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Abstract: The importance of the proprotein convertase subtilisin/kexin type-9 (PCSK9) gene was
quickly recognized by the scientific community as the third locus for familial hypercholesterolemia.
By promoting the degradation of the low-density lipoprotein receptor (LDLR), secreted PCSK9 pro-
tein plays a vital role in the regulation of circulating cholesterol levels and cardiovascular disease
risk. For this reason, the majority of published works have focused on the secreted form of PCSK9
since its initial characterization in 2003. In recent years, however, PCSK9 has been shown to play
roles in a variety of cellular pathways and disease contexts in LDLR-dependent and -independent
manners. This article examines the current body of literature that uncovers the intracellular and
LDLR-independent roles of PCSK9 and also explores the many downstream implications in meta-
bolic diseases.

Keywords: endoplasmic reticulum; loss-of-function; chaperone; CD36; liver disease; kidney
disease; neurodegenerative disease; inflammatory disease

1. Introduction

Widely considered as the greatest advancement in our understanding of cardiovas-
cular disease (CVD) since the discovery of the low-density lipoprotein (LDL) receptor
(LDLR) over 40 years ago, the characterization of the proprotein convertase subtil-
isin/kexin type-9 (PCSK9) gene and its encoded protein product was published in two
back-to-back articles by Seidah et al. and Abifadel et al. in 2003 [1,2]. In the years that
followed, it was also reported that loss-of-function (LOF) variants in PCSK9 were associ-
ated with a lifelong state of hypocholesterolemia and a substantial reduction in CVD risk
[3-7]. Nearly 20 years later, our understanding of PCSK9 has evolved, but its primary role
as a regulator of circulating cholesterol levels has not changed. The major function of
PCSK9 is to enhance the degradation of the LDLR and reduce the clearance of LDL cho-
lesterol (LDLc) from the circulation, where it otherwise increases CVD risk [8-10]. Since
the time of these seminal findings, PCSK9 has been shown to regulate the expression of a
variety of intracellular and cell-surface proteins and potentially play a role in a variety of
diseases [11]. As a secretory protein and third locus of familial hypercholesterolemia, the
majority of reports have focused on the role of circulating PCSK9 in the context of CVD.

In this review, we will focus on the recent studies that have characterized the intra-
cellular roles of PCSK9. As a secretory protein, the PCSK9 lifecycle begins in the endo-
plasmic reticulum (ER), where it undergoes several post-translational modifications and
interacts with a variety of ER-resident proteins. Although wild-type PCSKO readily trans-
its the ER, many ER-retained LOF variants have now been identified and new therapeutic
modalities that cause ER retention are also being explored. In addition, this review will
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focus on new advances on the effects of PCSK9, both intracellular and extracellular, on
metabolic diseases such as liver disease, chronic kidney disease (CKD), and neurodegen-
erative disorders.

2. PCSK9 and Its Loss-Of-Function Variants in the Endoplasmic Reticulum

PCSK9 is primarily expressed in the liver, small intestine, and kidney where it is syn-
thesized as a 692-amino-acid zymogen [2]. The zymogen consists of a signal peptide (aa
1-30), which promotes its entry into the ER via the translocon (Figure 1). Following entry,
the prosegment (aa 31-152) is autocatalytically cleaved by the catalytic domain (aa 153-
404) at position Q152| [1,12]. Similar to other proprotein convertases [13], the newly-
cleaved PCSK9 prosegment forms a covalent bond with the catalytic domain and blocks
any further catalytic activity of the protein and also acts as an intramolecular chaperone
that promotes proper folding and ER exit [1]. The PCSK9 zymogen also consists of a hinge
region (aa 405-451) and a C-terminal cysteine- and histidine-rich domain (aa 452-692),
which play important roles in LDLR binding and cellular trafficking [14]. The C-terminal
domain of PCSKO9, in particular, consists of three tandem repeats with structural similari-
ties, which are referred to as the M1, M2, and M3 modules. Due to the density of His
residues in the M2 domain, it is thought that the C-terminal domain plays a significant
pH-dependent role in the sorting of PCSK9 to the endosome [15,16].

Q152
Pro-PCSK9 -v
sp . Catalyic  CHRD
A A A
30 452 692
Mature
PCSK9

Figure 1. Domain structure of PCSK9. PCSK9 protein consists of a signal peptide (SP) that serves as
a guide into the ER, a pro-domain (Pro) that undergoes self-cleavage during maturation, a catalytic
domain, and a Cys-His-rich domain (CHRD) located at the C-terminus. Following the process of
autocatalytic cleavage, the pro-domain remains associated with the catalytic domain and prevents
further catalytic activity.

The C-terminal domain of PCSK9 is unique among the proprotein convertase family
due to its net positive charge with several protein—protein interaction motifs [15]. Deletion
of the C-terminal domain of PCSK9 also impairs PCSK9 secretion, likely via failure of the
truncated protein to interact with coat protein complex II (COPII) component (SEC24)
[14,17]. Following its autocatalytic cleavage in the ER, PCSK9 is shuttled to the Golgi via
the canonical COPII vesicle pathway. The knockdown of SEC24 isoforms A, B, and C—
key components of the COPII vesicle—has been shown to significantly reduce PCSK9 se-
cretion in cultured hepatocytes. In the same study, deletion of amino acids 445 to 692 also
impaired PCSK9 maturation and its exit from the ER. To reach SEC24 on the cytoplasmic
side of the ER, however, ER-luminal PCSKO is first sorted by the ER cargo receptor, Surf4
[18]. This model was characterized using a proximity-dependent biotinylation approach
in combination with co-immunoprecipitation studies. Emmer and colleagues demon-
strated that PCSK9 interacted directly with the Surf4 ER cargo receptor and that knock-
down of Surf4 significantly reduced overexpressed PCSK9 secretion in Hek293 cells [18].
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Recent studies, however, in HepG2 cells, HuH?7 cells, as well as in a mouse model of he-
patic Surf4 knockdown, have failed to corroborate these findings [19,20]. It is likely, how-
ever, that a diversity of ER cargo receptors contributes to the exit of PCSK9 from the ER,
and that such mechanisms vary between cell types. Clearly, additional studies are re-
quired in order to better understand how PCSK9 exits the ER and is sorted into COPII
vesicles. Interestingly, dynamin-related protein-1 (DRP1), which contributes to ER remod-
eling,was recently shown to play a role in the secretion of PCSK9; treatment of HepG2
cells with the mitochondrial division inhibitor-1, as well as hepatic knockout of DRP1,
significantly reduced secreted PCSKO levels in cells and mice [21].

The expression and secretion of PCSK9 from secretory cells is dependent on the ER
for more than the process of autocatalytic cleavage. PCSK9 was first shown to be phos-
phorylated on serine residues at positions 47 and 688 by a Golgi casein kinase [22], and at
serines 47, 666, 668, and 688 by Fam20C in the ER [23]. These gain-of-function (GOF) phos-
phorylation events have been shown to promote the secretion of PCSK9 from hepatocytes,
reduce PCSK9 proteolysis, and enhance the degradation of the LDLR. PCSKO9 is also N-
glycosylated at position 533 and sulfonated on tyrosine residues [12,24]. Consistent with
the phosphorylation events, the glycosylation and sulfonation of PCSK9 were shown not
to be necessary for PCSK9 function but were shown to enhance PCSK9-induced LDLR
degradation.

