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Abstract

Background: Proprotein convertase subtilisin-kexin type 9 (PCSK9) inhibitors (i) are a class of
lipid-lowering drugs suggested to hold a plethora of beneficial effects independent of their LDL
cholesterol-lowering properties. However, the mechanism underlying such observations is debated.

Methods: Human aortic endothelial cells (TeloHAEC) were pre-treated with 100 pg/mL of the PCSK9i
evolocumab and then exposed to 20 ng/mL of IL-6, a major driver of cardiovascular diseases (CVD), in
both naive state and after siRNA-mediated suppression of the NAD-dependent deacetylase sirtuin-3
(SIRT3). Inflammation, autophagy, and oxidative stress were assessed through Western Blots, ELISAs,
and/or immunofluorescence coupled by flow cytometry. To explore the human relevance of the findings,
we also evaluated the expression of IL-6, SIRT3, IL-1B, the ratio LC3B II/l, and PCSK9 within the plaques
of patients undergoing carotid endarterectomy (n=277), testing possible correlations between these
proteins.

Results: PCSK9i improved a range of phenotypes including the activation of inflammatory pathways,
oxidative stress, and autophagy. Indeed, treatment with PCSK9i was able to counteract the IL-6 induced
increase in inflammasome activation, the accrual of autophagic cells, and mitochondrial ROS
accumulation. Of note, silencing of SIRT3 reverted the beneficial effects observed with PCSK9i treatment
on all these phenomena. In atheroma specimens, the expression of PCSK9 was inversely related to that
of SIRT3 while positively correlating with IL-6, IL-1B, and the ratio LC3B Il/I.

Conclusions: Overall, these data suggest that PCSK9i bear intrinsic anti-inflammatory, anti-autophagic,
and antioxidant properties in endothelial cells, and that these pleiotropic effects might be mediated, at
least in part, by SIRT3. These results provide an additional mechanism supporting the emerging
knowledge relative to the benefit of PCSK9i on CVD beyond LDL-lowering and uncover SIRT3 as a
putative mediator of such pleiotropy.
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Introduction

Proprotein convertase subtilisin-kexin type 9  drugs promoting a marked decrease in low-density
(PCSK9) inhibitors (i) are a class of lipid-lowering  lipoprotein (LDL)-cholesterol and demonstrated to
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reduce the incidence of cardiovascular diseases (CVD)
in patients not-at-target with other therapies or
intolerant to statins [1]. Post-hoc analyses of trials
suggested a potential benefit on CVD independent of
LDL-cholesterol reduction [2], while preclinical data
evidenced a plethora of possible beneficial effects of
PCSK9i, which have been reported to ameliorate
inflammation [3,4], autophagy [5,6], and oxidative
stress [6], with these phenomena being independent
of LDL-cholesterol levels. However, the mechanisms
underlying such observations are unclear.

PCSK9 protein is mainly expressed in the liver
where it operates the removal of LDL receptors [7].
However, a number of reports demonstrated its
expression in multiple tissues, including in endo-
thelial cells (EC) [8]. PCSK9 expression is closely
intertwined with low-grade inflammation. Indeed,
different pro-inflammatory stimuli induce an increase
in PCSK9 expression [9, 10], which in turn fosters the
activation of pro-inflammatory pathways [11,12].
Plasma levels of PCSK9 are positively related to a
range of pro-inflammatory mediators [12-14],
including interleukin (IL)-6 [15]. IL-6 is a cytokine
increasingly recognized as a major driver of
cardiovascular diseases (CVD) [16]. Among other
mechanisms, IL-6 have been suggested to promote
deleterious effects on the vasculature through the
induction of pro-inflammatory pathways, oxidative
stress, and autophagy [17-19]. However, whether
PCSK9i are able to counteract the detrimental
mechanisms instigated by IL-6 in EC is unknown.

Sirtuins (SIRT) are a family of nicotinamide
adenine dinucleotide-(NAD+) dependent histone
deacetylases involved in the regulation of a range of
homeostatic processes [20]. SIRT3 is a key regulator of
mitochondrial lysine acetylation [21], albeit its
expression has been reported also in the cytoplasm or
even in the nucleus [22]. Among other functions,
SIRT3 has been suggested as a regulator of metabolic
and antioxidant responses [23,24]. Considering also
its emerging role in the control of inflammatory
pathways [25] and autophagy [26], SIRT3 has been
proposed as a possible target to prevent or ameliorate
CVD in a consistent number of preclinical studies
[27,28]. However, no report explored the role of SIRT3
in the context of the cardioprotective effects of
PCSKOi.

In this study, we first evaluated a possible ability
of PCSK9 to counteract the pro-inflammatory,
pro-oxidant, and pro-autophagic effects of IL-6 in EC.
Then, considering the knowledge relative to the
ability of SIRT3 to blunt these phenomena [23-26], we
explored a potential role for this protein in this
context. Finally, we assessed the correlation between
IL-6 and the expression of SIRT3, IL-1p, the ratio LC3B

II/I, and PCSK9 within the plaques of patients
undergoing carotid endarterectomy.

Methods

Cell culture and treatments

The human aortic endothelial cells (EC)
(TeloHAEC cell line, CRL-4052, Lot#70027940) were
grown as a monolayer in Vascular Cell Basal Medium
(PCS-100-030) supplemented with Endothelial Cell
Growth kit-VEGF (PCS-100-041) in incubator at 37 °C
under a humidified atmosphere with 95% air and 5%
COz. EC, medium, and supplementation culture kit
were all purchased from ATCC (American Type
Culture Collection, Manassas, VA, USA). To induce
inflammatory stress, EC were treated for a maximum
time of 24h with increasing concentrations (5-20
ng/mL) of IL-6. The PCSKDYi, evolocumab, under the
commercial name of Repatha, was a human
monoclonal  antibody  inhibiting = Proprotein
Convertase Subtilisin/Kexin type 9 (PCSK9) provided
by Amgen Europe B.V. A PCSK9i stock solution was
obtained by diluting the pharmaceutical solution (140
mg/mL) in Hanks” balanced salt solution (HBSS)-10
mM Hepes and treatments on EC performed with
increasing concentrations (10-100 pg/mL) up to 72h.
For the combined treatment (PCSK9i+IL-6), EC were
pre-treated for 8h with 100 pg/mL PCSK9i before
being exposed to 20 ng/mL IL-6 for 24h. Control cells
(Ctr) were maintained in a complete culture medium
with the corresponding highest volume of HBSS-10
mM Hepes.

