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ARTICLE INFO ABSTRACT

Keywords: Aortic stenosis (AS) is the most common valvular disease, characterized by progressive fibro-calcific remodeling
Statin intensity of the aortic leaflets, leading to increased morbidity and mortality. It is now well known that statins influence the
PCSK9

production of proprotein convertase subtilisin/kexin type 9 (PCSK9), which in turn is linked to calcification.
Here, we found that statins significantly increased, in a dose dependent manner, both PCSK9 secretion and valve
interstitial cell (VIC) calcification, in vitro. These effects were blunted by PCSK9 genetic knock-down or by PCSK9
antibody neutralization. In AS patients, contrast-enhanced computed tomography evaluation showed a higher
aortic valve calcium (AVC) content in patients on high-intensity statins compared to low-intensity ones, with no
significant difference between low-intensity statin and non-users. At follow-up, high-intensity statin users
exhibited a higher annual AVC accumulation compared to low-intensity statins and non-users. In a real-world
scenario, high-intensity statin therapy was associated with a 30 % increased rate of hospitalization for non-
rheumatic aortic valve disease. Our findings highlight the need for further investigation into the intricate rela-
tionship between statin therapy and aortic valve health to identify the optimal lipid-lowering strategy in the
management of patients at risk of developing or afflicted by AS.

Aortic valve calcification
Aortic valve disease hospitalization

the progression of mild to moderate AS despite reducing LDL cholesterol
[4]. The SEAS trial showed that simvastatin and ezetimibe lowered LDL

1. Introduction

Aortic valve stenosis (AS) represents the predominant aortic valve
disease characterized by progressive fibro-calcific remodeling of the
aortic valve leaflets [1]. This condition represents a significant clinical
burden due to its association with increased morbidity and mortality
[2], with no available pharmacological therapy. Since risk factors,
similar to the atherosclerotic ones, such as dyslipidemia, obesity, hy-
pertension, and diabetes have been identified to escalate the risk of AS,
statins have been tested in this context. However, large randomized
clinical trials, studying the impact of statins on AS progression, have not
demonstrated a beneficial effect of statins in mitigating AS [3]. In
particular, the ASTRONOMER trial found that rosuvastatin did not slow

cholesterol and coronary events but did not affect AS progression [5], as
well as SALTIRE trial reported that atorvastatin reduced LDL cholesterol
without halting calcific AS progression [6]. On the other end, statins
have shown beneficial effect on atherosclerosis reducing the risk of
adverse cardiovascular events [7]. In addition, several reports stated
that long-term statins use could accelerate vascular calcification, prob-
ably enhancing plaque stability [8,9]. However, according to a recent
meta-analysis, the effects of statins on coronary artery calcification
(CAC) varied depending on the study type and measurement methods
[10], hampering drawing conclusions. Indeed, cohort and
cross-sectional studies showed a significant link between statin use and
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increased CAC, while randomized controlled trials did not find a sig-
nificant effect [10].

Of note, statins, primarily recognized for their cholesterol-lowering
effects, have been discovered to regulate the production of proprotein
convertase subtilisin/kexin type 9 (PCSK9), a crucial player in choles-
terol metabolism. A number of studies have proposed that statins may
induce an elevation in the plasma concentration of PCSK9 [11], which in
turn could potentially contribute to increased calcification rates of aortic
leaflets. Indeed, recent findings have shown a causal effect of PCSK9 on
aortic valve calcification (AVC), at the cellular level, in an animal model,
and in genome-wide association studies [12,13].

It should also be mentioned that the FOURIER study demonstrated
significant LDL cholesterol reduction and decreased cardiovascular
events with evolocumab (a PCSK9 inhibitor), although its impact on AS
progression was not a primary endpoint, a post-hoc analysis revealed a
consistent reduction in AS events after one year of treatment [14].

Studying how statins, PCSK9, and AVC interact could lead to new
treatments for managing AS. To this purpose, we conducted a series of in
vitro experiments to investigate the potential of statins to induce PCSK9
secretion and consequently calcification of the aortic valve cells. Addi-
tionally, in our retrospective imaging study, we examined the dose-
dependent effects of statins on the occurrence and progression of AVC
in AS patients. Finally, to validate our hypothesis, we performed a large
population-based retrospective cohort study on new users of low- or
high-intensity statin therapy to evaluate the incidence of hospitalization
for non-rheumatic aortic valve disease.

2. Materials and Methods
2.1. In-vitro study

Primary valve interstitial cells (VIC) have been isolated by enzymatic
digestion from stenotic aortic valve leaflets, as previously described
[15]. After the first in vitro expansion, VICs have been immortalized by
two consecutive transductions using commercial lentiviral particles
carrying out the encoding sequences for SV40 large T antigen
(CMV-SV40LT; Genecopoeia, Rockville, MD, USA) and human telome-
rase reverse transcriptase (hTERT) enzyme (CMV-TERT; Genecopoeia,
Rockville, MD, USA), under cytomegalovirus promoter. To verify suc-
cessful transduction, we maintained in culture the cells for 30 passages.

