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Background

Efforts  towards  winning  the  fight  against  coronary  artery  dis-
ease  are  ongoing.  Although  major  advances  have  been  made,
as  Angoulvant  and  Bejan—Angoulvant  [1]  have  pointed  out,
‘‘the  best  is  yet  to  come’’.

Among  the  medical  achievements,  statin  therapy—which
results  in  marked  reductions  in  total  and  low-
density  lipoprotein  cholesterol  (LDL-C),  as  per  current
recommendations—ranks  high  [2].  However,  even  with
intensive  statin  treatment  and  the  addition  of  ezetimibe
[3], which  is  gaining  ground  but  is  still  underutilized,
we  still  ‘cannot  remove  atherosclerotic  plaques  from
coronary  arteries’  [1,4].  Moreover,  only  23.6%  of  patients
in  the  CORONOR  study  [4]  with  high  plasma  LDL-C
Abbreviations: LDL-C, Low-Density Lipoprotein Cholesterol; LDLR, 
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chieved  guideline-recommended  levels  of  LDL-C  [5]  with
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ipid-lowering  therapy.  In  fact,  Urban  et  al.  [6]  very  per-
inently  mention  that,  in  Europe  and  Canada,  nearly  50%
f  hypercholesterolaemic  patients  do  not  reach  desirable
evels  because  of  inadequate  statin  dosing  due  to  adverse
ffects,  statin  resistance  or  insufficient  adherence.  Poor
dherence  can  partially  be  explained  by  concerns  and
oubts  still  expressed  in  the  lay  literature  despite  the  use
f  statins  since  1986.  Thus,  many  specialists  suggest  the
ddition  of  one  of  the  proprotein  convertase  subtilisin/kexin
ype  9  (PCSK9)  inhibitors  on  top  of  routine  lipid-lowering
reatment,  or  in  patients  with  statin  intolerance  [7,8].  As
ell  as  LDL-C  lowering,  PCSK9  inhibitors  may  also  exert
leiotropic  effects  —  as  will  be  further  described  —  and
CSK9  could  be  a  key  molecule  in  the  pathophysiology  of
therosclerosis.

hat is PCSK9? Association with clinical
onditions

CSK9  is  a  serine  proprotein  that  was  discovered  in  2003.  It  is
xpressed  in  higher  concentrations  in  the  liver,  kidney,  brain
nd  the  small  intestine  [7,8].  Its  main  action  is  to  reduce  the
oncentration  of  low-density  lipoprotein  receptors  (LDLR)  in
epatocytes  by  directing  them  into  the  lysosome  for  degra-
ation  [9].  It  has  been  found  that  circulating  PCSK9  levels
redict  future  risk  of  cardiovascular  events  independently  of
stablished  risk  factors  [9].  PCSK9  level  is  considered  to  be

 predictor  of  carotid  atherosclerosis  [10]  and  has  been  sig-
ificantly  correlated  to  plasma  LDL-C  levels  [11].  Zhu  et  al.
12]  have  observed  that  body  mass  index,  insulin,  LDL-C  and
riglycerides  are  independent  predictors  of  PCSK9  levels.  In
ontrast,  Arsenault  et  al.  [13]  did  not  find  any  association
etween  plasma  PCSK9  levels  and  body  mass  index  or  body
at  distribution  indices,  but  did  identify  a  modest  association
ith  markers  of  insulin  resistance.  In  the  ATHEROREMO-IVUS

tudy  [14],  PCSK9  levels  were  associated  with  an  increased
ncidence  of  death  and  acute  coronary  syndromes  indepen-
ently  of  LDL-C  levels  or  statin  use.

In  humans,  single-point  gain  of  function  mutations  in  the
CSK9  gene  are  associated  with  autosomal  dominant  hyper-
holesterolaemia  [7],  while  loss  of  function  mutations  are
ssociated  with  low  plasma  LDL-C  levels  [15,16].  In  intravas-
ular  coronary  artery  ultrasound  studies,  the  main  finding
as  that  increased  serum  PCSK9  levels  were  linearly  associ-
ted  with  an  increased  necrotic  core  fraction  in  the  coronary
rteries,  independently  of  serum  LDL-C  levels  [14].