Cell viability

EC were seeded in 96-well plates and, after
treatments, viability detected using Cell Counting
Kit-8 (CCK-8, Donjindo Molecular Technologies, Inc.,
Rockville, MD, USA), following the manufacturer’s
instructions. Briefly, CCK-8 solution (10 pL) was
added to each well and then plated and incubated at
37 °C for 4h. Absorbance was measured at 450 nm
using a microplate reader (model 680, Bio-Rad,
Hercules, CA, USA) and viability expressed as

percentage of control. All experiments were
performed with n = 6 replicates.
Mitochondrial ROS measurement

MitoSOX Red Mitochondrial Superoxide

Indicator (M36008, Thermo Scientific, Rockford, IL,
USA) was used to selectively assess the mitochondrial
ROS content, following the manufacturer's protocols.
After treatment, EC were stained with 5 pM Mitosox
for 20 min at 37 °C in complete medium. Cells were
imaged on a fluorescence microscope EVOS FL Cell
Imaging System (Thermo Scientific Rockford, IL,
USA,)) and then detached, washed in phosphate-
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buffered saline (PBS) and the median fluorescence
intensity (MFI) quantified using a BD Accuri C6
cytometer (BD Biosciences, San José, CA, USA). Data
were analyzed by FlowJo V10 software (Williamson
Way, Ashland, OR, USA). Treatment for 30 min with
50 pM menadione (M57405, Sigma Aldrich, St. Louis,

MO, USA,) was wused as positive control

(Supplementary Figure 1A, B).

Mitochondrial membrane potential
Mitochondrial ~membrane  potential was

determined by using JC-1 staining (MT09, Dojindo
Molecular Technologies, Tokyo, Japan), according to
the manufacturer’s protocols. After treatments, EC
were stained for 1h with 5 uM JC-1 probe at 37 °C,
imaged on a fluorescence microscope EVOS FL Cell
Imaging System (Thermo Scientific, Rockford, IL,
USA) and then fluorescence registered with BD
Accuri C6 (BD Biosciences, San José, CA, USA)
cytometer. Results were analyzed by Flow]Jo V10
software (Williamson Way, Ashland, OR, USA).

Autophagy detection

Autophagy was detected by staining for 30 min
treated EC with 1 puM Autophagy Assay Kit
(ab139484, Abcam, Cambridge, UK) at 37 °C in the
dark, as manufacturer’s indication. Cells were then
washed with PBS and imaged on a fluorescence
microscope EVOS FL Cell Imaging System (Thermo
Scientific, Rockford, IL, USA), before FACS analysis.
Treatment with 1 pM rapamycin overnight was used
as positive control. Flow cytometry evaluation was
performed using a BD Accuri C6 instrument (BD
Biosciences, San José, CA, USA) and data analyzed by
FlowJo V10 software (Williamson Way, Ashland, OR,
USA). For each sample at least 20,000 events were
recorded. EC treated with rapamycin were used as
positive control (Supplementary Figure 1C, D).

Cell lysis and immunoblotting

EC lysates were obtained in lysis buffer
containing 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 10 pg/mL aprotinin, leupeptin and 1 mM
phenylmethylsulfonylfluoride in PBS. Proteins (40-80
pg) were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred to nitrocellulose membranes.
Blocking of non-specific binding sites was obtained by
incubating blots for 1h in 1x TBS 1% casein blocker
(1610782, Bio-Rad, Hercules, CA, USA) at room
temperature. Then, membranes were incubated
overnight at 4 °C with specific primary antibodies:
anti-Proprotein Convertase Subtilisin/Kexin type 9
(PCSK9, 1:1000, ab28770, Abcam, Cambridge, UK);
anti-tumour necrosis factor alpha (TNF-a, 1:1000,
ab6671, Abcam, Cambridge, UK), anti-nuclear factor

kappa B (NF-xB, 1:2000, ab16502, Abcam, Cambridge,
UK); anti-SIRT3 (1:2000, PA5-86035, Invitrogen,
Waltham, MA, USA); anti-NLR Family Pyrin Domain
Containing 3 (NLRP3,1:1000, ab270449, Abcam,
Cambridge, UK), anti-caspase-1 (1:500, sc-56036, Santa
Cruz Biotechnology, Dallas, TX, USA); anti-IL-1p
(1:1000, ab216995, Abcam, Cambridge, UK);
anti-autophagy related 5 (ATG5, 1:1000, 9980, Cell
Signaling Technology, Danvers, MA, USA);
anti-beclin-1 (1:1000, 4122, Cell Signaling Technology,
Danvers, MA, USA); anti-sequestosome-1
(SQSTM1/p62, 1:2000, 5114, Cell Signaling
Technology, Danvers, MA, USA); anti-microtubule-
associated protein 1 light chain 3B (LC3B, 1:2000,
ab192890, Abcam, Cambridge, UK); anti-a-tubulin
(1:5000, E-AB-20036, Elabscience Biotechnology Inc.,
Houston, TX, USA); and anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, 1:2000, ab9485,
Abcam, Cambridge, UK). After 1h incubation with
peroxidase-conjugated secondary antibodies,
immunocomplexes were revealed on dried
membranes by using the Excellent Chemiluminescent
Substrate kit (E-IR-R301, Elabscience Biotechnology
Inc., Houston, TX, USA) and acquired by ChemiDoc
Imaging System with Image Lab 6.0.1 software
(Bio-Rad  Laboratories, = Milan, Italy).  After
background subtraction, the densities of immuno-
reactive bands, were quantified by Image] software
1.52n version (Wayne Rasband, National Institutes of
Health, USA) and reported as arbitrary units (AU).

ELISA assays

Levels of NLRP3, caspase-1 and of cytokines
(IL-1B, TNF-a and IFN-y) were all detected by ELISA
assays (human NLRP3 ELISA kit, ab274401, Abcam,
Cambridge, UK; human caspase-1 ELISA Kkit,
ab219633, Abcam, Cambridge, UK; human IL-1p
quantikine ELISA, DLB50, R&D Systems, Inc.,
Minneapolis, MN, USA; human TNF alpha ELISA kit,
ab181421, Abcam, Cambridge, UK; human IFN-
gamma ELISA, RAF021R, BioVendor Laboratorni
medicina a.s., Brno, Czech Republic), according to the
manufacturer’s protocols. EC lysates or supernatants
(50-200 pL) were incubated for 1-2h in precoated
plates with specific cocktail or anti-cytokine
antibodies. After 3 time washing, development or
substrate solutions were added and plate incubated
for 10-20 min in the dark, before the addition of stop
solution to each well. The absorbance was detected
with a microplate reader (model 680, Bio-Rad,
Hercules, CA, USA) at 450 nm and NLRP3, caspase-1,
and cytokine levels determined by plotting the
absorbance values against each standard curve
concentrations.
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SiRNA mediated gene silencing

For transient SIRT3 silencing, EC were
transfected with 30 nM control non-targeting siRNA
(NT-/-) or with SIRT3 siRNA Oligos set for specific
human Sirtuin 3 (SIRT3/-, 438080910101, Applied
Biological Materials, Inc., Richmond, BC, Canada), in
serum- and antibiotic-free = medium, using
Lipofectamin (vehicle) as transfection reagent. EC
were incubated for 8h, followed by additional 12h of
incubation after the addition of FBS, before
treatments.