The PCSK9 inhibition models have been generated by two different
methods: i) by lentiviral transduction and ii) by antibody neutralization.
The former has been obtained using commercial lentiviral particles
carrying a short hairpin RNA against PCSK9 transcript (30 pl; Santa Cruz
Biotechnology; Dallas, TX, USA), the latter treating cells with a
neutralizing antibody against PCSK9 (0.8 ng/ml; BPS-71207, BPS
Bioscience, San Diego, CA, USA).

To verify the extent of VIC calcification, we cultured the cells for
seven days, adding treatments every other day. In particular, we added
pravastatin (Sigma-Aldrich, St. Louis, MO, USA) and atorvastatin
(Sigma-Aldrich, St. Louis, MO, USA) at different concentrations without
changing media. At the end of the assay, we collected supernatants to
detect secreted PCSK9 by a commercially available ELISA kit (R&D
Systems, Minneapolis, MN, USA) and dissolved extracellular calcium in
HCl (0.6 M) to detect calcium by a commercial colorimetric assay
(Abcam, Cambridge, UK). After HCI incubation, cells have been incu-
bated in NaOH 0.1 M with sodium dodecyl sulfate (SDS; 0.1 %) in order
to quantify the total protein, by a bicinchoninic acid-based colorimetric
assay (ThermoFisher Scientific, Waltham, MA, USA).

2.2. Imaging study

To evaluate the influence of statin intensity on aortic valve calcium
load, we retrospectively enrolled 295 patients with severe aortic valve
stenosis who underwent both Doppler echocardiography and cardiac CT
within 3 months before aortic valve surgery in Centro Cardiologico
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Monzino IRCCS (2011-2023). Exclusion criteria were AS due to rheu-
matic disease or radiotherapy, previous infective endocarditis, previous
severe adverse reactions to an iodinated contrast agent, body mass index
(BMI) > 38 kg/mz, and severely impaired renal function (estimated
glomerular filtration rate < 30 ml/min/1.73 m?). Patients undergoing
both surgical aortic valve replacement and transcatheter valve implan-
tation, with both bicuspid (BAV) and tricuspid (TAV) aortic valve
morphology, were included in the final analysis. This study was
approved by the Institutional Review Board of Centro Cardiologico
Monzino IRCCS (n. R1348/20-CCM1418) and the participants gave
written informed consent. The study protocol conforms to the ethical
guidelines of the 1975 Declaration of Helsinki.

Cardiac CT (Revolution CT, GE Healthcare, WI) was performed using
the following parameters: section configuration 256 x 0.625 mm, voxel
size 0.625 mm, spatial resolution along the X-Y planes 0.23 mm, gantry
rotation time 280 msec, and iterative reconstruction. A BMI-adapted
scanning protocol (tube voltage and current) was used [16]. All pa-
tients received a 50-ml bolus of contrast (Ilomeprol 400 mg/ml, Bracco,
Milan, Italy). Contrast attenuation values (Hounsfield Units, HU) and
contrast-to-noise ratio were measured at the level of the ascending aorta.
The calcium volumes were assessed and quantified using the ImageJ
(Java-based image processing program developed at the National In-
stitutes of Health) thresholding method as previously reported by us [17,
18]. Indexed contrast-enhanced CT calcium amount (iAVC) was calcu-
lated dividing the calcium volume by the aortic annular area. AVC
progression was assessed by measuring the delta of iAVC per year in
patients who underwent multiple CT examinations before surgery, me-
dian follow-up of 2.5 years (inter quartile range; IQR:1.22-4.64). The
indexed AVC cut-off threshold of 200 mm?/mm® was chosen to be as
conservative as possible. This threshold was set to minimize measure-
ment errors. By setting the cut-off at 200 mm?/mm?, we aimed to ensure
that any observed difference in AVC load progression greater than this
value would be considered real and not due to measurement variance.
Hemodynamic assessment of disease progression was performed on
patients who underwent multiple ultrasound evaluations with a median
follow-up of 2.6 years (IQR:1.62-5.12). Instrumental examinations
conducted within six months of each other were excluded from the
analysis.