The sterol regulatory element-binding protein-2 (SREBP2), which is the primary tran-
scriptional driver of the de novo synthesis of PCSK9 [25-27], also resides in the ER in a pre-
mature form [28,29]. During conditions of low-intracellular cholesterol, SREBP2 is acti-
vated and shuttled to the nucleus where it induces the expression of many cholesterol
regulatory genes, including PCSK9, LDLR, and 3-hydroxy-3-methylglutyryl-coenzyme A re-
ductase (HMGR) [29]. ER expansion and the need for new cholesterol-rich ER membranes
is known to mitigate ER stress and may be the reason that SREBP2 is activated by such
conditions [30-32]. Recent evidence also demonstrates that ER Ca?* levels, which play a
significant role in ER chaperone activity, modulate SREBP2 activation via GRP78 to con-
trol PCSK9 expression and circulating LDLc levels [33]. In this study, exposure to caffeine
was found to increase hepatic ER Ca?* levels, block de novo synthesis, and reduce circulat-
ing levels of PCSK9 in vitro, in vivo, and in healthy volunteers [33]. Additional transcrip-
tion factors and promoters of de novo PCSK9 synthesis, such as the hepatocyte nuclear
factor (HNF1a) and SREBP], are also known to play a role in ER stress [31,34-36]. Alt-
hough small molecule antagonists of PCSK9 autocatalytic cleavage that cause ER retention
are highly desirable as a treatment strategy for CVD, this approach is not without its chal-
lenges. Unlike other druggable proteases, PCSK9 is unique in that it is only known to
undergo a single proteolytic action upon itself [37]. Following this event, which is thought
to take place with zero-order kinetics following zymogen entry into the ER, the PCSK9
maturation process is largely complete, and the catalytic site is inaccessible to other sub-
strates [38]. Furthermore, the process of PCSK9 autocatalytic cleavage in the ER is pro-
tected from potential inhibitors by two lipid bilayers. Overall, PCSK9 plays a significant
role on the regulation of circulating LDLc and CVD risk, and the inhibition of PCSK9 au-
tocatalytic cleavage remains an important treatment avenue [1].

The clinical benefit of LOF variants in PCSK9 was first described following the se-
quencing of PCSK9 in African American individuals with hypocholesterolemia from the
Dallas Heart Study. Among the African American patients (n = 3363) involved in the
study, 2.6% carried a heterozygous non-sense PCSK9 variant (Y142X or C679X), which led
to a 28% reduction in circulating LDLc and was associated with an 88% reduction in cor-
onary heart disease (CHD) [4]. Similarly, the R46L variant was identified in 3.2% of the
white population (n = 9524) included in the study, which led to a 15% reduction in LDLc
and a 47% reduction in CHD [4]. To date, >20 LOF PCSK9 variants have been reported
occuringin all domains of the protein [39]. In contrast, GOF variants in PCSK9 were first
correlated with autosomal dominant hypercholesterolemia in 2003 following the seminal
discovery and characterization of the gene and encoded protein [1,2]. While the majority
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of GOF variants impact later stages of the PCSK9 lifecycle, such as increased LDLR bind-
ing, most of the LOF mutations reduce the exit of PCSK9 from the cell during early stages
of protein maturation. A reduction or abolishment of PCSK9 autocatalytic cleavage, for
instance, results in a LOF PCSKO protein. Mutations in the site of cleavage, such as Q152H,
as well as mutations in the catalytic domain, such as L253F, N354I, and H391N, prevent
the autocatalytic cleavage and maturation of PCSK9 [40-42]. Because residues of the pro-
domain regulate proteolysis and secretion independently, it is also likely that such LOF
variants impact the exit of PCSK9 from the ER in an additive or even synergistic manner
[38]. Likely due to the ability of PCSKO9 to oligomerize in the ER [1], the overexpression of
ER-retained variants of PCSK9 also blocks the exit of endogenous wild-type PCSK9 [5].
This phenomenon was also observed in mice, as well as in subjects expressing the PCSK9-
Q152H variant [43]. Mutations in the signal peptide, such as L10 and 61_63dupCTG, have
been shown to impact the trafficking of PCSKY, likely resulting in ER retention as well
[44,45]. The relatively common R46L prodomain variant, however, is not thought to lead
to ER retention. A reduction in the GOF phosphorylation of PCSK9 in individuals with
R46L results in increased proteolytic degradation of the variant, which has 50% reduced
affinity for the LDLR [22]. Additionally, mutations in the prodomain (R97del, R104C,
G106R, and V114A), as well as the C-terminal region (R434W, S462P, and C679X) have
also been shown to result in ER retention of PCSK9 [40,42,46-49].

The good health and longevity reported in individuals with LOF PCSK9 variants
strongly suggests that such mutations are not deleterious [5,43]. In fact, hypocholesterol-
emia accompanied by a marked reduction in CHD risk, are among the few outcomes re-
ported in these individuals to date [5,43]. It is intriguing, however, that the retention of
PCSK9 in the ER of secretory or endocrine cells, such as hepatocytes, does not lead to ER
storage disease (ERSD) [43]. Many heritable LOF variants in cell-surface or secretory pro-
teins that transit the ER and are retained due to failure to pass ER quality controls lead to
ERSD. Mutations in alpha (1)-antitrypsin Z, for instance, induce chronic ER stress and
liver cirrhosis, as well as hepatocellular carcinoma [50,51]. Additional examples include
arginine-vasopressin mutations (G14R and G17V) involved in familial neurohypophyseal
diabetes insipidus [52,53], cystic fibrosis transmembrane conductance regulator-AF508 in-
volved in cystic fibrosis [54], thyroglobulin mutations involved in congenital goiter and
hyperthyroidism [55], and mutations in the Notch receptor known to promote cerebral
autosomal-dominant arteriopathy and leukoencephalopathy [56].