Cohort description and quantitation of
proteins in atheroma specimens

Patients with carotid stenosis (according to
North American Symptomatic Carotid Endart-
erectomy Trial classification) enlisted to undergo
carotid endarterectomy for extracranial high-grade
(>70%) internal carotid artery stenosis were enrolled.
Study design was as previously described [49], while
clinical characteristics of the patients are reported in
Supplementary Table 1. From the overall cohort, 277
random patients were selected for this study. Based
on previous literature [50], we considered this sample
size as adequate to explore possible correlations.
Patients on treatment with PCSK9i were excluded
from this analysis to avoid the confounding effect of
the drug, while no other exclusion criteria were
applied. The study was approved by the local Ethics
Review Committee and informed written consent was
obtained for each patient. Specimens obtained from
atherectomy were frozen in liquid nitrogen for
subsequent analyses. Protein extract samples from
plaques were prepared by adding 300 uL of 2D lysis
buffer (7 mol/L urea, 2 mol/L thiourea, 4% CHAPS
(3-((3-cholamidopropyl)
dimethylammonio)-1-propane sulfonate) buffer, 30
mmol/L Tris-HCl, pH 8.8) to tissues (50 mg) cut into
small pieces. Tissue was homogenized with a
Precellys 24 system (Bertin Technologies) and then
centrifuged at 800xg for 10 min at 4°C to collect the
supernatant. 40-70 pg of sample proteins were
separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred
to nitrocellulose membranes. Then, membranes were
incubated overnight at 4 °C with specific primary
antibodies: anti-Proprotein Convertase Subtilisin/
Kexin type 9 (1:1000, ab28770, Abcam, Cambridge,
UK); anti-IL-6 (1:1000, #12153, Cell Signalling,
Danvers, Massachusetts, USA); anti-SIRT3 (1:2000,
PA5-86035, Invitrogen, Waltham, MA, USA);
anti-IL-1p  (1:1000, ab216995, Abcam); anti-
microtubule-associated protein 1 light chain 3B
(LC3B, 1:2000, ab192890); anti-a-tubulin (1:5000,
E-AB-20036, Elabscience Biotechnology Inc., Houston,

TX, USA); anti-actin (1:3000, ab179467, Abcam), and
anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, 1:2000, ab9485, Abcam). After 1h incubation
with peroxidase-conjugated secondary antibodies,
immunocomplexes were revealed on dried
membranes by using the Excellent Chemiluminescent
Substrate kit (E-IR-R301, Elabscience Biotechnology
Inc.) and acquired by ChemiDoc Imaging System with
Image Lab 6.0.1 software (Bio-Rad Laboratories,
Milan, Italy). After background subtraction, the
densities of immunoreactive bands were quantified
by Image] software 1.52n version (Wayne Rasband,
National Institutes of Health, USA) and reported as
arbitrary units (AU).

Statistical analysis

Data are presented as mean+SD. Continuous
variables were compared with one-way ANOVA for
normally distributed data and Kruskal-Wallis for
non-normally distributed data. When differences
among the groups were found, Bonferroni correction
to make pairwise comparisons was used. Linear
regression analyses were performed to estimate the
relationship among IL-6, SIRT3, IL-1p, the ratio LC3B
II/1, and PCSKO. P < 0.05 was considered statistically
significant. All calculations were performed using
SPSS 12. For in vitro studies, analyses and graphs were
performed using GraphPad Prism version 9.1.2.

Results

PCSK?9i attenuate IL-6 induced inflammation

We first assessed the effect of different dosages
of IL-6 with and PCSK9i on human aortic endothelial
cells (TeloHAEC) proliferation, a commonly used
model of EC. Dose-response experiments indicated
that treatment with IL-6 resulted in cytotoxic effects
after 24h treatment with 20 ng/mL (Supplementary
Figure 2A). On the contrary, incubation with
evolocumab, a PCSK9i employed in clinical practise
and with proven cardiovascular benefit [29], did not
affect the viability of EC from 10 to 100 pg/mL up to
72h (Supplementary Figure 2B), while pre-treatment
with 100 pg/mL PCSK9i for 8h showed protective
effects on EC exposed to inflammatory IL-6
(Supplementary Figure 2C), therefore these
concentrations were used for subsequent experi-
ments. To explore whether PCSK9i are able to
counteract the activation of inflammatory pathways
instigated by IL-6, we pre-treated EC for 8h with 100
pg/mL PCSK9i before stimulating cells with 20
ng/mL IL-6 for an additional 24h. Treatment with
IL-6 significantly increased the expression of NLRP3
(Figure 1A), PCSK9 (Figure 1C), caspase-1 (Figure
1D), IL-1pB (Figure 1F), TNFa (Figure 1H), and NF-kB
(Figure 1K), while treatment with PCSK9i hampered
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the induction of these pro-inflammatory mediators, as
assessed by Western Blot. These results were
corroborated by ELISA which showed the same trend
for NLRP3 (Figure 1B), caspase-1 (Figure 1E), IL-1p
(Figure 1G), TNFa (Figure 1I), but also for IFN-y
levels (Figure 1J) secreted in the culture media,
overall supporting an anti-inflammatory activity for
PCSKOYi in EC stimulated with IL-6.

PCSK?9i counteract IL-6 induced autophagy

To test whether PCSK9i are able to limit the
induction of autophagy induced by IL-6, we used the
same experimental setting to assess the autophagic
flux in live EC through a dye that selectively labels
autophagic vacuoles. IL-6 induced an accrual of
autophagic cells, which was prevented by pre-
treatment with PCSK9i (Figure 2A-C). Consistently,
the expression of the pro-autophagic proteins Beclin-1
(Figure 2D), ATGS5 (Figure 2E), and of the ratio LC3B
II/1 (Figure 2F) was increased by IL-6 and attenuated
by PCSK9i, while the anti-autophagic p62 showed the

opposite trend (Figure 2G).