2.3. Retrospective real-world cohort study

In this retrospective cohort study, we used population-based health
care utilization databases from the Lombardy region (Italy). According
to the Italian law, studies entirely based on registry data do not require
approval from an ethics review board. All data were completely ano-
nymized. All procedures were in accordance with the ethical standards
of the institutional and national research committee and with the 1964
Helsinki declaration and its later amendments or comparable ethical
standards. The data spanned all Regional Health Service (RHS) benefi-
ciaries and included demographic information (sex, year of birth, start
and end dates of RHS beneficiary status, vital status, and date of death)
and health care data, including diagnoses and interventions [coded
through the International Classification of Diseases, ninth revision
clinical modification (ICD-9-CM)-classification system] from all hospi-
tals in the region and medications prescribed by RHS physicians to
outpatients, dispensed directly by territorial pharmacies [coded through
the Anatomic Therapeutic Chemical (ATC) classification system and the
National Marketing Authorization code system] and fully or almost fully
reimbursed by the RHS. Statins are also provided free or nearly free of
charge by the NHS to all citizens without time limits on treatment, in
line with the therapeutic principle of treating dyslipidemia for life. A
unique and pseudonymized individual identification code was used to
link each database to the others. Details of the regional databases and
their use for pharmacoepidemiology studies are reported elsewhere
[19]. The initial cohort included all beneficiaries of the RHS who were
dispensed with statin drug from January 1, 2010, to December 31, 2018.
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The date of the first dispensation was labeled as “index date”. Moreover,
we excluded patients who were dispensed with statins in the five years
before the index date (in order to only include new statins users), pa-
tients aged less than 40, those who were not beneficiaries of the RHS for
at least 2 years before the index date, and those with a previous diag-
nosis for aortic valve disease. Patients with less than 6 months of
observation after the index date were also excluded. The remaining
patients comprised the final study cohort. Statins were classified into the
following classes: low-intensity (Simvastatin 10 mg, Pravastatin 1 mg,
and Pravastatin 20 mg) and high-intensity (Rosuvastatin > 10 mg,
Atorvastatin > 20 mg, and Simvastatin 80 mg). To minimize possible
confounding of indication, low-intensity statin users were compared
with high-intensity statin users using a 1:1 high dimensional propensity
score (HDPS) matching design [20]. Four data dimensions were incor-
porated into the algorithm. Within each data dimension, the top 50 most
prevalent covariates were selected, including inpatient and outpatient
diagnostic and procedural codes, or dispensed medications, alongside
demographic characteristics which were forced into the model. Finally,
the propensity score estimation was generated combining the four di-
mensions. For each patient who started low-intensity therapy, one pa-
tient was randomly selected from those who started treatment with
high-intensity statins and were matched for HDPS ( & 0.005), sex, age
(£ 1 year), and index date ( £ 1 year). Patients were followed-up from
six months after the index date (in order to exclude cases of aortic valve
disease who were unlikely linked to statins) until the earliest date be-
tween the clinical outcome, migration to other country, death or five
years after the index date. The clinical outcome of interest was hospi-
talization for non-rheumatic aortic valve disease (ICD-9 424.1).

2.4. Statistical analyses

The data generated by the in vitro experiments were compared with
GraphPad Prism (9.4.1) using the one-way ANOVA, with the Dunnett
post-hoc test or test for linear trend, and for the correlation analysis,
using the Pearson’s correlation coefficient (rp).

The data collected in the imaging study were analyzed using IBM
SPSS statistic 26 software. Continuous variables were expressed as mean
+ standard error (SEM) or, when variables had a skewed distribution, as
median and interquartile range, while categorical ones were reported as
frequencies and percentages. For the analysis among the groups, the
one-way ANOVA was performed to test a linear trend, whereas the
Kruskal-Wallis test with Dunn’s post-hoc test was used for comparisons
between groups. A p < 0.05 was considered statistically significant.

Regarding the retrospective cohort study, baseline characteristics
were reported as absolute frequencies and percentages and were
calculated for the low- and high-intensity statins groups. The cumulative
incidence of non-rheumatic aortic valve disease was estimated consid-
ering all-cause death as the competing event. Differences in survival
between the two groups were assessed using Gray’s test. The association
between exposure to high-intensity statins (intention-to-treat approach),
as compared to low-intensity statins, and the risk of non-rheumatic
aortic valve disease occurrence was evaluated by the Fine and Gray
regression model, also accounting for death as a competing event. Since
the matched groups were still unbalanced for hypertension, the model
was adjusted for hypertension. Estimates were reported as sub-
distribution hazard ratios (sHR) along with their 95 % confidence in-
tervals (CI). The SAS statistical package (SAS Institute Inc., version 9.4,
Cary, NC, USA) was used for these statistical analyses. The Number
needed to harm (NNH), which can be interpreted as the number of in-
dividuals who should be treated with high-intensity statins so that one of
them, on average, will develop the outcome of interest, was calculated
as the reciprocal of the difference in the risk of non-rheumatic aortic
valve between high-intensity and low-intensity statin users [21].
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3. Results

3.1. Statins induce PCSK9 secretion and extracellular calcium
accumulation in a dose-dependent manner

It is well-established that statins can elevate plasma PCSK9 concen-
trations, primarily produced and secreted by hepatocytes [11,22].
However, it remains unclear whether fibroblast-like cells, such as valve
interstitial cells (VIC) within the aortic valve, exhibit a similar response
to statin treatment. Moreover, previous findings have linked
VIC-derived PCSK9 to extracellular calcium accumulation [12].