3. PCSKO as a Putative Co-Chaperone of the ER

Hepatocytes, like all secretory cells, are rich in ER and are sensitive to disturbances
that affect ER homeostasis. Because the majority of cell-surface and secretory proteins
transit this organelle, it is vitally important for hepatocytes to maintain ER function
[57,58]. The ER consists of multiple interdigitated cisternae located in the perinuclear re-
gion of the cell and can be subdivided into the ribosome-enriched rough ER responsible
for de novo protein synthesis and maturation, as well as the smooth ER responsible for the
synthesis of lipids and steroids [31]. In order to carry out such a diversity of tasks, the ER
contains an abundance of resident molecular chaperones within its lumen. Chaperones
are charged with the task of ensuring that the constant influx of nascent proteins entering
the ER are properly folded before exit and subsequent secretion from the cell. When the
influx of newly synthesized proteins entering the ER exceeds its protein folding capacity,
an accumulation of misfolded polypeptides ensues. This state is referred to as ER stress,
and often occurs when a chemical imbalance within the luminal environment reduces ER-
resident chaperone protein folding efficiency. Given the importance of the ER in all secre-
tory and metabolically active tissues, it is not surprising that ER stress has now been iden-
tified as a driver in the development of a range of human diseases—including CVD, liver
disease, CKD, as well as neurodegenerative diseases, to name a few [57,59-61].
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While in the ER, PCSK9 is known to interact with the ER-resident chaperone glucose-
regulated protein of 94 kDa (GRP94) [43,62,63] (Figure 2). In contrast to many other secre-
tory proteins that transit the ER, however, the processing and maturation of PCSK9 is not
dependent on its interaction with this chaperone. Rather, it is hypothesized that ER-resi-
dent GRP94 acts as an antagonist of the PCSK9-LDLR complex, thereby preventing the
intracellular route of LDLR degradation, promoting cell-surface LDLR expression, and
reducing circulating LDLc levels [62]. Due to its dependence on SREBP2, an ER stress-
inducible transcription factor, PCSK9 expression was shown to be induced by ER stress
caused by ER Ca? depletion [63]. ER stress, however, also led to the retention of PCSK9
in the ER [63]. This behavior parallels that of the many other chaperones that are highly
expressed and abundant in the ER during conditions of ER stress.
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Figure 2. Summary of PCSK9 functions in the ER. (A) Mature PCSK9 is formed as a result of an
autocatalytic cleavage event at position Q152|, followed by the binding of the prodomain to the
catalytic domain [2]. (B) The interaction between PCSK9 and ER chaperone, GRP94, mitigates
PCSK9-mediated LDLR degradation [62], and increases the protein abundance of GRP%4 [43,64].
(C) In addition to demonstrating co-chaperone functionality by increasing the abundance of GRP94
and protecting against ER stress, PCSK9 can act as a chaperone for pre-mature ER-resident LDLR
and promote its trafficking to the cell surface [65]. (D) During conditions of ER stress, the abundance
of ER-resident PCSK?9 increases due to a reduction in secretion, as well as an increase in SREBP2-
induced de novo synthesis [63]. Created with BioRender.com.

ER PCSK9 accumulation, in contrast to the secretory proteins known to cause ERSD,
does not cause ER stress in the livers of mice and in cultured hepatocytes due to its ability
to interact with GRP94 [43,64]. In contrast, the expression of an ER-retained LOF LDLR-
G544V variant caused robust hepatic ER stress, apoptosis, and liver injury [43]. Interest-
ingly, the expression of the ER-retained LOF PCSK9-Q152H variant led to ER stress and
cytotoxicity only in GRP94 knockdown cells [64]. Results of this study suggest that GRP94
shields ER-resident PCSK9 from the glucose-regulated protein of 78 kDa (GRP78), which
acts as the sensor of the unfolded protein response (UPR) [64]. Recently published clinical
evidence also demonstrated that subjects expressing the PCSK9-Q152H variant are
healthy, despite a lifelong state of hypocholesterolemia and hepatic ER-PCSK9 accumula-
tion [43]. In vitro and in vivo experiments from this study demonstrated that ER retention
of PCSK9 increased the protein abundance of ER-resident chaperones GRP78 and GRP%4,
thereby bestowing increased resistance against hepatic ER stress. Importantly, this effect
is not unique to PCSK9. The BAG family molecular chaperone regulator 5 (Bag5) and the
polypeptide N-acetylgalactosaminyltransferase 6 (GALNT6) have also been shown to
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protect against ER stress by increasing the protein abundance of ER-resident chaperones
[66,67]. Consistent with the notion that PCSK9 may act as a putative co-chaperone of the
ER, a previous study also demonstrated that ER-resident PCSK9 acts as a chaperone of
newly-synthesized LDLR [65]. In this study, wild-type PCSK9 was shown to promote the
transit of the LDLR to the cell surface, while cleavage variants that did not exit the ER
failed to do so [65]. Overall, accumulating evidence demonstrates that ER-resident PCSK9
can modulate chaperones such as GRP9%4, as well as cell-surface receptors such as the
LDLR. Given the roles of such proteins in the context of CVD and other metabolic disor-
ders, the long-term effects of therapies that block de novo synthesis of PCSK9 protein re-
main to be elucidated.

4. PCSK9 and Liver Disease

Non-alcoholic fatty liver disease (NAFLD) is one of the most prevalent hepatic dis-
orders worldwide, affecting 25-30% of the total population [68]. Clinically, NAFLD is
characterized by an accumulation of triglycerides in the liver that exceeds 5% of total liver
weight and is comprised of non-alcoholic fatty liver (NAFL) and non-alcoholic steatohep-
atitis (NASH). While the hallmark of NAFL is fat accumulation in the liver, NASH exhibits
the addition of inflammation and hepatocyte injury, and can progress to cirrhosis and
eventually hepatocellular carcinoma and end stage liver failure [69]. Although the exact
etiology of this disease is poorly understood, it is known that the pathophysiology of
NAFLD involves insulin resistance which promotes hepatic steatosis, a process enhanced
by obesity and type 2 diabetes (T2D) [70]. An increasing body of evidence shows that
impaired liver function is an independent risk factor for several metabolic conditions, in-
cluding CVD [71], insulin resistance [70], and CKD [72,73]. Warranted by the complexity
of this disease, numerous underlying molecular drivers of NAFLD have been identified
and are described in detail by Friedman and colleagues [74]. However, recent findings
point to the importance of PCSKY, traditionally regarded as a modulator of CVD, in the
regulation of hepatic lipid homeostasis.

Indeed, pre-clinical and clinical data have highlighted a potential link between
PCSK9 and NAFLD, demonstrating that circulating PCSK9 can prevent hepatic lipid up-
take and accumulation. High fat diet (HFD) feeding was shown to induce hepatic steatosis
and increase circulating as well as hepatic PCSK9 levels in mice [75]. In their study,
Demers et al. show that PCSK9 regulates the expression of a well-established modulator
of fatty acid (FA) uptake and driver of hepatic steatosis, cluster of differentiation (CD36)
[76]. Consistent with these observations, Lebeau et al. demonstrated that in immortalized
hepatocytes, PCSK9 regulates FA uptake in a CD36-dependent manner [77]. Furthermore,
Pcsk9-- mice exhibit increased hepatic lipid accumulation and CD36 expression [76,77]. In
line with these findings, HFD caused severe hepatic steatosis, ER stress, inflammation,
and fibrosis in the livers of Pcsk9-~ mice [77]. Demers and colleagues were the first to show
that PCSK9 could promote the degradation of CD36 by interacting with the extracellular
loop and mediating its internalization [76]. In contrast, the domain of PCSK9 that interacts
with CD36 remains to be determined. PCSK9-mediated CD36 degradation is thought to
occur via the extracellular and intracellular pathways, where PCSK9 impedes the recy-
cling of the receptor to the cell surface and induces its degradation within the lysosome
[76]. This process was shown to reduce the uptake of long-chain fatty acids, oxidized LDL
(oxLDL), and triglycerides. Using in vitro and in vivo models of PCSK9 inhibition, Demers
et al. reported increased hepatic triglyceride content, suggesting that elevated CD36 levels
in the liver may lead to increased susceptibility to NAFLD [76]. The discovery that PCSK9
gene deletion promotes murine NASH was also corroborated in a recent study by loannou
and colleagues. Upon feeding of a high fat/high cholesterol diet for 9 months, Pcsk9-- mice
exhibited increased levels of hepatic cholesterol crystallization, increased crown-like
structures of macrophages, higher levels of apoptosis and inflammation, as well as 11-fold
increase in hepatic fibrosis compared to controls [78]. Interestingly, monoclonal antibod-
ies against PCSKO that are currently available to patients as an adjunct to diet, alone, or in
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combination with other lipid-lowering therapies, increase circulating levels of the protein
as a direct result of preventing its interaction/degradation with the LDLR [79]. Although
this antibody-bound form of PCSK9 is no longer capable of interacting with the LDLR, its
ability to interact with, and modulate, the expression of CD36 remains to be elucidated.

