9. Retroviral infection with plasmid 
encoding human PCSK9 determined a significant upregulation of the 
protein levels both in rat and human SMCs, as determined by Western 
blot (Fig. 4A and C) and ELISA assay (Fig. 4D), respectively. To mimic 
the hyperphosphatemia observed in uremic rats, we exposed control 
(SMCs) and PCSK9 overexpressing cells (SMCsPCSK9) to 2.0 and 2.4 mM 
of Pi for 6 days. This experimental condition induced SMCs calcification, 
as determined by the measurement of extracellular Ca2+ levels (Fig. 4B 
and E). In particular, rat SMCs (rSMCs) seem to be more prone to 
calcification with a massive response also at 2.0 mM of phosphates; on 
the contrary, human SMCs (hSMCs) showed increased calcium deposi
tion at 2.4 mM. Importantly, the overexpression of PCSK9 increased 
calcium deposition in both rat and human SMCs (Fig. 4B and E). The 
effect of PCSK9 was more evident in hSMCs, although these cells tend to 
deposit a lower amount of extracellular calcium compared to rSMCs 
(≈0.2 mg Ca2+/mg protein vs ≈ 3.5 mg Ca2+/mg protein for hSMCs and 
rSMCs, respectively). Interestingly, the addition of exogenous human 
recombinant PCSK9 (5 μg/mL) did not alter the in vitro hSMCs calcifi
cation (Fig. 4F), indicating that intracellular synthesized PCSK9 is 
involved in this process. Accordingly, the addition of anti PCSK9 
monoclonal antibody evolocumab did not affect, but rather marginally 
increased, calcium deposition in hSMCsPCSK9 (Fig. 4G). Interestingly, 
basal endogenous levels of PCSK9 (mRNA and protein) were signifi
cantly induced in response to increasing concentrations of simvastatin in 
control SMCs (Fig. 4H and I) [52]. 

Established evidence on the mechanisms of mineralization identified 
extracellular vesicles (EVs) derived from SMCs as the mediator of 
calcification in diseased heart valves and atherosclerotic plaques [53]. 
We therefore investigated a possible effect of PCSK9 on EVs released and 
composition by flow-cytometry, Western blot, NanoSight and electron 
microscopy (EM) analyses. 

By flow-cytometry, we observed that the exposure of hSMCsPCSK9 to 
high phosphate concentration determined a significant increase of EVs 

Fig. 1. PCSK9 plasma levels in subjects of the PLIC cohort depend on kidney 
function and atherosclerotic disease. 
Serum PCSK9 level (ng/mL; mean, 95% CI) in the study population subgroups. 
CKD-/ATH-: subjects without CKD and atherosclerotic calcifications; CKD+/ 
ATH-: CKD subjects without atherosclerotic calcifications; CKD+/ATH+: CKD 
subjects with atherosclerotic calcifications. *p < 0.05; ****p < 0.0001. 

M.G. Lupo et al.                                                                                                                                                                                                                                 



Atherosclerosis 346 (2022) 86–97

91

positive for three tetraspanin molecules, such as CD63, CD9, and CD81, 
compared to control hSMCs (Fig. 5A–D). Additional information about 
the morphology and the size of EVs present in hSMCs-conditioned media 
was obtained by EM and NanoSight analyses, revealing that the EVs 
isolated from control hSMCs appeared bigger than those from 
hSMCsPCSK9 (221.0 ± 3.0 nm vs 198.4 ± 2.4 nm) (Fig. 5E). More 
importantly, EVs from hSMCsPCSK9 have a significant higher content of 
Ca2+ (Fig. 5F) and the pro-calcific alkaline phosphatase (ALP) (Fig. 5G) 
than control hSMCs when exposed to 2.4 mM of Pi. Finally, we detected, 
by Western blot analysis, PCSK9 in EVs from hSMCsPCSK9 (Fig. 5H). 