To investigate this, we examined the effect of statins on PCSK9
secretion and calcium accumulation in VICs isolated from stenotic aortic
valves. Treatment with both pravastatin and atorvastatin resulted in a
dose-dependent increase in PCSK9 secretion by VICs (both p for trend <
0.001) with a concomitant significantly greater calcification (both p for
trend < 0.001), reveling a strong and direct correlation between them
(rp > 0.94 and p < 0.0001 for both statins; Fig. 1). In particular, pra-
vastatin started to induce PCSK9 secretion at 10 uM (fold change; FC =
+1.71 + 0.22; p = 0.0623) with a strong effect at 100 pM (FC =
+2.48 + 0.36; p < 0.0001), whereas atorvastatin acted at 1 uM (FC =
+3.28 + 0.62; p = 0.0016) compared to the respective untreated con-
dition (FC = 1.00 £ 0.03). Regarding calcification, a similar effect was
noted with pravastatin that increased VIC calcification both at 10 uM
(FC = +1.67 £+ 0.11; p = 0.0383) and 100 uM (FC = +3.22 + 0.38;
p < 0.0001), whereas atorvastatin at 1 yM (FC = +4.26 + 0.82;
p = 0.0003) compared to the respective untreated condition (FC =
1.00 £ 0.12). Notably, the highest tested concentration of pravastatin
(100 uM) induced PCSK9 secretion and calcium accumulation to a lesser
extent compared to the highest tested concentration of atorvastatin
(1 uM; p = 0.0678 and p = 0.0617, respectively; Supplementary
Figure S1).

In order to evaluate whether the effects of statins on VIC extracellular
calcification are mediated by PCSK9, we employed two in vitro models:
genetic PCSK9 knockdown (KD) and pharmacological neutralization of
extracellular PCSK9.

Using the genetic PCSK9 KD VICs, which secrete significantly less
PCSK9 (-43.45 + 2.14 %; p < 0.0001; Supplementary Figure S2), pra-
vastatin failed to induce either PCSK9 secretion or extracellular calcium
deposition (Fig. 2A and B). Conversely, atorvastatin-treated PCSK9 KD
VICs (1 uM) still exhibited both PCSK9 secretion (FC = +1.88 + 0.18;
p = 0.0016) and calcium deposition (FC = +1.80 + 0.22; p = 0.0043)
compared to the respective untreated condition (FC = 1.00 + 0.10),
albeit to a lesser extent than non-genetically modified VICs (Fig. 2C and
D).

In our second model, when PCSK9 was blocked with a neutralizing
antibody (0.8 ng/ml), we observed lower PCSK9 secretion after pra-
vastatin treatment at 100 pM (FC = —0.99 + 0.30; p = 0.0074) and a
similar result was obtained for extracellular calcium quantification (FC
= —1.02 + 0.35; p = 0.0193; Fig. 3A and B). In contrast, atorvastatin
treatment at 1 uM showed no changes in PCSK9 secretion or calcium
deposition under the same conditions (Fig. 3C and D).

These results suggest that statins with different intensity or
belonging to different classes may have varying capacities to induce
PCKS9 secretion and calcium accumulation in VICs, highlighting the
potential differential impact on AVC.

3.2. High-intensity statins are associated with elevated aortic valve
calcium load and progression

Based on in vitro evidence, we sought to evaluate the role of statin
intensity on AVC load and progression, measured by contrast-enhanced
cardiac CT.

We evaluated 295 patients with severe AS (111 no-statin, 85 low-
intensity, and 99 high-intensity statins) before aortic valve replace-
ment (Table 1). Patients on statins were predominantly male and had a
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Fig. 1. PCSK9 secretion and extracellular calcium accumulation of valve interstitial cells induced by different dose of statins. (A-B) Bar graph represent the
effect of statins (Prav: pravastatin; Ator: atorvastatin) on PCSK9 secretion in valve interstitial cells. (C-D) Bar graph represent the effect of statins on calcium
accumulation in valve interstitial cells. Data were expressed in mean + SEM, the comparisons were performed by the one-way ANOVA, with the Dunnett post-hoc
test. (E) Correlation between PCSK9 secretion and calcium accumulation in valve interstitial cells under pravastatin treatment. (F) Correlation between PCSK9
secretion and calcium accumulation in valve interstitial cells under atorvastatin treatment. Correlation analyses were performed using the Pearson’s correlation
coefficient (r,). Fold changes (FC) were calculated dividing the amount of secreted protein (pg of PCSK9 / ng of total proteins) or calcium (ng of calcium / ng of total
proteins) under treatment by the secreted amount in basal condition (untreated).
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Fig. 2. Effect of statins on genetic PCSK9 knock down (KD) valve interstitial cells. (A-B) Bar graphs represent the effect of different dose of pravastatin (Prav) on
PCSK9 secretion and calcium accumulation on PSCK9 KD VICs. (C-D). Bar graphs represent the effect of different dose of atorvastatin (Ator) on PCSK9 secretion and
calcium accumulation on PSCK9 KD VICs. Data were expressed in mean + SEM. Fold changes (FC) were calculated dividing the amount of secreted protein (pg of
PCSK9 / ng of total proteins) or calcium (ng of calcium / ng of total proteins) under treatment by the secreted amount in basal condition (untreated).

higher incidence of hypertension, coronary artery disease, and periph-
eral artery disease. As expected, total cholesterol and low-density lipo-
protein cholesterol (LDL-C) levels were lower compared to patients
without statin therapy. Notably, no differences were found between low-
intensity and high-intensity statin groups.