Interestingly, adenovirus-mediated overexpression of the ER-retained PCSK9-
Q152H LOF variant unexpectedly protected against ER stress and liver injury rather than
inducing them in mice [43]. Conflicting evidence, however, suggests that liver-specific
overexpression of human PCSK9 in mice drives NAFLD and fibrosis upon a dietary chal-
lenge [80]. This suggests that PCSK9 may play a dual role depending on its cellular local-
ization. Additionally, E2f1 has been identified as one of the major regulators of PCSK9
expression, and E2f1-- mice fed a high-cholesterol diet (HCD) displayed increased hepatic
lipid accumulation and fibrosis. Importantly, the NAFLD phenotype was reversed by re-
expression of PCSK9 in the liver [81]. Collectively, these studies reinforce the importance
of PCSKO9 in the regulation of hepatic lipid metabolism/homeostasis.

Although most pre-clinical evidence supports a pro-steatotic role of PCSK9, clinical
observations remain controversial. In morbidly obese patients, hepatic PCSK9 expression
is inversely correlated with hepatic fat accumulation, while circulating PCSK9 levels cor-
relate with the severity of liver steatosis [82]. In contrast, Ruscica and colleagues demon-
strated that hepatic PCSK9 expression and circulating PCSK9 levels correlate with steato-
sis in morbidly obese patients who have undergone bariatric surgery [83]. In support of
this notion, a recent study found that hepatic expression of PCSK9 increases with severity
of steatosis [80]. In a separate study, no association between circulating PCSK9 and liver
enzymes was shown in obese patients [84]. Also in conflict with previous observations,
no association between liver fat and circulating PCSK9 or hepatic PCSK9 mRNA expres-
sion was reported in obese patients [84]. To delineate the specific role of PCSK9 on hepatic
health, three separate studies examined the effect of LOF PCSK9 variants on hepatic stea-
tosis and liver function [43,80,85]. Similar to findings in mice, carriers of the PCSK9-
Q152H variant exhibited normal liver function despite their lifelong state of PCSK9 reten-
tion [43]; perhaps suggesting that the PCSK9-Q152H variant attenuates liver damage. On
the other hand, early investigations on the effect of PCSK9-R46L showed that carriers of
this variant displayed a two-fold increase in the prevalence of hepatic steatosis [85], while
more recent data suggest that the PCSK9-R46L variant is protective against liver damage
in patients with NAFLD [80]. Thus, the direction of the relationship between PCSK9 and
NAFLD in the context of human disease remains unclear. Collectively, there are a variety
of causes of liver disease, and it is likely that PCSK9 expression correlates with certain
forms of the disease (i.e., diet-induced liver disease). It is also likely that PCSK9 expression
correlates with liver disease only during certain stages of the disease. It is not surprising,
therefore, that results from studies based on a diversity of patient populations are not well
aligned.

5. PCSK9 and Cardio-Renal Syndrome

CKD is a prevalent, chronic disease that is primarily characterized by a decline in
renal function, and often presents with CVD [86]. As such, an increasing number of stud-
ies have investigated the association between PCSK9 and renal function. Konarzewski et
al. first reported a two-fold increase in circulating PCSK9 levels in CKD patients (n = 44),
with a significant negative correlation between PCSK9 and estimated glomerular filtration
rate (eGFR) [87]. Other groups, however, did not report significant correlations between
PCSK9 and eGFR in patients from two independent long-term trials, which aimed to char-
acterize cardio-renal interactions based on statin intake [88]. The absence of a significant
correlation was also observed in nondiabetic patients diagnosed during a variety of stages
of CKD. Similarly, Morena et al. reported a correlation between PCSK9 and apolipopro-
teinB (ApoB), but failed to observe a correlation between PCSK9 and eGFR or proteinuria
[89]. Interestingly, however, vaccination against PCSK9 protected against renal disease in
mice by modulating fatty acid oxidation in the kidney. Compared to the Qf viral control,
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the PCSK9Qf vaccine protected against renal lipid accumulation and fibrosis in both uni-
lateral ureteral obstruction (UUO) and N-nitro-L-arginine methyl ester models [90].

Recent research has also been conducted on the intracellular roles of PCSK9 in the
kidney. Using an adriamycin nephropathy model, Zhang et al. reported that renal inflam-
mation and subsequent lipid deposition was associated with a downregulation in renal
PCSK9 expression [91]. In turn, this impacted the expression of receptors known to pro-
mote lipid uptake from the circulation. It was observed that renal HNF1la levels were
suppressed, while SREBP2 and the LDLR were upregulated, suggesting an important role
of HNF1a in the regulation of renal PCSK9. Barisione et al. have also reported that renal
PCSK9 expression is impacted by ischemia [92]. Using a rat model, ischemia was shown
to impact both renal and circulating levels of PCSKO9, strengthening the notion that PCSK9
may also be an important target for the management of cardio-renal syndrome [92].

Others have investigated the association between PCSK9 and blood pressure. Sha-
rotri et al. first reported a negative association between PCSK9 and the epithelial Na(+)
channel (EnaC), which plays a critical role in blood pressure regulation by maintaining
sodium homeostasis [93]. Contrary to these in vitro findings, however, Berger et al. re-
ported no significant association between PCSK9 deficiency and changes in blood pres-
sure that were tested in two well-established hypertensive mouse models; including the
administration of (1) NG-Nitro-L-arginine-methyl ester (-NAME), and (2) angiotensin II
with deoxycorticosterone acetate-salt (DOCA) [94]. Interestingly, although an active sub-
unit of EnaC was significantly higher in Pcsk9--mice, these mice continued to exhibit sim-
ilar urinary sodium excretion and blood pressure levels compared to wild-type mice.