Since sortilin, a cellular mediator of SMCs calcification [29], has 
been shown to directly interact with PCSK9 [30] and to mediate the in 
vivo pro-calcific effect of PCSK9 [27], we determined its expression 
levels in our cultured system. In both hSMCs and hSMCsPCSK9, the 
exposure to phosphate determined a significant reduction of sortilin 
levels, however, the overexpression of PCSK9 was associated with lower 
intracellular sortilin expression even under basal conditions (Fig. 5I). 

A critical role in the initiation and progression of vascular calcifi
cation during elevated phosphate conditions is attributed to vascular 
SMCs, which are able to change their phenotype into osteo/chondro
blasts like cells. Thus, to further unravel the “pro-calcific” PCSK9 action 
in SMCs, we analyzed the expression of different players of vascular 
calcification in response to high-phosphate concentrations. 

As documented in EVs analysis, intracellular levels of ALP were also 
partially increased in hSMCsPCSK9 compared to control hSMCs after 
exposure to 2.0 and 2.4 mM of Pi (Fig. 6A and B). A second pro-calcific 
factor, the bone morphogenetic protein 2 (BMP2), was increased by two- 
fold in hSMCsPCSK9 compared to hSMCs when exposed to 2.4 mM Pi 
(Fig. 6A and C). Together with these changes, a significant reduction of 
the inhibitor of arterial calcification matrix GLA protein (MGP) was 
observed in hSMCsPCSK9, while minor changes were observed for 
osteopontin (OPN) (Fig. 6A, D and 6E). In particular, MGP expression 
was reduced by 60% in hSMCsPCSK9 compared to hSMCs after exposure 
to 2.4 mM Pi. In su mMary, the overexpression of PCSK9 directly 
modulate the expression of key players of arterial calcification that may 

contribute to the increase of hSMCs calcification observed in vitro. 

4. Discussion 

In the present study, we have investigated a possible direct role of 
PCSK9 on vascular calcification associated with CKD. The analysis of 
PCSK9 plasma levels in subjects with GFR above 70 mL/min and below 
60 mL/min revealed that kidney function influences PCSK9 metabolic 
fate in humans. Thus, low GFR is associated with higher PCSK9 plasma 
levels, that increase even more significantly in patients with GFR <60 
mL/min and with advanced atherosclerotic plaque disease. A similar 
trend was observed also in statin-treated patients, who have higher 
PCSK9 plasma levels compared to patients not under statin regimen 
(data not shown). Although a clear effect on PCSK9 levels has been 
documented in nephrotic syndrome or peritoneal dialysis [18], the ef
fect of CKD do not seem to be consistent [15,16]. This may be explained 
by the population analyzed in these studies and by the size of the cohort. 
We have recently analyzed 3673 out of 3703 individuals of the 
IMPROVE European cohort and demonstrated, by multivariate analysis, 
a “suggestive” association between GFR and PCSK9 level [17], although 
most of these subjects had normal kidney function (GFR above 70 
mL/min). 

In animal models of nephrotic syndrome, a significant increase of 
Pcsk9 hepatic synthesis has been documented. Similarly, we have re
ported that uremic rats showed slightly higher Pcsk9 protein levels in 
the liver and a significant 2.7-fold increase in the kidney compared to 
control rats [49]. These data suggest a possible increase of PCSK9 syn
thesis by both liver and kidney (or other sources), which resulted in 
higher circulating PCSK9 levels and mild increase of plasma total 
cholesterol. PCSK9 is mainly regulated at the transcriptomic level, and it 
is highly upregulated in response to partial hepatectomy [54]. Thus, it is 
possible that, in our model, Pcsk9 was induced in response to kidney 
dysfunction, as observed in response to renal ischemia/reperfusion rats 
[55]. In addition, we speculate that the increase in total cholesterol 
plasma levels in our model is probably driven by raised plasma Pcsk9 of 