PCSK9i ameliorate ROS accrual and SIRT3
downregulation

Given the key role of mitochondrial ROS in
promoting both inflammatory responses and the
induction of autophagy [30], we explored the effects
of IL-6 and PCSK9i on ROS accrual and membrane
potential in mitochondria. As evidenced by the
staining with a fluorescent dye labelling
mitochondrial ROS, IL-6 promoted a sharp increase in
ROS levels, an effect prevented by PCSK9i
pre-treatment (Figure 3A-C). Consistently, IL-6 also
impaired the mitochondrial membrane potential of
EC while PCSK9i hampered such increase, as
indicated by labelling with a selective fluorescent dye
(Figure 3D-F). In addition, these effects were
accompanied by a modulation in the expression level
of SIRT3, which was increased by IL-6 but returned to
baseline with PCSK9i co-treatment (Figure 3G).
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Figure 1. PCSK9i counteract IL-6-induced inflammation. Evaluation of (A) NLRP3 protein expression and (B) content, (C) PCSK9 protein expression, caspase-1 (D) expression and
(E) content, IL-1B (F) expression and (G) content, TNF-a (H) expression and (I) content, (J) IFN-y levels and (K) NF-kB expression levels in EC treated for 24h with 20 ng/mL IL-6 (IL-6),
with 100 ug/mL PCSK9i (PCSK9i) or pre-treated for 8h with 100 pg/mL PCSK9i before being exposed to 20 ng/mL IL-6 for 24h (PCSK9%i+IL-6). Control cells (Ctr) were maintained in complete
culture medium with the corresponding highest volume of HBSS-10 mM Hepes. Immunoblotting analyses are represented as floating bars with line representing the mean of n = 4 independent
experiments + SD, where the densitometric intensity was calculated with Image] software and expressed as arbitrary units (AU). Lane 1 = Ctr; lane 2 = |L-6; lane 3 = PCSK9j; lane 4 =
PCSK9i+IL-6; M = weight markers (G266, Applied Biological Materials Inc.). §p < 0.001 vs. Ctr; **p < 0.01 vs. IL-6.
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Figure 2. PCSK9i decrease IL-6-related autophagy. Representative images by fluorescence microscopy and flow cytometry analysis of (A-C) green detection reagent, quantified as
median fluorescence intensities, and representative cropped blots with relative immunoblotting analysis of (D) beclin-1, (E) ATGS, (F) LC3B Il/l, and (G) p62 protein levels in EC treated for
24h with 20 ng/mL IL-6 (IL-6), with 100 ug/mL PCSK9i (PCSK9i) or pre-treated for 8h with 100 ug/mL PCSK9i before being exposed to 20 ng/mL IL-6 for 24h (PCSK9i+IL-6). Control cells
(Ctr) were maintained in complete culture medium with the corresponding highest volume of HBSS-10 mM Hepes. Scale bars = 100 pm. Lane | = Ctr; lane 2 = IL-6; lane 3 = PCSK9i; lane 4
= PCSK9i+IL-6; M = weight markers (G266, Applied Biological Materials Inc.). Immunoblotting analyses are represented as floating bars with line representing the mean of n = 4 independent
experiments * SD, where the densitometric intensity was calculated with Image] software and expressed as arbitrary units (AU). §p < 0.001 vs. Ctr; **p < 0.01 vs. IL-6.

provided by PCSK9i against the IL-6 induced
expression of PCSK9 (Figure 4B), the soluble levels of
NLPR3 (Figure 4C), and of caspase-1 (Figure 4D), as
well as on the induction of mitochondrial ROS (Figure

Given the results relative to SIRT3 modulation 4E-G), and of mitochondrial membrane potential
and considering the known role played by this protein  (Figure 5A-C). Similarly, neither treatment with IL-6
in the regulation of inflammatory responses, nor PCSK9i have significant effects on the modulation
autophagy, and oxidative stress [27,28], we explored  of autophagy when SIRT3 was silenced in EC (Figure
whether SIRT3 silencing (Figure 4A) reverted the  6A-C), an observation corroborated by the expression

beneficial effects of PCSK9i on these phenotypes.  of Beclin-1 (Figure 6D) and of the ratio LC3BII/I in
Forced downregulation of SIRT3 per se phenocopied  this setting (Figure 6E).

the effect of IL-6 and blunted the protective effect

SIRT3 silencing denies the protective effects of
PCSK9i on inflammation, oxidative stress, and
autophagy
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Figure 3. PCSK9i inhibit IL-6-induced mitochondrial damage. Representative images by fluorescence microscopy and FACS analysis of (A-C) mitochondrial ROS and (D-F)
mitochondrial membrane potential detection, expressed as fluorescence intensity + SD of n = 3 experiments, and (G) representative cropped blots with relative immunoblotting analysis of
SIRT3 protein levels in EC treated for 24h with 20 ng/mL IL-6 (IL-6), with 100 ug/mL PCSK9i (PCSK9i) or pre-treated for 8h with 100 pg/mL PCSK9i before being exposed to 20 ng/mL IL-6
for 24h (PCSK9i+IL-6). Control cells (Ctr) were maintained in complete culture medium with the corresponding highest volume of HBSS-10 mM Hepes. Scale bars = 100 um. Lane 1 = Ctr;
lane 2 = IL-6; lane 3 = PCSK9i; lane 4 = PCSK9i+IL-6; M = weight markers (G266, Applied Biological Materials Inc.). Inmunoblotting analysis is represented as floating bars with line
representing the mean of n = 4 independent experiments + SD, where the densitometric intensity was calculated with Image] software and expressed as arbitrary units (AU). §p < 0.001 vs.

Ctr; *p < 0.01 vs. IL-6.

Correlations among PCSK9, SIRT3, IL-18,
LC3B Il/l, and IL-6

To gain preliminary insights about the relevance
of these findings in patients, we assessed the
expression of IL-6, PCSK9, SIRT3, IL-1f3, and of the
ratio LC3B II/I within the plaques of patients
undergoing carotid endarterectomy and not treated
with PCSK9i (n=277, characteristics in Supple-
mentary Table 1) to explore a possible correlation
between these variables through linear regression
analyses. As shown in Table 1, the expression of
PCSK9 was inversely related to that of SIRT3 while
positively correlating with IL-6, IL-1B, and the ratio
LC3B II/I. Consistently, IL-6 showed a positive
correlation with LC3B II/I and a borderline
relationship with IL-1B, overall supporting a

framework where PCSK9 and SIRT3 are correlated
each other and associated with low-grade
inflammation and autophagy also in human samples.