6. PCSK9 and Neurodegenerative Disease

First known for its role in neuronal apoptosis, PCSK9 is highly expressed in the tel-
encephalon neurons, promoting neuronal differentiation and regulating cellular apopto-
sis during neurogenesis [1]. Additionally, dysregulated lipid homeostasis is strongly as-
sociated with the progression of several neurodegenerative diseases due to the choles-
terol-dependence of the brain [95]. Compromised lipid metabolism has been shown to
promote the denervation of neuromuscular junctions, impair neuronal transport, and pro-
mote cytoskeletal and mitochondrial dysfunction [96]. As such, several studies have been
conducted to explore the potential role that PCSK9 may have in the progression of neuro-
degenerative diseases.

Wu et al. first reported that PCSK9 promotes neuronal apoptosis by upregulating
caspases and reducing apolipoprotein E receptor 2 (ApoER2) expression [97]. Consistent
with this observation, PCSK9 silencing in mice protected against cerebral ischemia-in-
duced neuronal apoptosis, thereby preventing the progression of brain injury [98]. Inter-
estingly, the association between PCSK9 and Alzheimer’s disease (AD) in the literature
remains unclear. One of the canonical features of AD pathology is the accumulation of
amyloid  (AB) plaque as a result of changes in the pathways responsible for A{3; namely,
the pathways regulated by the amyloid precursor protein (APP) and [ secretase-1
(BACE1) [99]. BACEL], in particular, is known to play a major role in the development of
AD due to its ability to clear AP. Studies investigating AD pathophysiology in the last
decade have uncovered a significant connection between AD and dyslipidemia [99,100].
Interestingly, PCSK9 was shown to decrease cholesterol uptake in the brain by degrading
the LDLR-related protein-1 (LRP1), and subsequently decreasing AP clearance [100].
Abuelezz and colleagues investigated the impact of PCSK9-inhibitor alirocumab in brain
cholesterol metabolism, dyslipidemia, and neuroinflammation, which are markers of AD
risk and pathology [99]. Results demonstrated a significant association between inhibition
of PCSK9 and reduction of neuroinflammatory markers in rat models of AD [99]. Aliro-
cumab-treated groups presented with increased LRP1 expression levels as well as reduced
brain cholesterol levels, and neuroinflammatory marker expression including interleukin
1B (IL-1p), interleukin 6 (IL-6), and tumor necrosis factor o (TNF-at)[99]. Hippocampal
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BACEI, associated with A3 clearance, was also reduced [99]. Taken together, these find-
ings highlight the crosstalk between multiple metabolic pathways such as cholesterol ho-
meostasis, neuroinflammation, AD pathology, and PCSKO9 levels [99]. Zimetti et al. have
also reported that PCSK9 levels were significantly higher in the cerebrospinal fluid of pa-
tients with AD compared to those without the disease [101]. Consistent with these clinical
observations, Pcsk9-mice exhibited an upregulation of BACE1; the enzyme primarily re-
sponsible for producing amyloid plaques that is known to exacerbate AD [102]. As such,
overexpression of PCSK9 reduced BACE1 expression in mice. In contrast, Apaijai et al.
reported that inhibition of PCSK9 protected against dendritic spine loss by reducing am-
yloid plaque formation and neuroinflammation [103]. Similarly, Liu et al. also demon-
strated that neuronal PCSK9 is not involved in the degradation of the LDLR or interaction
with BACELI in mice [104]. Results of the pivotal phase 3 clinical trials evaluating the effi-
cacy of PCSK9 inhibition using monoclonal antibodies have concluded that there is no
significant association between PCSK9 inhibition or lowered LDLc and neurocognitive
decline. It is noteworthy, however, that a longer timepoint may be needed to observe the
impact of this relatively new treatment on AD, which can take a lifetime to develop. Over-
all, as an important modulator of lipid homeostasis, it is possible that PCSK9 plays a role
in neurodegenerative diseases, but at present this role remains unclear.

7. PCSK9 and Inflammatory Disease

In humans, dyslipidemia usually accompanies macrophage infiltration and the acti-
vation of numerous inflammatory pathways involved in the exacerbation of atherosclero-
sis and vascular plaque formation [105]. Recent studies have investigated the involvement
of PCSKO9 in several inflammatory processes in the context of atherosclerosis. Clinically,
elevated white blood cell count is the primary marker of pro-inflammatory processes. In
epidemiological studies, circulating levels of PCSK9 were positively associated with white
blood cell, neutrophil, and lymphocyte count analyzed in both univariate and multivari-
ate settings from patients with coronary artery disease (CAD) in China [106,107]. Simi-
larly, fibrinogen —a pro-inflammatory marker known to be a blood coagulation glycopro-
tein—was positively associated with plasma PCSK9 levels from a cross-sectional study in
patients with angiographically verified CAD [108].

Others have also shown that PCSK9 enhances the activation of several pro-inflam-
matory pathways. Tang et al. demonstrated that PCSK9 overexpression in oxLDL-treated
macrophages promoted the production of oxLDL-induced cytokines, upregulated Toll-
like receptor 4 (TLR4) expression, and increased nuclear factor-kB (NF-«xB) nuclear locali-
zation [109]. Consistent with these observations, silencing of PCSK9 expression attenuated
the production of pro-inflammatory cytokines by reducing both the nuclear localization
of NF-kB and attenuating IxBa degradation. Others have used lipopolysaccharide (LPS),
an agent well-known to trigger the NF-«B signaling pathway, to demonstrate its PCSK9-
dependent pro-inflammatory effect [110]. Feingold et al. reported that LPS treatment in
mice led to an increase in circulating PCSK9 levels, which was also accompanied by a
reduction in hepatic LDLR expression and increased circulating LDL-cholesterol [111]. To
strengthen this notion, Walley et al. demonstrated that human LOF PCSK9 variants were
associated with improved survival in patients with septic shock, and that Pcsk9-- mice
were protected from the pro-inflammatory cytokine response following treatment with
LPS [86]. Given these observations, PCSK9 is clearly involved in the inflammatory re-
sponse. The specific role of PCSK9 in this process, however, merits additional investiga-
tion.

8. Conclusions

PCSK9 was characterized nearly 20 years ago, and our understanding of its biology
has evolved much during this period. Although the regulation of LDLc via the SREBP2-
LDLR-PCSK9 axis remains its primary function, PCSK9 is clearly a multifaceted protein
[11]. In recent years, our understanding of the alternative roles of PCSKY, as a protein that
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resides within secretory cells prior to secretion, has evolved. Both the secreted and intra-
cellular forms of PCSK9 have been shown to play a role in a variety of diseases such as
liver disease, CKD, neurodegenerative disease, (Figure 3).

PCSK9 expression PCSK9 regulates the

PCSK9 is expressed in

liver hepatocytes and
regulates the
expression of several
cell surface receptors
including the LDLR
and CD36

-> Hepatic steatosis
-> Inflammation

has been shown to
be negatively
associated with
ENaC expression.

-> Hypertension
-> eGFR

expression of LRP1,
BACE], and
ApoER?2 in the brain,
subsequently
decreasing A
clearance.