Fig. 2. Adenine-supplemented diet induces kidney failure and vascular calcification in rats. 
Twenty-two rats were randomly divided into control (n = 11) and uremic group (adenine) (n = 11) and sacrificed for biochemical and histological analysis after 6 
weeks. (A) Serum creatinine levels; (B) serum phosphate levels; (C) hemoglobin (Hgb) serum levels; (D) white (WBC) and red (RBC) blood cell count; (E) Ca2+ aortic 
content; (F) upper panels, von Kossa staining for calcium (dark brown); lower panels, immunohistological analysis with anti-PCSK9 antibody of aorta. ***p < 0.001 
vs control. Data are presented as mean ± SD. 
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kidney origin. This hypothesis is supported by the observation of 
increased PCSK9 levels in mice model of focal and segmental glomer
ulosis [56]. Moreover, a selective deletion of Pcsk9 in the renal col
lecting duct failed to develop hypercholesterolemia upon injection of 
nephrotoxic serum, once more suggesting the renal origin of plasma 
PCSK9 [56]. Nevertheless, the contribution of other organs to Pcsk9 
plasma levels cannot be excluded. 

In our in vivo model of adenine-induced uremic rats, we observed an 
extensive vascular calcification probably due to hyperphosphatemia. 
Within this vascular response we speculated that PCSK9 might play a 
role since it is extensively expressed in aorta SMCs [35]. In addition, we 
have previously reported that: (1) old Pcsk9 null mice had lower aortic 
valve calcification than wild-type mice; (2) Pcsk9 null vascular inter
stitial cells were partially protected from in vitro calcification; (3) PCSK9 
is highly expressed in human calcified aortic valves; and (4) human 
aortic valve calcification might be caused by vascular interstitial 
cell-related PCSK9 expression [57]. To extend these observations, we 
moved to an in vitro model where we generated both rat and human 
SMCs overexpressing PCSK9 and determined cellular calcification in 
response to high phosphate concentrations. Both human and rat SMCs 

showed a significantly higher extracellular calcium when PCSK9 was 
overexpressed. In human SMCs overexpressing PCSK9, the amount of 
PCSK9 detected in the extracellular compartment was approximately 11 
ng/mL. The addition of 5 μg/mL of human recombinant PCSK9 did not 
change the calcification process in cultured human SMCs. The amount of 
PCSK9 was used according to results of our and other previous in vitro 
studies that demonstrated the requirement of at least 5 μg/mL in order to 
induce the degradation of the LDL receptor [35,58]. These data bring us 
to speculate that intracellular PCSK9 drives the in vitro calcification. This 
hypothesis may be corroborated by the evidence that, under our 
experimental settings, evolocumab did not affect the extracellular cal
cium deposition both in hSMCs and hSMCsPCSK9. 

In response to elevated phosphate conditions, SMCs undergo an 
osteogenic switch and secrete EVs that are heterogeneous in terms of 
their origin and composition [59,60]. Physiologically, EVs contain high 
levels of calcification inhibitors, such OPN as MGP, while under path
ological conditions, and particularly in the presence of uremic toxins, 
the secreted EVs acquire a pro-calcifying profile and thereby act as 
nucleating foci for the crystallization of hydroxyapatite and the propa
gation of calcification [53]. Our in vitro analyses documented that the 

Fig. 3. Pcsk9 levels increased in uremic rats. 
(A) Total cholesterol was determined from sera of 
both control and uremic rats (adenine) with a color
imetric assay (Horiba); (B) from the same serum 
samples, Pcsk9 concentrations were determined with 
the ELISA assay; total protein extracts from liver (C) 
and kidney (D) were analyzed by Western blot with 
anti-Pcsk9 antibody. α-tubulin was used as loading 
control. The right panels show the optical quantifi
cation of the Western blot analysis. **p < 0.01 vs 
control. Data are presented as mean ± SD of 6 ani
mals per group.   
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overexpression of PCSK9 in hSMCs determined a significant reduction of 
calcification inhibitors MGP and OPN and a concomitant induction of 
pro-calcific factor, such as ALP and BMP2. BMP2 signaling promotes the 
expression of osteoblast lineage markers including ALP and the osteo
blast/chondrocyte master transcriptional regulator RUNX2 inducing the 
mineralization of cultured human coronary vascular SMCs [61,62]. The 
role of PCSK9 on vascular cells differentiation has been previously re
ported [63]. More recently, PCSK9 was shown to mediates vascular 
SMCs apoptosis and senescence [64], a phenomenon strictly implicated 
in vascular calcification process through a transition towards to an 
osteoblastic phenotype [65]. The effect of PCSK9 on senescence and 
apoptosis seems to be mediated by ApoER2 downregulation [64]. From 