CSK9 and myocardial infarction

nterestingly,  in  male  rats,  plasma  PCSK9  levels  were
ncreased  from  12  to  96  hours  and  hepatic  PCSK9  messenger
ibonucleic  acid  expression  was  upregulated  after  an  experi-
ental  myocardial  infarction  [17].  Similar  results  have  been

bserved  in  humans  [18].  Ding  et  al.  [19]  have  reported

hat  PCSK9  is  upregulated  in  ischaemic  myocardium  —  par-
icularly  in  the  zone  bordering  the  infarct  area  —  after  an
xperimental  infarction  in  murine  hearts  [19]. They  also
ound  that  its  inhibition  reduced  infarct  size.  Further,  PCSK9
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evels  have  been  positively  related  to  poorer  outcomes  in
eart  failure  patients  [20].

CSK9 in aortic stenosis

alcific  aortic  stenosis  is  the  most  common  valvular  disor-
er  of  the  elderly.  In  a  cross-sectional  study  of  40  patients,
ang  et  al.  [21]  found  that  plasma  PCSK9  correlates  with  the
resence  of  calcific  aortic  valve  disease  but  not  its  severity.
he  authors  postulated  that  PCSK9  inhibition  may  be  more
fficacious  in  this  entity  than  statin  therapy,  which  has  —  up
o  now  —  been  disappointing.

Higher  PCSK9  levels  have  also  been  found  in  patients  with
egeneration  of  aortic  bioprostheses  [22].  Further,  Poggio
t  al.  [23]  have  actually  detected  PCSK9  in  stenotic  aortic
alves  explanted  at  surgery.

n vitro effects of PCSK9 — a direct
nfluence? Do pleiotropic actions exist?

ambert  et  al.  [24]  grew  primary  fibroblasts  isolated  from
he  forearm  skin  biopsy  of  four  patients  carrying  LDLR
olecular  defects.  Mevastatin  treatment  increased  LDLR

xpression,  which  was  significantly  lowered  after  the  addi-
ion  of  recombinant  PCSK9  [24]. Walley  et  al.  [25]  also  added
ecombinant  human  PCSK9  to  immortalized  human  hepato-
ytes  and  observed  that  it  can  regulate  removal  of  pathogen
ipids  such  as  lipopolysaccharide  via  LDLR.  Kysenius  et  al.
26]  found  that  PCSK9  knockdown  reduced  the  death  of
otassium-deprived  cerebellar  granule  neurons.  These  data
uggest  that  PCSK9  could  be  added  to  cardiomyocyte  or  vas-
ular  tissue  for  evaluation  of  a  direct  action  (apoptosis  and
ulnerability).  Moreover,  experiments  with  cultured  aortic
uman  vascular  endothelial  cells  and  smooth  muscle  cells
ave  revealed  a  positive-feedback  loop  between  lectin-like
x-LDL  receptor-1  and  PCSK9,  such  that  induction  of  one  will
e  stabilized  by  reciprocal  induction  of  the  other  [27].  Thus,
nhibition  of  PCSK9  reduces  the  expression  of  proinflamma-
ory  molecules,  expression  of  membrane  adhesive  molecules
nd  macrophage  accumulation  [28].

The  discussion  of  the  possible  pleiotropic  effects  of  PSCK9
nhibitors  in  addition  to  their  LDL-C-lowering  effects  is
arallel  to  that  concerning  statins  some  years  ago.  Thus,
irect  actions  of  PCSK9  inhibitors  can  affect  inflammation
although  they  do  not  affect  C-reactive  protein),  oxidation
nd  vascular  smooth  muscle  cell  de-differentiation,  migra-
ion  and  proliferation  inhibition  of  autophagy  as  well  as
latelet  reactivity  [29].

Back  in  2009,  Davignon  and  Dubuc  [30]  underlined  that
CSK9  levels  increased  with  statins,  with  a  further  aug-
entation  noted  when  ezetimibe  was  added.  Interestingly,

enofibrate  decreases  serum  PCSK9  together  with  very  low-
ensity  lipoprotein  particles  in  statin-treated  patients  with
ype  2  diabetes  [31], although  Troutt  et  al.  [32]  found  that
enofibrate  may  increase  these  levels.  These  findings  lead
o  the  postulation  that  the  addition  of  PCSK9  inhibitors