Discussion

PCSK9i represent an additive or an alternative
option to attain LDL cholesterol targets when patients
are statin-intolerant or not-at-target with maximal
dosage with other lipid-lowering drugs [31]. Beyond
lowering LDL cholesterol, preclinical data evidenced
a plethora of beneficial effects with PCSK9 inhibition,
especially in EC. Of note, these effects were suggested
to be independent of LDL cholesterol levels and
mediated by a direct role of PCSK9 protein [3-6, 32].
Here we substantiate these observations by showing
that PCSK9i exert anti-inflammatory, anti-autophagic,
and antioxidant effects in EC exposed to IL-6, a potent
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cytokine linked to the development of CVD. In our Previous studies provided mixed results
model, these beneficial effects were mediated, at least  relatively to an anti-inflammatory effect of PCSK9i in
in part, by SIRT3, which downregulation largely = humans. Indeed, hs-CRP, a known marker of
blunted the protection conferred by PCSK9. low-grade inflammation, is not affected by treatment
Consistently, we found a negative correlation  with PCSK9i [33]. On the other hand, selected reports
between the expression of PCSK9 protein and SIRT3 ~ showed that treatment with PCSK9i might decrease
within the plaques of patients, while IL-6, IL-13, and  circulating levels of IL-6 and of other cytokines [34,
the ratio LC3B II/I correlated positively with PCSK9  35]. Interestingly, also IL-6 inhibition has been
and negatively with SIRT3, overall supporting a  reported to decrease circulating levels of PCSK9
framework where PCSK9i might eventually attenuate = protein [15], possibly suggesting a bidirectional
a pathological cascade instigated by low-grade  relationship. Alternatively, it has been hypothesized
inflammation. To our knowledge, this is the first  that PCSK9i ameliorate low-grade inflammation at the
study hypothesizing such framework and in local level within the vasculature without affecting
particular showing a role for SIRT3 in the  systemic inflammation [36]. Whatever the case, data

cardioprotective effects promoted by PCSKOi. presented here support a potent anti-inflammatory
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Figure 4. Suppression of SIRT3 abolishes the effects of PCSK9i effects on inflammation and mitochondrial ROS. (A) Representative cropped blots with relative
immunoblotting analysis of SIRT3 protein levels in EC treated with the empty transfection reagent (Vehicle) or transfected with NT-siRNA (NT) or with SIRT3 siRNA (SIRT3+). Lane | = Ctr;
lane 2 = Vehicle; lane 3 = NT; lane 4 = SIRT3--; M = weight markers (G266, Applied Biological Materials Inc.). (B) Representative cropped blots with relative immunoblotting analysis of PCSK9
protein levels, assessment of (C) NLRP3 and (D) caspase-1 content and (E) representative images by fluorescence microscopy and (F,G) FACS analysis of mitochondrial ROS evaluated in
EC transfected with NT-siRNA (NT) or with SIRT3 siRNA (SIRT3+) and then exposed for 24h to 20 ng/mL IL-6 (NT or SIRT3--+IL-6), to 100 ug/mL PCSK9i (NT or SIRT3--+PCSK9i) or to
100 pg/mL PCSK9i for 8h before exposure to 20 ng/mL IL-6 for 24h (NT or SIRT3--+PCSK9i+IL-6). Control cells (Ctr) were maintained in complete culture medium with the corresponding
highest volume of HBSS-10 mM Hepes. Scale bars = 100 pm. Lane 1 = Ctr; lane 2 = NT; lane 3 = NT+IL-6; lane 4 = NT+PCSK9i; lane 5 = NT+PCSK9i+IL-6; lane 6 = SIRT3--; lane 7 =
SIRT3-+IL-6; lane 8 = SIRT3--+PCSK9i; lane 9 = SIRT3-+PCSK9i+IL-6; M = weight markers (G266, Applied Biological Materials Inc.). Inmunoblotting analysis is represented as floating bars
with line representing the mean of n = 4 independent experiments * SD, where the densitometric intensity was calculated with Image] software and expressed as arbitrary units (AU). §p <
0.001 vs. NT; **p < 0.01 vs. NT+IL-6.
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effect for PCSK9i. Mechanistically, it was suggested
that PCSK9 protein promotes mitochondrial DNA
damage to activate NLRP3 inflammasome signalling
[37]. Similarly, SIRT3 deficiency is known to impair
mitochondrial respiration and promote inflam-
masome activation [38]. These evidences are in line
with our data showing the inability of PCSKYi to blunt
inflammasome activation when SIRT3 is suppressed.
The roles of PCSK9 protein in the induction of
autophagy and of PCSK9i in the attenuation of the
same phenotype were evidenced in cardiomyocytes

NT

SIRT3

and in microvascular cells [5,6]. Of note, these
findings were substantiated in heart specimens from
patients with a recent myocardial infarction [5]. At the
molecular level, it was suggested that PCSK9 might
promote autophagy from at least two pathways, both
of which are instigated by the accumulation of ROS
within mitochondria [5,6]. Given the known role of
SIRT3 in suppressing oxidative stress in this organelle
[38-40] and, more broadly, autophagy [26,41], it is
conceivable that SIRT3 downregulation denied the
effect of PCSK9i on this phenotype.
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Figure 5. Downregulation of SIRT3 decreases the ability of PCSK9i to impede mitochondrial depolarization. (A) Representative images by fluorescence microscopy and
(B, C) flow cytometry analysis of mitochondrial membrane potential detection, expressed as fluorescence intensity = SD of n = 3 experiments, in EC transfected with NT-siRNA (NT) or with
SIRT3 siRNA (SIRT3+) and then exposed for 24h to 20 ng/mL IL-6 (NT or SIRT3-+|L-6), to 100 pg/mL PCSK9i (NT or SIRT3--+PCSK9i) or to 100 pg/mL PCSK9i for 8h before exposure to
20 ng/mL IL-6 for 24h (NT or SIRT3--+PCSK9i+IL-6). Control cells (Ctr) were maintained in complete culture medium with the corresponding highest volume of HBSS-10 mM Hepes. Scale

bars = 100 um. §p<0.001 vs. NT; *p < 0.01 vs. NT+IL-6.
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Figure 6. SIRT3 suppression denies the ability of PCSK9i to counteract autophagy. (A) Representative images by fluorescence microscopy and (B,C) flow cytometry analysis of
green detection reagent, quantified as median fluorescence intensities, and representative cropped blots with relative immunoblotting analysis of (D) beclin-1 and (E) LC3B Il/I protein levels
in EC transfected with NT-siRNA (NT) or with SIRT3 siRNA (SIRT3-) and then exposed for 24h to 20 ng/mL IL-6 (NT or SIRT3--+IL-6), to 100 ug/mL PCSK9i (NT or SIRT3--+PCSK9i) or
to 100 pg/mL PCSK9i for 8h before exposure to 20 ng/mL IL-6 for 24h (NT or SIRT3--+PCSK9i+IL-6). Control cells (Ctr) were maintained in complete culture medium with the corresponding
highest volume of HBSS-10 mM Hepes. Scale bars = 100 pm. Lane 1 = Ctr; lane 2 = NT; lane 3 = NT+IL-6; lane 4 = NT+PCSK9i; lane 5 = NT+PCSK9i+IL-6; lane 6 = SIRT3-; lane 7 =
SIRT3-+IL-6; lane 8 = SIRT3--+PCSK9i; lane 9 = SIRT3--+PCSK9i+IL-6; M = weight markers (G266, Applied Biological Materials Inc.). Inmunoblotting analyses are represented as floating bars
with line representing the median of n = 4 independent experiments + SD, where the densitometric intensity was calculated with Image] software and expressed as arbitrary units (AU). §p <

0.001 vs. NT; **p < 0.01 vs. NT+IL-6.