We observed an intensity-dependent effect of statins on AVC load in
patients with severe AS, with the highest AVC load present in severe AS
patients under high-intensity statin treatment (none = 588.7 + 39.19,
low = 728.3 + 58.14, and high = 817.3 + 59.14 mm®/mm? calcium
volume; p for trend = 0.0013; Fig. 4A). We further investigated the
impact of statin therapy on AVC load progression in 29 no-statin, 27 low-
intensity, and 23 high-intensity statin-treated severe AS patients, who
underwent multiple CT and echocardiographic evaluation of disease
progression before surgery. No significant differences were found be-
tween the three groups regarding the clinical characteristics of the
included patients (Table 2). Analyzing the variation of AVC load per
year (median follow-up of 2.5 years; IQR:1.22-4.64), we found that
patients receiving high-intensity statins exhibited a significant increase

in calcium load (none: +69.00 + 19.20, low: +64.85 + 13.34, and high:
+152.1 + 36.92 mm®/mm? calcium volume per year; p for trend =
0.021; Fig. 4B). Applying a threshold of an increment of 200 mm® /mm?
calcium volume per year, we observed a significantly increased inci-
dence of AS patients exceeding this cut-off in the high-intensity statin
treatment group. In particular, 6.9 %, 3.7 %, and 26 % of no-statin, low-
intensity, and high-intensity statin users exceed the cut-off value,
respectively (high-intensity vs. no-statin p = 0.057 and high-intensity vs.
low-intensity p = 0.023). To elucidate if this AVC load accumulation
was accompanied by hemodynamic changes, we assessed the standard
echocardiographic parameters for AS evaluation (including aortic jet
velocity, mean aortic gradient, and indexed aortic valve area), revealing
the absence of a significant impact in 2.6 years of median follow-up
(IQR:1.62-5.12; Fig. 4C).

These results corroborate the evidence that high-intensity statins
may play a role in AVC presence and progression in severe AS patients.
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Fig. 3. Effect of statin on PCSK9 secretion and calcium accumulation after PCSK9 blocking with a neutralizing antibody. (A-B) Bar graphs represent the
effect of pravastatin (Prav) with and without the PCSK9 neutralizing antibody (NAb) on PCSK9 secretion and calcium accumulation. (C-D) Bar graphs represent the
effect of atrovastatin (Ator) with and without the PCSK9 neutralizing antibody on PCSK9 secretion and calcium accumulation. Data were expressed in mean + SEM.
Fold changes (FC) were calculated dividing the amount of secreted protein (pg of PCSK9 / ng of total proteins) or calcium (ng of calcium / ng of total proteins) under

treatment by the secreted amount in basal condition (untreated).

3.3. High-intensity statins are associated with increased rate of
hospitalization for non-rheumatic aortic valve disease in a real-world
scenario

Since increased AVC load could eventually lead to a worsening of the
pathology and high-intensity statins could aggravate this situation, we
evaluated the association between different intensity statins on the
incidence of hospitalization for non-rheumatic aortic valve disease.

Between 2010 and 2018, a total of 850,298 new statins users were
identified. After applying exclusion criteria, 196,493 new statins users
(21,448 on low-intensity and 175,045 on high-intensity statins) were
included in the study cohort (Supplementary Figure S3 and Supple-
mentary Table §2). After matching, the two groups of 18,327 patients

were well balanced for sex, age, multi-comorbidity score, and diabetes,
except for the presence of hypertension, which was slightly higher in the
high-intensity group (Table 3).