-> Accumulation of Ap
plaque

-> Neuronal apoptosis
-> Inflammation
-> Fibrosis

-> Fibrosis -> Proteinuria

Figure 3. Impact of PCSK9 in non-cardiovascular diseases. PCSK9 is expressed in liver hepatocytes
where it increases the stability of ER chaperones to protect against hepatic ER stress. Once secreted,
PCSKO can also contribute to hepatic steatosis, inflammation, and fibrosis. In the kidney, PCSK9 has
been shown to affect hypertension, eGFR, and proteinuria. In the central nervous system, PCSK9 is
also known to impact the accumulation of A, leading to neuronal apoptosis, inflammation, and
fibrosis.

In liver hepatocytes, PCSK9 has been shown to regulate a number of cell surface re-
ceptors, including those belonging to the LDLR family, as well as CD36. For this reason,
as well as others, PCSK9 has now been shown to regulate hepatic lipid content and poten-
tially affect the onset and progression of liver disease. Additionally, ER-resident PCSK9
has now been shown to regulate chaperone activity to influence the UPR and protect
against ER stress. It is therefore pivotal to continue to develop our understanding of this
important convertase family member to better harness the potential of the currently avail-
able PCSK9 inhibitors. Developing new modalities of PCSK9 inhibition, such as causing
its retention in the ER, may also provide benefits that go beyond a reduction in CVD risk.

Author Contributions: Conceptualization, P.F.L., KP., JH.B., Y.M.,, R.C.A. Writing—original draft
preparation, P.F.L., K.P.,, J.H.B., Y.M.,, R.C.A. writing—review and editing, P.F.L., KP,, J HB.,, Y.M,,
R.C.A.,; funding acquisition, R.C.A. All authors have read and agreed to the published version of
the manuscript.



Metabolites 2022, 12, 215 11 of 16

Funding: This work was supported in part by research grants to R.C.A. from the Canadian Insti-
tutes of Health Research (FRN173520). Financial support from the Research Institute of St. Joseph’s
Healthcare Hamilton and Amgen Canada is acknowledged. R.C.A. is a Career Investigator of the
Heart and Stroke Foundation of Ontario and holds the Amgen Canada Research Chair in the Divi-
sion of Nephrology at St. Joseph’s Healthcare and McMaster University.

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

References

1.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

Abifadel, M.; Varret, M.; Rabes, J.P.; Allard, D.; Ouguerram, K.; Devillers, M.; Cruaud, C.; Benjannet, S.; Wickham, L.; Erlich,
D.; et al. Mutations in PCSK9 cause autosomal dominant hypercholesterolemia. Nat. Genet. 2003, 34, 154-156.
https://doi.org/10.1038/ng1161.

Seidah, N.G.; Benjannet, S.; Wickham, L.; Marcinkiewicz, J.; Jasmin, S.B.; Stifani, S.; Basak, A.; Prat, A.; Chretien, M. The secre-
tory proprotein convertase neural apoptosis-regulated convertase 1 (NARC-1): Liver regeneration and neuronal differentiation.
Proc. Natl. Acad. Sci. USA 2003, 100, 928-933. https://doi.org/10.1073/pnas.0335507100 0335507100.

Cohen, ]J.; Pertsemlidis, A.; Kotowski, I.K.; Graham, R.; Garcia, C.K.; Hobbs, H.H. Low LDL cholesterol in individuals of African
descent resulting from frequent nonsense mutations in PCSK9. Nat. Genet. 2005, 37, 161-165. https://doi.org/10.1038/ng1509.
Cohen, ]J.C.; Boerwinkle, E.; Mosley, T.H., Jr.; Hobbs, H.H. Sequence variations in PCSK9, low LDL, and protection against
coronary heart disease. New Engl. ]. Med. 2006, 354, 1264-1272. https://doi.org/10.1056/NEJMo0a054013.

Mayne, J.; Dewpura, T.; Raymond, A.; Bernier, L.; Cousins, M.; Ooi, T.C.; Davignon, J.; Seidah, N.G.; Mbikay, M.; Chretien, M.
Novel loss-of-function PCSK9 variant is associated with low plasma LDL cholesterol in a French-Canadian family and with
impaired processing and secretion in cell culture. Clin. Chem. 2011, 57, 1415-1423. https://doi.org/10.1373/clinchem.2011.165191.
Benjannet, S.; Hamelin, J.; Chretien, M.; Seidah, N.G. Loss- and gain-of-function PCSK9 variants: Cleavage specificity, dominant
negative effects, and low density lipoprotein receptor (LDLR) degradation. ]. Biol. Chem. 2012, 287, 33745-33755.
https://doi.org/10.1074/jbc.M112.399725.

Chretien, M.; Mbikay, M. 60 YEARS OF POMC: From the prohormone theory to pro-opiomelanocortin and to proprotein con-
vertases (PCSK1 to PCSK9). J. Mol. Endocrinol. 2016, 56, T49-T62. https://doi.org/10.1530/JME-15-0261.

Maxwell, K.N.; Breslow, J.L. Adenoviral-mediated expression of Pcsk9 in mice results in a low-density lipoprotein receptor
knockout phenotype. Proc. Natl. Acad. Sci. USA 2004, 101, 7100-7105. https://doi.org/10.1073/pnas.0402133101.

Maxwell, K.N.; Fisher, E.A.; Breslow, J.L. Overexpression of PCSK9 accelerates the degradation of the LDLR in a post-endo-
plasmic reticulum compartment. Proc. Natl. Acad. Sci. USA 2005, 102, 2069-2074. https://doi.org/10.1073/pnas.0409736102.
Lagace, T.A,; Curtis, D.E.; Garuti, R.; McNutt, M.C.; Park, S.W.; Prather, H.B.; Anderson, N.N.; Ho, Y.K.; Hammer, R.E.; Horton,
J.D. Secreted PCSK9 decreases the number of LDL receptors in hepatocytes and in livers of parabiotic mice. J. Clin. Investig.
2006, 116, 2995-3005. https://doi.org/10.1172/JC129383.

Seidah, N.G.; Prat, A. The multifaceted biology of PCSK9. Endocr. Rev. 2021, 1-25. https://doi.org/10.1210/endrev/bnab035.
Benjannet, S.; Rhainds, D.; Essalmani, R.; Mayne, J.; Wickham, L.; Jin, W.; Asselin, M.C.; Hamelin, J.; Varret, M.; Allard, D.; et
al. NARC-1/PCSK9 and its natural mutants: Zymogen cleavage and effects on the low density lipoprotein (LDL) receptor and
LDL cholesterol. |. Biol. Chem. 2004, 279, 48865-48875. https://doi.org/10.1074/jbc.M409699200.