this evidence, it is tempting to speculate a role for ApoER2 on 
PCSK9-mediated vascular calcification. 

The positive effect of PCSK9 on osteogenic and pro-calcific pheno
type was also supported by the fact that, in response to high phosphate 
concentrations, hSMCsPCSK9 increased their capability to release CD63− , 
CD9− and CD81− positive EVs. EVs derived from hSMCsPCSK9 showed 
also a significantly higher calcium and ALP content, factors that may 
certainly contribute to SMCs calcification process. The role of PCSK9 on 
the EVs formation is also supported by the observation of a direct 
protein-protein interaction between PCSK9 and sortilin [30], a cellular 
mediator of SMC calcification [29]. In addition, the lack of sortilin was 
shown to significantly reduce the procalcific effect of Pcsk9 in mice [27]. 

Fig. 4. PCSK9 overexpression induces SMC calcification in vitro. 
Rat and human SMCs were retrovirally transduced with empty and PCSK9 encoding vector and after puromycin selection, PCSK9 levels were determined by Western 
blot analysis (A and C) and ELISA assay (D). (B and E) SMCs control and overexpressing PCSK9 (SMCsPCSK9) were cultured in DMEM/2.5% FCS in the presence or 
absence of the indicated concentrations of phosphate (Pi) for 6 days. At the end of the incubation, the extracellular concentrations of Ca2+ were determined withy 
colorimetric assay and normalized to total cellular protein content. (F) SMCs were incubated in DMEM/2.5% FCS in the presence or absence of 2.4 mM Pi and 5 μg/ 
mL of recombinant human PCSK9 (PCSK9rec). (G) Under the same experimental conditions described for panel E, human SMCs control and SMCsPCSK9 were 
incubated with evolocumab (10 μg/mL). (H and I) SMCs were incubated with the indicated concentrations of simvastatin for 24h and mRNA (H) or protein (I) 
expression determined by qPCR and Western blot analysis with anti-PCSK9 antibody, respectively. GAPDH was used as loading control. After 6 days, extracellular 
concentrations of Ca2+ were determined. *p < 0.01; **p < 0.01; ***p < 0.0001 SMCs vs SMCPCSK9. rSMCs: rat SMCs; hSMCs: human SMCs. 
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All these evidence suggest that intracellular PCSK9 may induce the 
release of vesicles involved in SMCs calcification [66]. Indeed, the 
addition of recombinant human PCSK9 did not produce any effect on 
SMCs calcification in our in vitro model. From these considerations, we 
have studied sortilin expression and found that hSMCsPCSK9 have lower 
levels of this pro-calcific factor compared to control hSMCs. A possible 
interpretation of this observation could be related to the presence of 
sortilin inside the EVs [29] that are more efficiently released by hSMCs 
overexpressing PCSK9. 

Finally, we provide evidence that PCSK9 is present in EVs when 

overexpressed in SMCs. This observation could be pathophysiological 
relevant considering that: (1) PCSK9 has been found enriched in 
caveolin-endosomes via a cyclase-associated protein 1 (CAP1)-mediated 
interaction [67], and caveolin-1 is a component of procalcific EVs both 
during bone mineralization [68] and calcification of the vascular wall 
[29], (2) annexin A2 is a natural inhibitor of PCSK9 [69], a protein 
found to be reduced in EVs upon VSCMs Ca2+ overload [70]. These 
observations may reinforce our hypothesis on a direct role for PCSK9 in 
vascular calcification, although additional studies should be performed 
to investigate the molecular mechanisms. 