To assess the role of different statin potency on the incidence of
hospitalization for non-rheumatic aortic valve disease, we analyzed the
cumulative incidence starting from 6 months after initiation of statin
therapy. After a follow-up of 4.5 years, 233 new hospitalizations for
aortic valve disease occurred, of which 100 were in the low-intensity
statin group and 133 were in the high-intensity statin group, corre-
sponding to a cumulative incidence of 0.48 % and 0.65 %, respectively.
An increased risk of hospitalization for non-rheumatic aortic valve dis-
ease of 34 % (95 % CI: 12-62 %) was observed in high intensity statin
users, as compared to low intensity users, and this increase remained
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Table 1
Baseline clinical characteristics of patients with severe aortic stenosis.
Variables All No- Low- High- p-Value
n =295 statin intensity intensity
n=111 statin statin
n=_85 n=99
Age, years 77.1 76.3 78.5 76.8 +7.1 0.251
+9.1 +11.6 +7.2
Sex male, n (%) 158 41 (37) 50 (58)* 67 (69)" < 0.001
(54)
Body mass index, 26.6 26.2 26.4 27.3+4.7 0.259
kg/m2 +4.7 + 5.0 +4.3
Diabetes mellitus, 76 (26) 21 (19) 22 (26) 33 (33)" 0.058
n (%)
Hypertension, n 241 77 (69) 77 (91)* 87 (88)" < 0.001
(%) (82)
Chronic 46 (16) 13 (12) 14 (16) 19 (19) 0.320
obstructive
pulmonary
disease, n (%)
Smoking, n (%) 63 (21) 18 (16) 21 (25) 24 (24) 0.246
Coronary artery 130 24 (22) 44 (52)* 62 (63)" < 0.001
disease, n (%) (44)
Peripheral artery 97 (33) 21 (19 30 (35)* 46 (46)" < 0.001
disease, n (%)
Chronic kidney 38 (13) 12 (11) 10 (12) 16 (16) 0.483
disease, n (%)
Left ventricular 59.3 61.0 59.2 57.4 0.037
ejection +99 +94 +9.7 +10.4"
fraction, (%)
Total cholesterol, 171 188 163 + 38~ 159 + 36" < 0.001
mg/dL + 40 +39
High-Density 55+17 58 +19 54 £ 16 52+15 0.061
Lipoprotein-C,
mg/dL
Triglycerides, mg/ 104 101 106 + 46 106 + 43 0.671
dL +43 + 40
Low-Density 96 + 34 113 88 + 32~ 85 + 297 < 0.001
Lipoprotein-C, + 32

mg/dL

ANOVA post hoc tests, Tukey:
" Low-dose statin vs. No-statin; p-value < 0.05;
# High-dose statin vs. No-statin; p-Value < 0.05

significant even after adjusting for hypertension (30 %, 95 % CL:
7-57 %; Fig. 5). The corresponding NNH was 555 (95 % CI: 291-5764),
indicating that, on average, 555 individuals treated with high intensity
statin could generate a new case of hospitalization for non-rheumatic
aortic valve disease.

4. Discussion

Our study found that high-intensity statins, besides lowering
cholesterol, may also accelerate the calcification of aortic valves in AS
patients. Through a series of experiments and analyses, we discovered
that statins markedly increase the secretion of PCSK9 and the accumu-
lation of calcium in VICs. This response translates into a greater burden
of valve calcification, ultimately leading to more frequent hospitaliza-
tion for aortic valve disease. Overall, our data highlight the need for in-
depth studies evaluating statin therapy in patients with AS, considering
the potential association with valve calcification and subsequent clinical
outcomes.

Previous in vitro evidence suggests that statins can inhibit osteogenic
differentiation and reduce calcium nodule deposition [23-25]. Indeed,
atorvastatin has been shown to reduce alkaline phosphatase (ALP)
expression and activity [23]. This may be related to enhanced auto-
phagy, which then inhibits the nuclear factor kappa B (NF-kB) signaling
pathway in VICs, when exposed to a pro-osteogenic stimulus [23].
Simvastatin has been shown to inhibit calcium nodule formation in a
dose-dependent manner in VICs cultured on different substrates and also
when stimulated with pro-fibrotic transforming growth factor beta 1
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(TGFp1) [26]. Additionally, simvastatin was able to reduce lipopoly-
saccharide (LPS) induced ALP and RUNX family transcription factor 2
(RUNX2) expression, thereby inhibiting calcium deposition in VICs [24].
Likewise, pravastatin has been shown to inhibit the formation of calcium
nodules of cultured VICs in pro-fibrotic conditions [25]. However, it has
also been shown that statins (e.g., simvastatin and atorvastatin), without
any other concomitant treatment, were able to promote osteoblastic
formation with a consequent increment in cellular mineralization [27].
Our results showed that statins directly increased calcium formation in
VICs, matching the finding of the latter study. This discrepancy may be
attributed to the differing culture conditions, as we did not stimulate the
cells with any additional treatment, similarly to the approach of Maeda
et al. [27]. This possibly reveals that when VICs are subjected to
pro-fibrotic or pro-osteogenic stimuli, statin treatment could indeed
ameliorate the situation. However, when VICs are derived from stenotic
patients, likely with an already pre-activated osteogenic program, sta-
tins could induce cellular calcification as observed in bone cells. These
findings suggest that VIC calcification under statin treatment could take
different routes depending on their state at the time of isolation (e.g.,
normal, sclerotic, or stenotic aortic leaflets) as well as culture condi-
tions, highlighting the need for further investigation.