Table 1. Relationship among IL-6, SIRT3, IL-1B, the ratio
LC3B Il/l, and PCSKY9 in plaque specimens. Results of the
linear regression analyses showing a correlation among the
expression of the different proteins assessed in plaque specimens
obtained from patients undergoing carotid endarterectomy
(n=277) and not treated with PCSK9i. Beta coefficient, r2, the
relative p values, and 95% confidence interval (Cl) are shown

PCSK9 SIRT3 IL-6 IL-1p LC3BII/I

PCSK9 B - -0,751 0,236 0,090 0,125

R2 - -0,476 0,280 0,133 0,130

p-value - <0,001 <0,001 0,002 0,002

95% CI - -0,900; -0,603 0,164;0,308 0,034;0,146 0,045;0,205
SIRT3 B - -0,014 -0,077 -0,096

R2 - -0,026 -0,180 -0,157

p-value - 0,612 <0,001 <0,001

95% CI - -0,067;0,040 0,0115;0,039 -0,151; -0,041
IL-6 B - 0,077 0,168

R2 - 0,096 0,147

p-value - 0,085 0,008

95% CI - -0,011;0,164 0,044;0,292
IL-1p B - -0,302

R2 - -0,212

p-value - <0,001

95% CI - -0,468; -0,136
LC3BII/T B -

R2 -

p-value -

95% CI -

Recombinant human PCSK9 protein was
previously shown to induce a dose-dependent
accumulation of ROS in multiple cell types, including
EC [42]. Of note, this possible relationship was also
observed in humans, since patients with higher
PCSK9 levels have also an increased burden of
plasmatic ROS [43]. Consistently, treatment with
PCSK9i has been demonstrated to counteract the
damage caused by H202 in EC [44], while patients
treated with PCSK9i for 6 months also showed a
marked decrease in the levels of oxidative stress [45].
Mechanistically, it was suggested that PCSK9 protein
promote the expression of the NADPH oxidases
subunits p47phox and gp91phox to foster oxidative
damage [32]. Of note, SIRT3 was previously
suggested to regulate these same subunits in a model
of Angiotensin-ll-induced ROS formation [46], an
observation compatible with our findings.

Our study has some limitations. Indeed, we did
not explore whether the modulation of autophagy is
beneficial or detrimental for EC function in our
model. Broadly, both hypotheses have been
advanced, according to the different models used [51,
52]. Thus, more research is needed to establish if the
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anti-autophagic effects of PCSK9i are relevant for
their cardioprotective properties. More importantly,
we have not tested if plaque specimens from patients
treated with a PCSK9i have a lower burden of inflam-
mation, autophagy, and oxidative stress compared
with those from patients treated with other
lipid-lowering drugs, an aspect that must be assessed
in future studies to substantiate the clinical relevance
of the findings reported here.

Conclusions

In summary, here we showed that PCSK9i are
able to counteract the deleterious effects of IL-6 on the
activation of inflammatory pathways, the instigation
of autophagy, and the induction of oxidative stress in
EC and that SIRT3 suppression abolishes the
protective effects of PCSK9i. Consistently, we also
demonstrated a correlation among PCSK9, SIRT3,
IL-6, IL-1B, and the ratio LC3B II/I in plaques of
patients undergoing carotid endarterectomy. Albeit
not proving causality, these findings are compatible
with a framework where PCSK9i blunt a range of
detrimental phenotypes instigated by low-grade
inflammation in the endothelium (summarized in the
Graphical Abstract). These data further sustain the
argument that PCSK9i might provide CV benefit also
beyond LDL-cholesterol lowering, providing an
additional rationale for its use in patients with high
cardiovascular  risk  independently  of their
LDL-cholesterol levels [2,47,48]. In addition, these
observations encourage further research about the
role of SIRT3 as a potential mediator of the effect of
PCSK9i and, more broadly, as a candidate
cardioprotective molecule.

Abbreviations

PCSKO: proprotein convertase subtilisin-kexin
type 9; SIRT3: NAD-dependent deacetylase sirtuin-3;
NLRP3: NLR family pyrin domain containing 3; IL-1p:
Interleukin 1 B; TNFa: Tumour necrosis factor a;
NF-kB: Nuclear factor kappa-light-chain-enhancer of
activated B cells; IFN-y: Interferon gamma; ROS:
Reactive Oxygen Species; p62: Sequestosome-1;
ATGS5: Autophagy related 5; LC3B II/I: Microtubule-
associated proteins 1A /1B light chain 3B.

Supplementary Material

Supplementary figures and table.
https:/ /www .thno.org/v13p0531s1.pdf

Acknowledgements

Funding information

Programmi di Ricerca Scientifica di Rilevante
Interesse Nazionale (Scientific research programs of

high national interest), project n 2020LM8WNW. This
work has been also supported by the Italian Ministry
of Health - Ricerca Corrente to IRCCS MultiMedica.

Author contributions

FP, RM, CS, LS, RLG, CF, EM, LM, GP, and AC
conceived the idea, analysed data, and wrote the
manuscript. ND and MLB performed the majority of
experiments, analysed data, provided additional
expertise, and critically revised the manuscript. The
final version of the manuscript was approved by all
authors.

Competing Interests

The authors have declared that no competing
interest exists.

References

1.  Sabatine MS. PCSK9 inhibitors: clinical evidence and implementation. Nat Rev
Cardiol 2019, 16:155-165.

2. Schwartz GG, Gabriel Steg P, Bhatt DL, Bittner VA, Diaz R, Goodman SG, et al.
Clinical Efficacy and Safety of Alirocumab After Acute Coronary Syndrome
According to Achieved Level of Low-Density Lipoprotein Cholesterol. A
Propensity Score-Matched Analysis of the ODYSSEY OUTCOMES Trial.
Circulation 2021, 143:1109-1122.