Seidah, N.G.; Mayer, G.; Zaid, A.; Rousselet, E.; Nassoury, N.; Poirier, S.; Essalmani, R.; Prat, A. The activation and physiological
functions of the proprotein convertases. Int. . Biochem. Cell Biol. 2008, 40, 1111-1125. https://doi.org/10.1016/j.biocel.2008.01.030.
Saavedra, Y.G.; Day, R.; Seidah, N.G. The M2 module of the Cys-His-rich domain (CHRD) of PCSK9 protein is needed for the
extracellular low-density lipoprotein receptor (LDLR) degradation pathway. |. Biol. Chem. 2012, 287, 43492-43501.
https://doi.org/10.1074/jbc.M112.394023.

Cunningham, D.; Danley, D.E.; Geoghegan, K.F.; Griffor, M.C.; Hawkins, J.L.; Subashi, T.A.; Varghese, A.-H.; Ammirati, M.J.;
Culp, J.S.; Hoth, L.R; et al. Structural and biophysical studies of PCSK9 and its mutants linked to familial hypercholesterolemia.
Nat. Struct. Mol. Biol. 2007, 14, 413-419. https://doi.org/10.1038/nsmb1235.

Piper, D.E.; Romanow, W.G.; Gunawardane, R.N.; Fordstrom, P.; Masterman, S.; Pan, O.; Thibault, S.T.; Zhang, R.; Meininger,
D.; Schwarz, M.; et al. The high-resolution crystal structure of human LCAT. ]. Lipid Res. 2015, 56, 1711-1719.
https://doi.org/10.1194/jlr. M059873.

Deng, S.J.; Shen, Y.; Gu, HM.; Guo, S.; Wu, S.R.; Zhang, D.W. The role of the C-terminal domain of PCSK9 and SEC24 isoforms
in PCSK9 secretion. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2020, 1865, 158660. https://doi.org/10.1016/j.bbalip.2020.158660.
Emmer, B.T.; Hesketh, G.G.; Kotnik, E.; Tang, V.T.; Lascuna, P.].; Xiang, J.; Gingras, A.C.; Chen, X.W.; Ginsburg, D. The cargo
receptor SURF4 promotes the efficient cellular secretion of PCSKO. Elife 2018, 7, 1-14 https://doi.org/10.7554/eLife.38839.
Wang, B.; Shen, Y.; Zhai, L.; Xia, X.; Gu, HM.; Wang, M.; Zhao, Y.; Chang, X.; Alabi, A.; Xing, S.; et al. Atherosclerosis-associated
hepatic secretion of VLDL but not PCSK9 is dependent on cargo receptor protein Surf4. |. Lipid Res. 2021, 62, 100091.
https://doi.org/10.1016/j.jlr.2021.100091.

Shen, Y.; Wang, B.; Deng, S.; Zhai, L.; Gu, H.M.; Alabi, A.; Xia, X.; Zhao, Y.; Chang, X.; Qin, S.; et al. Surf4 regulates expression
of proprotein convertase subtilisin/kexin type 9 (PCSK9) but is not required for PCSK9 secretion in cultured human hepatocytes.
Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2020, 1865, 158555. https://doi.org/10.1016/j.bbalip.2019.158555.



Metabolites 2022, 12, 215 12 of 16

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Rogers, M.A.; Hutcheson, J.D.; Okui, T.; Goettsch, C.; Singh, S.A.; Halu, A.; Schlotter, F.; Higashi, H.; Wang, L.; Whelan, M.C,;
et al. Dynamin-related protein 1 inhibition reduces hepatic PCSK9 secretion. Cardiovasc. Res. 2021, 117, 2340-2353.
https://doi.org/10.1093/cvr/cvab034.

Dewpura, T.; Raymond, A.; Hamelin, J.; Seidah, N.G.; Mbikay, M.; Chretien, M.; Mayne, ]J. PCSKO9 is phosphorylated by a Golgi
casein kinase-like kinase ex vivo and circulates as a phosphoprotein in humans. FEBS ]. 2008, 275, 3480-3493.
https://doi.org/10.1111/.1742-4658.2008.06495.x.

Ben Djoudi Ouadda, A.; Gauthier, M.S.; Susan-Resiga, D.; Girard, E.; Essalmani, R.; Black, M.; Marcinkiewicz, J.; Forget, D.;
Hamelin, J.; Evagelidis, A.; et al. Ser-Phosphorylation of PCSK9 (Proprotein Convertase Subtilisin-Kexin 9) by Fam20C (Family
with Sequence Similarity 20, Member C) Kinase Enhances Its Ability to Degrade the LDLR (Low-Density Lipoprotein Receptor).
Arter. Thromb. Vasc. Biol. 2019, 39, 1996-2013. https://doi.org/10.1161/ATVBAHA.119.313247.

Benjannet, S.; Rhainds, D.; Hamelin, J.; Nassoury, N.; Seidah, N.G. The proprotein convertase (PC) PCSK9 is inactivated by furin
and/or PC5/6A: Functional consequences of natural mutations and post-translational modifications. J. Biol. Chem. 2006, 281,
30561-30572. https://doi.org/10.1074/jbc.M606495200.

Jeong, HJ.; Lee, H.S,; Kim, K.S.; Kim, Y.K,; Yoon, D.; Park, S.W. Sterol-dependent regulation of proprotein convertase subtil-
isin/kexin type 9 expression by sterol-regulatory element binding protein-2. ]. Lipid Res. 2008, 49, 399-409.
https://doi.org/10.1194/jlr. M700443-JLR200.

Dong, B.; Wu, M; Li, H.; Kraemer, F.B.; Adeli, K.; Seidah, N.G.; Park, S.W.; Liu, ]. Strong induction of PCSK9 gene expression
through HNFlalpha and SREBP2: Mechanism for the resistance to LDL-cholesterol lowering effect of statins in dyslipidemic
hamsters. J. Lipid Res. 2010, 51, 1486-1495. https://doi.org/10.1194/jlr. M003566.

Dubuc, G.; Chamberland, A.; Wassef, H.; Davignon, J.; Seidah, N.G.; Bernier, L.; Prat, A. Statins upregulate PCSK9, the gene
encoding the proprotein convertase neural apoptosis-regulated convertase-1 implicated in familial hypercholesterolemia. Arter.
Thromb. Vasc. Biol. 2004, 24, 1454-1459. https://doi.org/10.1161/01.ATV.0000134621.14315.43.

Sakai, J.; Rawson, R.B.; Espenshade, P.J.; Cheng, D.; Seegmiller, A.C.; Goldstein, J.L.; Brown, M.S. Molecular identification of
the sterol-regulated luminal protease that cleaves SREBPs and controls lipid composition of animal cells. Mol. Cell 1998, 2, 505-
514. https://doi.org/10.1016/s1097-2765(00)80150-1.

Goldstein, J.L.; DeBose-Boyd, R.A. Brown, M.S. Protein sensors for membrane sterols. Cell 2006, 124, 35-46.
https://doi.org/10.1016/j.cell.2005.12.022.

Schuck, S.; Prinz, W.A,; Thorn, K.S.; Voss, C.; Walter, P. Correction: Membrane expansion alleviates endoplasmic reticulum
stress independently of the unfolded protein response. J. Cell Biol. 2021, 220. https://doi.org/10.1083/jcb.20090707402092021c.
Colgan, S.M.; Hashimi, A.A.; Austin, R.C. Endoplasmic reticulum stress and lipid dysregulation. Expert Rev. Mol. Med. 2011, 13,
e4. https://doi.org/10.1017/S1462399410001742.