Fig. 5. Extracellular vesicles characterization of 
SMCs and SMCsPCSK9. 
(A–D) Human SMCs and SMCsPCSK9 were cultured in 
DMEM in the presence or absence of the indicated 
concentrations of phosphate (Pi) for 6 days. At the 
end of the incubation, the conditioned media were 
collected and analyzed by flow cytometry after 
labelling with Calcein (Calc+) (A) in combination 
with anti-CD81 (B) anti-CD63 (C) and anti-CD9 (D) 
antibodies. (E) Under the same experimental condi
tions of panels A–D, EVs from SMCs were analyzed by 
electron microscopy (insert panel) and by NanoSight. 
(F) EVs were collected by ultracentrifugation and 
Ca2+ content was determined by colorimetric assay 
and normalized to total protein content. (G) EVs 
protein extracts were analyzed by Western blot with 
anti-alkaline phosphatase (ALP) antibodies. The 
graph shows the densitometric analysis of three in
dependent experiments assessing ALP. (H) PCSK9 
detection by Western blotting analysis from EVs 
protein extracts. (I) Under the same experimental 
conditions of panels A–D, at the end of the incuba
tion, total protein extracts were prepared and 
analyzed by Western blot with antibodies anti- 
sortilin. α-tubulin was used as loading control. Dif
ferences between treatments were assessed by Stu
dent’s t-test and one-way ANOVA (when necessary). 
*p < 0.05; **p<0.01.   
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In conclusion, our data suggest a major role for PCSK9 in vascular 
calcification, with a possible direct involvement of SMCs intracellular 
PCSK9 rather than circulating ones. Thus, the increased plasma levels of 
PCSK9 observed in patients with GFR <60 mL/min and with advanced 
atherosclerotic plaque disease may be related to impaired kidney func
tion as also recently observed in the European cohort of the IMPROVE 
study [17]. Plasma PCSK9 is mainly from hepatic origin, however, the 
use of inclisiran, a small interfering RNA (siRNA) designed to target 
PCSK9 mRNA exclusively in the liver [71], brought to ≈70% reduction 
of plasma PCSK9, thus implying that 30% of its amount is from extra
hepatic tissues, including the vasculature [35]. Thus, it is still unknown 
whether circulating PCSK9 is simply a biomarker of atherosclerotic 
plaque disease or a direct player of the pathology, and if the different 
source of PCSK9 (liver, kidney, and vasculature) have a peculiar path
ophysiological role. Indeed, while a number of studies did not report an 
association between PCSK9 levels and cardiovascular events [72–74], 
different conclusions were reached by others [75–78]. Thus, this topic 
will warrant much attention in the future also considering that PCSK9 
may circulate as free or lipoprotein-bound, and as furin-cleaved forms. 
Even more intriguingly, it will be interesting to determine if PCSK9 is 
detected in extracellular vescicles in human plasma considering our in 
vitro observation. 

In addition, it is tempting to speculate that increased progression of 
coronary and aortic calcification induced by 3-hydroxy-3-methylglu
taryl-CoA (HMG-CoA) reductase inhibitors (statins) [79–81], may be 
related to the induction of intracellular PCSK9 by this class of drug. 
However, the monoclonal antibodies anti PCSK9 (evolocumab), did not 
affect the extracellular calcium deposition in our in vitro cultured model, 
in accordance with the clinical data of the GLAGOV study [26]. Indeed, 
anti PCSK9 monoclonal antibodies and inclisiran, which is designed to 
target PCSK9 mRNA exclusively in the liver [71], may have a minimal 
inhibitory capacity on intracellular PCSK9 in vascular SMCs [82]. On the 
contrary, a classical pharmacological approach with small chemical 
entities with anti-PCSK9 activity may produce a protective effect on 
vascular calcification. This hypothesis might be tested for instance with 
small molecules anti-PCSK9, currently in clinical development [83,84]. 
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