3. Giunzioni I, Tavori H, Covarrubias R, Major AS, Ding L, Zhang Y, et al. Local
effects of human PCSK9 on the atherosclerotic lesion. ] Pathol 2016, 238:52-62.

4. Liu A, Frostegard J. PCSK9 plays a novel immunological role in oxidized
LDL-induced dendritic cell maturation and activation of T cells from human
blood and atherosclerotic plaque. ] Intern Med 2018; 284: 193- 210

5. Ding Z, Wang X, Liu S, Shahanawaz J, Theus S, Fan Y, et al. PCSK9 expression
in the ischaemic heart and its relationship to infarct size, cardiac function, and
development of autophagy. Cardiovasc Res 2018, 114:1738-1751.

6. Huang G, Lu X, Zhou H, Li R, Huang Q, Xiong X, et al. PCSK9 inhibition
protects against myocardial ischemia-reperfusion injury via suppressing
autophagy. Microvasc Res 2022, 142:104371.

7. Urban D, Poss J, Bohm M, Laufs U. Targeting the proprotein convertase
subtilisin/kexin type 9 for the treatment of dyslipidemia and atherosclerosis. J
Am Coll Cardiol 2013, 62:1401-1408.

8. LiJ, Liang X, Wang Y, Xu Z, Li G. Investigation of highly expressed PCSK9 in
atherosclerotic plaques and ox-LDL-induced endothelial cell apoptosis. Mol
Med Rep 2017, 16:1817-1825.

9. Ding Z, Wang X, Liu S, Zhou S, Kore RA, Mu S, et al. NLRP3 inflammasome
via IL-1beta regulates PCSK9 secretion. Theranostics 2020, 10:7100-7110.

10. Feingold KR, Moser AH, Shigenaga JK, Patzek SM, Grunfeld C. Inflammation
stimulates the expression of PCSK9. Biochem Biophys Res Commun 2008,
374:341-344.

11. Tang ZH, Peng J, Ren Z, Yang J, Li TT, Li TH, et al. New role of PCSK9 in
atherosclerotic inflammation promotion involving the TLR4/NF-kappaB
pathway. Atherosclerosis 2017, 262:113-122.

12. Ricci C, Ruscica M, Camera M, Rossetti L, Macchi C, Colciago A, et al. PCSK9
induces a pro-inflammatory response in macrophages. Sci Rep 2018, 8:2267.

13. Cheng JM, Oemrawsingh RM, Garcia-Garcia HM, Boersma E, van Geuns R],
Serruys PW, et al.. PCSK9 in relation to coronary plaque inflammation: Results
of the ATHEROREMO-IVUS study. Atherosclerosis 2016, 248:117-122.

14. LiS, Guo YL, Xu RX, Zhang Y, Zhu CG, Sun J, et al. Association of plasma
PCSKO9 levels with white blood cell count and its subsets in patients with stable
coronary artery disease. Atherosclerosis 2014, 234:441-445.

15. Ueland T, Kleveland O, Michelsen AE, Wiseth R, Damas JK, Aukrust P, et al.
Serum PCSK9 is modified by interleukin-6 receptor antagonism in patients
with  hypercholesterolaemia  following non-ST-elevation —myocardial
infarction. Open Heart 2018 Sep 18;5(2):e000765.

16. Ridker PM, Rane M. Interleukin-6 Signaling and Anti-Interleukin-6
Therapeutics in Cardiovascular Disease. Circ Res 2021, 128:1728-1746.

17. Lindkvist M, Zegeye MM, Grenegard M, Ljungberg LU. Pleiotropic, Unique
and Shared Responses Elicited by IL-6 Family Cytokines in Human Vascular
Endothelial Cells. Int ] Mol Sci 2022 Jan 27;23(3):1448.

18. Wassmann S, Stumpf M, Strehlow K, Schmid A, Schieffer B, Bohm M, et al.
Interleukin-6 induces oxidative stress and endothelial dysfunction by
overexpression of the angiotensin II type 1 receptor. Circ Res 2004, 94:534-541.

19. HuF, Song D, Yan Y, Huang C, Shen C, Lan J, et al. IL-6 regulates autophagy
and chemotherapy resistance by promoting BECN1 phosphorylation. Nat
Commun 2021, 12:3651.

20. Yamamoto H, Schoonjans K, Auwerx J. Sirtuin functions in health and disease.
Mol Endocrinol 2007, 21:1745-1755.

https://www.thno.org



Theranostics 2023, Vol. 13, Issue 2

542

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Onyango P, Celic I, McCaffery JM, Boeke JD, Feinberg AP. SIRT3, a human
SIR2 homologue, is an NAD-dependent deacetylase localized to mitochondria.
Proc Natl Acad Sci U S A 2002, 99:13653-13658.

Sundaresan NR, Samant SA, Pillai VB, Rajamohan SB, Gupta MP. SIRT3 is a
stress-responsive deacetylase in cardiomyocytes that protects cells from
stress-mediated cell death by deacetylation of Ku70. Mol Cell Biol 2008,
28:6384-6401.

Zhang ], Xiang H, Liu J, Chen Y, He RR, Liu B. Mitochondrial Sirtuin 3: New
emerging biological function and therapeutic target. Theranostics 2020,
10:8315-8342.

Zhang S, Wu X, Wang J, Shi Y, Hu Q, Cui W, et al. Adiponectin/AdiopR1
signaling prevents mitochondrial dysfunction and oxidative injury after
traumatic brain injury in a SIRT3 dependent manner. Redox Biol 2022,
54:102390.

Boniakowski AM, denDekker AD, Davis FM, Joshi A, Kimball AS, Schaller M,
et al. SIRT3 Regulates Macrophage-Mediated Inflammation in Diabetic
Wound Repair. ] Invest Dermatol 2019, 139:2528-2537 €2522.

Li S, Dou X, Ning H, Song Q, Wei W, Zhang X, et al.. Sirtuin 3 acts as a
negative regulator of autophagy dictating hepatocyte susceptibility to
lipotoxicity. Hepatology 2017, 66:936-952.

Sun W, Liu C, Chen Q, Liu N, Yan Y, Liu B. SIRT3: A New Regulator of
Cardiovascular Diseases. Oxid Med Cell Longev 2018, 2018:7293861.

Toulassi IA, Al Saedi UA, Gutlapalli SD, Poudel S, Kondapaneni V, Zeb M, et
al. A Paradigm Shift in the Management of Atherosclerosis: Protective Role of
Sirtuins in Atherosclerosis. Cureus 2021, 13:€12735.

Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, Murphy SA,
et al. Evolocumab and Clinical Outcomes in Patients with Cardiovascular
Disease. N Engl ] Med 2017, 376:1713-1722.

Rodgers MA, Bowman JW, Liang Q, Jung JU. Regulation where autophagy
intersects the inflammasome. Antioxid Redox Signal 2014, 20:495-506.

Mach F, Baigent C, Catapano AL, et al. 2019 ESC/EAS Guidelines for the
management of dyslipidaemias: lipid modification to reduce cardiovascular
risk. Eur Heart J 2020, 41:4255.

Ding Z, Liu S, Wang X, Theus S, Deng X, Fan Y, et al. PCSK9 regulates
expression of scavenger receptors and ox-LDL uptake in macrophages.
Cardiovasc Res 2018, 114:1145-1153.

Sahebkar A, Di Giosia P, Stamerra CA, Grassi D, Pedone C, Ferretti G, et al.
Effect of monoclonal antibodies to PCSK9 on high-sensitivity C-reactive
protein levels: a meta-analysis of 16 randomized controlled treatment arms. Br
J Clin Pharmacol 2016, 81:1175-1190.

Levstek T, Podkrajsek N, Rehberger Likozar A, Sebestien M, Trebusak
Podkrajsek K. The Influence of Treatment with PCSK9 Inhibitors and Variants
in the CRP (rs1800947), TNFA (rs1800629), and IL6 (rs1800795) Genes on the
Corresponding Inflammatory Markers in Patients with Very High
Lipoprotein(a) Levels. ] Cardiovasc Dev Dis 2022 Apr 22;9(5):127.

Basiak M, Kosowski M, Hachula M, Okopien B. Impact of PCSK9 Inhibition on
Proinflammatory Cytokines and Matrix Metalloproteinases Release in Patients
with Mixed Hyperlipidemia and Vulnerable Atherosclerotic Plaque.
Pharmaceuticals (Basel) 2022 Jun 27;15(7):802.

Hoogeveen RM, Opstal TS]J, Kaiser Y, Stiekema LCA, Kroon J, Knol RJJ, et al.
PCSK9 Antibody Alirocumab Attenuates Arterial Wall Inflammation Without
Changes in Circulating Inflammatory Markers. JACC Cardiovasc Imaging
2019, 12:2571-2573.

Wang X, Li X, Liu S, Brickell AN, Zhang ], Wu Z, et al. PCSK9 regulates
pyroptosis via mtDNA damage in chronic myocardial ischemia. Basic Res
Cardiol 2020, 115:66.

Tyagi A, Nguyen CU, Chong T, Michel CR, Fritz KS, Reisdorph N, et al. SIRT3
deficiency-induced mitochondrial dysfunction and inflammasome formation
in the brain. Sci Rep 2018, 8:17547.

Lee S, Jeon YM, Jo M, Kim H]J. Overexpression of SIRT3 Suppresses Oxidative
Stress-induced ~ Neurotoxicity and  Mitochondrial —Dysfunction in
Dopaminergic Neuronal Cells. Exp Neurobiol 2021, 30:341-355.

Zhou D, Jiang Y. Sirtuin 3 attenuates neuroinflammation-induced apoptosis in
BV-2 microglia. Aging (Albany NY) 2019, 11:9075-9089.

Guo Y, Jia X, Cui Y, Song Y, Wang S, Geng Y, et al. Sirt3-mediated mitophagy
regulates AGEs-induced BMSCs senescence and senile osteoporosis. Redox
Biol 2021, 41:101915.

Ding Z, Liu S, Wang X, Deng X, Fan Y, Sun C, et al. Hemodynamic shear stress
via ROS modulates PCSK9 expression in human vascular endothelial and
smooth muscle cells and along the mouse aorta. Antioxid Redox Signal 2015,
22:760-771.

Cammisotto V, Pastori D, Nocella C, Bartimoccia S, Castellani V, Marchese C,
et al. PCSK9 Regulates Nox2-Mediated Platelet Activation via CD36 Receptor
in Patients with Atrial Fibrillation. Antioxidants (Basel) 2020 Apr 2;9(4):296.
Safaeian L, Mirian M, Bahrizadeh S. Evolocumab, a PCSK9 inhibitor, protects
human endothelial cells against H202-induced oxidative stress. Arch Physiol
Biochem 2022 Dec;128(6):1681-1686.

Cammisotto V, Baratta F, Castellani V, Bartimoccia S, Nocella C, D'Erasmo L,
et al. Proprotein Convertase Subtilisin Kexin Type 9 Inhibitors Reduce Platelet
Activation Modulating ox-LDL Pathways. Int ] Mol Sci 2021 Jul 3;22(13):7193.
Feng X, Su H, He X, Chen JX, Zeng H. SIRT3 Deficiency Sensitizes
Angiotensin-II-Induced Renal Fibrosis. Cells 2020 Nov 20;9(11):2510.

Schwartz GG, Szarek M, Bittner VA, Diaz R, Goodman SG, Jukema JW, et al.
Lipoprotein(a) and Benefit of PCSK9 Inhibition in Patients With Nominally
Controlled LDL Cholesterol. ] Am Coll Cardiol 2021, 78:421-433.

48.

49.

50.

51.

52.

Silverman MG, Ference BA, Im K, Wiviott SD, Giugliano RP, Grundy SM, et al.
Association Between Lowering LDL-C and Cardiovascular Risk Reduction
Among Different Therapeutic Interventions: A Systematic Review and
Meta-analysis. JAMA 2016, 316:1289-1297.

D'Onofrio N, Sardu C, Trotta MC, Scisciola L, Turriziani F, Ferraraccio F, et al.
Sodium-glucose co-transporter2 expression and inflammatory activity in
diabetic atherosclerotic plaques: Effects of sodium-glucose co-transporter2
inhibitor treatment. Mol Metab. 2021 Dec;54:101337.

Verhoeven BA, Moll FL, Koekkoek JA, van der Wal AC, de Kleijn DP, de Vries
JP, et al. Statin treatment is not associated with consistent alterations in
inflammatory status of carotid atherosclerotic plaques: A retrospective study
in 378 patients undergoing carotid endarterectomy. Stroke. 2006;37:2054-2060
Martinet W, De Meyer GR. Autophagy in atherosclerosis: a cell survival and
death phenomenon with therapeutic potential. Circ Res. 2009 Feb
13;104(3):304-17.

Hassanpour M, Rahbarghazi R, Nouri M, Aghamohammadzadeh N, Safaei N,
Ahmadi M. Role of autophagy in atherosclerosis: foe or friend? J Inflamm
(Lond). 2019 May 2;16:8.

https://www.thno.org