Nevertheless, statin therapy has been proven a valuable tool to
reduce atherosclerosis progression and prevent cardiovascular events
[28]. However, in patients taking statin therapy, a significant and
dose-dependent increase of circulating PCSK9 levels was noted, inde-
pendent of statin type, treatment duration, and statin lipophilicity [11,
29,30]. The observed increase in PCSK9 under statin treatment can be
attributed to the activation of the sterol regulatory element binding
transcription factor 2 (SREBF2) under cholesterol depletion, which in
turn binds to the promoter region of PCSK9 and induces its expression
[11,31]. Thus, based on our in vitro evidence and the aforementioned
clinical studies, we may infer that AS patients treated with low- and
high-intensity statins could exhibit increased PCSK9 levels compared to
non-statin users, with a more pronounced effect in the latter group.
However, it should be noted that both genetic and pharmacological
inhibitions of PCSK9 revealed a different effect of pravastatin and
atorvastatin on PCSK9 secretion and calcium accumulation in VICs.
While pravastatin (hydrophilic) completely abolished the increase of
PCSK9 and calcium, atorvastatin (lipophilic) did not. These discrep-
ancies could be due to statin class differences and related cellular
pathway interference, as previously observed by Godoy et al. [32].

PCSK9 was found to be an independent predictor of calcific aortic
valve disease [33,34] and recent investigations have highlighted the role
of PCSK9 in aortic valve calcification [12,35]. A direct effect of PCSK9
on the development and progression of AS has been suggested by the
study of aged Pcsk9” mice that exhibit lower AVC than wild type ones;
moreover, in vitro experiments showed that Pcsk9”” VICs were partially
protected from calcification [13]. Of note, in humans, PCSK9 is highly
expressed in calcified aortic valves, probably due to the expression of
VIC-related PCSK9 [12]. Indeed, in human VICs subjected to a
pro-osteogenic medium, PCSK9 levels increased and a neutralizing
antibody anti-PCSK9 significantly reduced calcium accumulation [12].
Our results are in line with these findings since the inhibition of PCSK9,
either genetic or with a neutralizing antibody, showed a reduction in
VIC calcification.

It is well-known that AVC is associated with worsening cardiovas-
cular events and all-cause mortality [36-39]. However, considering
vascular calcification, the calcium formation within a coronary plaque
can enhance features that reduce the risk of rupture, thereby increasing
plaque stability [40,41]. To this regard, statins have been shown to
reduce the risk of cardiovascular events, not only through their primary
role represented by their lipid-lowering effect, but probably due to
alternative mechanisms that act on plaque stabilization [28, 42-45].
One possible explanation, recently questioned [10], is that long-term use
of statins may increase calcium deposition in atherosclerotic plaque [8,
44,46,47]. However, investigations on the progression of aortic valve
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Fig. 4. Statins and aortic valve calcium load and progression measured by computed tomography (CT). (A) Bar graph represents the indexed aortic valve
calcium (AVC) load measured by CT in patients with severe aortic stenosis (AS) who did not receive statin therapy (None), who received low-intensity statin therapy
(Low: Atorvastatin < 10 mg 20 %, Simvastatin < 20 mg 64 %, Rosuvastatin < 5 mg 7 %, and Pravastatin < 40 mg 9 %), and patients who received high-intensity
statin therapy (High: Atorvastatin > 20 mg 65 %, Simvastatin > 40 mg 7 %, and Rosuvastatin > 10 mg 28 %). (B) Bar graph represents the progression of indexed
AVC delta per year measured by CT in AS patients without statins and patients with low- and high-intensity statins (Low: Atorvastatin < 10 mg 11 %, Simvastatin <
20 mg 56 %, Rosuvastatin < 5 mg 15 %, and Pravastatin < 40 mg 18 %; High: Atorvastatin > 20 mg 78 %, Simvastatin > 40 mg 9 %, and Rosuvastatin > 10 mg
13 %). The red dotted line represents the increment of indexed AVC cut-off set at 200 mm?/mm?®, (C) Bar graphs represent the effect of statin use on progression of
standard echocardiographic parameters for AS evaluation (delta of aortic jet velocity, mean aortic gradient, and indexed aortic valve area per year).

disease did not provide evidence supporting a protective effect of statin
therapy. Indeed, results of observational studies and randomized clinical
trials did not show any positive effect of statin use on aortic valve
structure, function, or calcification as well as for clinical outcomes [3,
48]. In contrast, our results indicate that patients with severe AS who
take high-intensity statins had an increased AVC burden, compared to
those on low-intensity or no-statins therapy. However, the classical
echocardiography parameters of AS severity were stable and in line with
previous findings. These observations may indicate that AVC load builds
up before critically influencing hemodynamics changes, thus requiring a
long observational period to unveil if changes in echocardiographic
parameters occur. To overcome this possible limitation, our real-world
data analysis, on more than 35,000 patients followed up for 5 years,
revealed a higher incidence rate of hospitalization for non-rheumatic
aortic valve disease in new statins users receiving high-intensity ther-
apy compared to those on low-intensity therapy.

These findings may be of clinical interest since novel and effective
lipid-lowering drugs, such as PCSK9 inhibitors, have emerged, providing
different pharmacological options to reduce low-density lipoprotein
cholesterol in patients at risk of developing severe AS. In addition, the
efficacy of these drugs in reducing AS-related events has already been
shown [14]. This does not negate the proven benefits of statin therapy in
post-aortic valve replacement patients, as recently suggested by the
latest European Association for Cardiothoracic Surgery (EACTS; 2024)
guidelines [49].