o  statins  would  be  advantageous  beyond  further  lowering
DL-C  levels.  Bandyopadhyay  et  al.  [33]  have  given  another
ossible  explanation,  namely  that  loss  of  function  of  PCSK9
esults  in  further  increases  in  surface  LDLR,  which  increases
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the  LDLR  activity  induced  by  statins.  This  important  mecha-
nism  is  scarcely,  if  at  all,  noted  in  various  reviews  on  PCSK9
inhibition.  For  example,  in  a  2019  clinical  commentary,
Banach  and  Penson  [34],  when  discussing  the  encouraging
results  of  the  ODYSSEY  and  FOURIER  trials,  focus  on  the  lipid-
lowering  effects  of  PCSK9  inhibitors  without  mentioning  the
importance  of  PCSK9  itself.

Walley  et  al.  [25]  have  reported  that  PCSK9  inhibitors
may  improve  septic  shock  outcomes.  Conversely,  inflamma-
tion  (specifically  lipopolysaccharide)  increases  PCSK9  levels
[26].  Akram  et  al.  [8]  have  offered  the  same  hypothesis.
Further,  a  recent  position  paper  from  the  Working  Group  on
Atherosclerosis  and  Vascular  Biology  of  the  European  Soci-
ety  of  Cardiology  has  suggested  that  PCSK9  inhibitors  have
anti-inflammatory  effects  [35].

Some  concerns  have  been  raised  regarding  possible
deleterious  effects  of  PCSK9  inhibitors,  such  as  neurocogni-
tive  abnormalities  and  Alzheimer’s  disease,  although  these
remain  controversial.  It  should  be  remembered  that  PCSK9
inhibitors  do  not  cross  the  blood  —  brain  barrier.  Also,  that
their  effects  on  fatty  liver  disease  and  glucose  tolerance  are
still  under  investigation  [33].

Will PCSK9 inhibitors predominate in
atherosclerosis prevention?

We  think  that  it  is  too  early  to  provide  a  definite  answer
to  this  question.  Of  note,  PCSK9  inhibitors  have  been  given
in  addition  to  statin  and/or  ezetimibe  treatment  in  the
majority  of  studies.  Actually,  in  the  ODYSSEY  and  FOURIER
trials  [34],  high-  or  moderate/low-intensity  statins  were
used  97.4%  and  99.7%  respectively.  It  should  not  be  for-
gotten  that  PCSK9  inhibitors  are  the  only  class  of  drugs
that  have  been  reported  to  lower  lipoprotein(a)  levels  [33].
The  two  currently  used  PCSK9  inhibitors—evolocumab  and
alirocumab—have  similar  LDL-C-lowering  potency.  It  is  not
known  whether  they  differ  in  their  actions  on  internal  and
external  pathways.  However,  as  they  are  both  monoclonal
antibodies  it  would  be  surprising  if  their  action  differed,  and
they  are  both  known  to  bind  extracellular  PCSK9.  Other  non-
monoclonal  antibody  approaches  might  utilize  alternative
strategies  to  inhibit  intracellular  PCSK9.

Whether  PCSK9  inhibitors  may  ever  replace  statins  as  a
sole  treatment  is  too  premature  to  venture.  It  should  be
remembered  that  PCSK9  inhibitors  have  been  used  for  a  rel-
atively  short  period  of  time  compared  with  over  30  years  of
statin  use.  To  date,  several  large  trials  have  been  conducted,
but  fewer  patients  have  been  enrolled  in  PCSK9  inhibitor  tri-
als  than  in  statin  trials.  Obviously,  more  trials  are  needed.
A  shift  is  developing  from  using  PCSK9  inhibitors  only  in
familial  hypercholesterolaemia  towards  its  use  in  classes  of
patients  with  less  severe  clinical  conditions.  This  is  expected
to  provide  more  data  and  give  more  information  on  the  roles
of  PCSK9  and  its  inhibitors  beyond  LDL-C  lowering,  which
would  shed  further  light  on  the  possible  importance  of  their

pleiotropic  effects.

There  is,  however,  no  doubt  that  PCSK9  inhibitors  are
a  promising  class  of  drugs  for  the  prevention  and  treat-
ment  of  atherosclerosis,  and  possibly  also  aortic  stenosis.
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mportantly,  they  open  new  pathways  of  research  for  other
odalities  of  anti-PCSK9  therapy.
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