Our study has several limitations. First, we analyzed only two types
of statins (pravastatin and atorvastatin) in our in-vitro study. However,
this choice was done considering their varying classes and potencies.
Second, our imaging study included retrospective data on calcium
accumulation in patients with AS. It is warranted to study the evaluation
of calcium accumulation in patients with non-severe AS, ranging from
mild to moderate, in a prospective manner. Third, we included only
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Table 2
Clinical characteristics of patients with severe aortic stenosis in follow-up
cohort.

Variables All No- Low- High- p-
n=79 statin intensity intensity Value
n=29 statin statin
n=27 n=23
Age, years 71.4 68.9 74.2 £8.5 71.4 0.181
+10.6 +12.6 +10.6

Sex male, n (%) 57 (72) 17 (59) 21 (78) 19 (83) 0.118

Body mass index, 27.3 28.3 27.2+£55 26.3 +3.7 0.353
kg/m2 +4.9 +5.1

Diabetes mellitus, n 22 (28) 9(31) 7 (26) 6 (26) 0.058
(%)

Hypertension, n (%) 71 (90) 25 (86) 25 (93) 21 (91) 0.713

Chronic obstructive 14 (18) 5017) 6 (22) 3(13) 0.704
pulmonary
disease, n (%)

Smoking, n (%) 18 (23) 7 (24) 6 (22) 5(22) 0.977

Coronary artery 40 (51) 13 (45) 15 (56) 12 (52) 0.722
disease, n (%)

Peripheral artery 21 (27) 7 (24) 7 (26) 7 (30) 0.878
disease, n (%)

Chronic kidney 6(8) 5(17) 1(0.4) 0 (0) 0.483
disease, n (%)

Left ventricular 57.9 56.6 59.2 +£ 9.7 59.4 + 9.8 0.610
ejection fraction, +10.1 +9.8
(%)

Total cholesterol, 154 144 155 + 26 167 + 49 0.170
mg/dL + 40 +42

High-Density 51 45 55+ 15 55+ 20 0.051
Lipoprotein-C, +16 +13
mg/dL

Triglycerides, mg/ 98 93 97 + 40 106 + 49 0.531
dL + 42 + 37

Low-Density 87 82 79 + 22 104 + 45 0.058
Lipoprotein-C, + 36 + 36
mg/dL

ANOVA post hoc tests, Tukey: * Low-dose statin vs. No-statin; p-value < 0.05; #
High-dose statin vs. No-statin; p-Value < 0.05;

Table 3
Characteristics of real-world cohort patients included in 1:1 match analysis.
Low-Intensity High-Intensity p-Value
statins statins
n=18.736 n=18.736
n % n %
Female 11,366 60.5 11,336 60.5 1.000
Male 7400 39.5 7400 39.5
Age
< 70 years 3368 18.0 3380 18.0 0.9982
70-84 years 5030 26.9 5027 26.8
> 84 years 5914 31.6 5902 31.5
MCS (multi comorbidity score) 4424 23.6 4427 23.6
Low 14,707 78.5 14,753 78.7 0.1248
Medium 3475 18.5 3374 18.0
High 554 3.0 609 3.3
Diabetes 3354 17.9 3351 17.9 0.9677
Hypertension 10,144 54.1 10,353 55.3 0.0301

patients who underwent multiple CT and echocardiographic evaluations
for clinical reasons, excluding instrumental examinations conducted
within six months of each other. Although we were able to evaluate only
27 % of patients at follow-up, our results constitute a real-world eval-
uation. Fourth, in our real-world data, we assessed hospitalization for
non-rheumatic aortic valve disease as the endpoint without specifying
the type of aortic valve disease, whether insufficiency or stenosis.
However, given that AS is the most common aortic valve disorder, and
considering the number of subjects included, we assumed that majority
of hospitalizations for new statins users were primarily due to AS.
Finally, given the paucity of individual clinical characteristics available
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Fig. 5. Effect of statin potency on the incidence of hospitalization for non-
rheumatic aortic valve disease. Cumulative incidence of hospitalization for
non-rheumatic aortic valve disease in new low- and high intensity statin users
after 4.5 years of follow-up. HR: hazard ratio.

in the regional health care utilization databases, we cannot exclude that
unmeasured residual confounding may have affected our results.

5. Conclusions

In summary, high-intensity statin therapy is associated with elevated
PCSK9 secretion and increased aortic valve calcification, as evidenced
by in-vitro experiments and CT imaging evaluation, in patients with se-
vere AS. Additionally, real-world data, from a substantial patient cohort,
support our findings by revealing a higher incidence rate of hospitali-
zation for non-rheumatic aortic valve disease among patients receiving
high-intensity statins compared to those on low-intensity statins. These
findings highlight the need for further investigation into the intricate
relationship between statin therapy and aortic valve health to identify
the optimal lipid-lowering strategy in the management of patients at risk
to develop or with AS.
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