Colgan, SM.; Tang, D.; Werstuck, G.H.; Austin, R.C. Endoplasmic reticulum stress causes the activation of sterol regulatory
element binding protein-2. Int. |. Biochem. Cell Biol. 2007, 39, 1843-1851. https://doi.org/10.1016/j.biocel.2007.05.002.

Lebeau, P.F.; Byun, ].H.; Platko, K.; Saliba, P.; Sguazzin, M.; MacDonald, M.E.; Pare, G.; Steinberg, G.R.; Janssen, L.J.; Igdoura,
S.A.; et al. Caffeine blocks SREBP2-induced hepatic PCSK9 expression to enhance LDLR-mediated cholesterol clearance. Nat.
Commun. 2022, 13, 770. https://doi.org/10.1038/s41467-022-28240-9.

Dong, B.; Singh, A.B.; Shende, V.R.; Liu, J. Hepatic HNF1 transcription factors control the induction of PCSK9 mediated by
rosuvastatin in normolipidemic hamsters. Int. ]. Mol. Med. 2017, 39, 749-756. https://doi.org/10.3892/ijmm.2017.2879.

Costet, P.; Cariou, B.; Lambert, G.; Lalanne, F.; Lardeux, B.; Jarnoux, A.L.; Grefthorst, A.; Staels, B.; Krempf, M. Hepatic PCSK9
expression is regulated by nutritional status via insulin and sterol regulatory element-binding protein 1c. J. Biol. Chem. 2006,
281, 6211-6218. https://doi.org/10.1074/jbc.M508582200.

Kirkpatrick, C.L.; Wiederkehr, A.; Baquie, M.; Akhmedov, D.; Wang, H.; Gauthier, B.R.; Akerman, I; Ishihara, H.; Ferrer, J.;
Wollheim, C.B. Hepatic nuclear factor lalpha (HNF1lalpha) dysfunction down-regulates X-box-binding protein 1 (XBP1) and
sensitizes  beta-cells to endoplasmic reticulum stress. ] Biol. Chem. 2011, 286, 32300-32312.
https://doi.org/10.1074/jbc.M111.247866.

Naureckiene, S.; Ma, L.; Sreekumar, K; Purandare, U.; Lo, C.F.; Huang, Y.; Chiang, L.W.; Grenier, ].M.; Ozenberger, B.A.; Ja-
cobsen, J.S.; et al. Functional characterization of Narc 1, a novel proteinase related to proteinase K. Arch. Biochem. Biophys. 2003,
420, 55-67. https://doi.org/10.1016/j.abb.2003.09.011.

Chorba, ].S.; Shokat, K.M. The proprotein convertase subtilisin/kexin type 9 (PCSK9) active site and cleavage sequence differ-
entially  regulate  protein  secretion  from  proteolysis. .  Biol. = Chem. 2014, 289,  29030-29043.
https://doi.org/10.1074/jbc.M114.594861.

Dron, J.S.; Hegele, R.A. Complexity of mechanisms among human proprotein convertase subtilisin-kexin type 9 variants. Curr.
Opin. Lipidol. 2017, 28, 161-169. https://doi.org/10.1097/MOL.0000000000000386.

Cameron, J.; Holla, O.L.; Laerdahl, J.K.; Kulseth, M.A.; Ranheim, T.; Rognes, T.; Berge, K.E.; Leren, T.P. Characterization of
novel mutations in the catalytic domain of the PCSK9 gene. |. Intern. Med. 2008, 263, 420—431. https://doi.org/10.1111/j.1365-
2796.2007.01915.x.

Seidah, N.G.; Awan, Z.; Chretien, M.; Mbikay, M. PCSK9: A key modulator of cardiovascular health. Circ. Res. 2014, 114, 1022-
1036. https://doi.org/10.1161/CIRCRESAHA.114.301621.



Metabolites 2022, 12, 215 13 of 16

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Zhao, Z.; Tuakli-Wosornu, Y.; Lagace, T.A.; Kinch, L.; Grishin, N.V.; Horton, J.D.; Cohen, ].C.; Hobbs, H.H. Molecular charac-
terization of loss-of-function mutations in PCSK9 and identification of a compound heterozygote. Am. |. Hum. Genet. 2006, 79,
514-523. https://doi.org/10.1086/507488.

Lebeau, P.F.; Wassef, H.; Byun, ].H.; Platko, K.; Ason, B.; Jackson, S.; Dobroff, ].; Shetterly, S.; Richards, W.G.; Al-Hashimi, A.A.;
et al. The loss-of-function PCSK9Q152H variant increases ER chaperones GRP78 and GRP94 and protects against liver injury. J.
Clin. Investig. 2021, 131. https://doi.org/10.1172/jci128650.

Slimani, A.; Hrira, M.Y.; Najah, M.; Jomaa, W.; Maatouk, F.; Hamda, K.B.; Abifadel, M.; Rabes, J.P.; Boileau, C.; Rouis, M.; et al.
PCSKO9 polymorphism in a Tunisian cohort: Identification of a new allele, L8, and association of allele L10 with reduced coronary
heart disease risk. Mol. Cell Probes 2015, 29, 1-6. https://doi.org/10.1016/j.mcp.2014.09.001.

Pisciotta, L.; Sallo, R.; Rabacchi, C.; Wunsch, A.; Calandra, S.; Bertolini, S. Leucine 10 allelic variant in signal peptide of PCSK9
increases the LDL cholesterol-lowering effect of statins in patients with familial hypercholesterolaemia. Nutr. Metab. Cardiovasc.
Dis. 2012, 22, 831-835. https://doi.org/10.1016/j.numecd.2011.04.003.

Cameron, J.; Holla, O.L.; Laerdahl, J.K.; Kulseth, M.A.; Berge, K.E.; Leren, T.P. Mutation S462P in the PCSK9 gene reduces
secretion of mutant PCSK9 without affecting the autocatalytic cleavage. Atherosclerosis 2009, 203, 161-165.
https://doi.org/10.1016/j.atherosclerosis.2008.10.007.

Cariou, B.; Ouguerram, K.; Zair, Y.; Guerois, R.; Langhi, C.; Kourimate, S.; Benoit, I.; Le May, C.; Gayet, C.; Belabbas, K.; et al.
PCSK9 dominant negative mutant results in increased LDL catabolic rate and familial hypobetalipoproteinemia. Arter. Thromb.
Vasc. Biol. 2009, 29, 2191-2197. https://doi.org/10.1161/ATVBAHA.109.194191.

Abifadel, M; Elbitar, S.; El Khoury, P.; Ghaleb, Y.; Chemaly, M.; Moussalli, M.L.; Rabes, J.P.; Varret, M.; Boileau, C. Living the
PCSK9 adventure: From the identification of a new gene in familial hypercholesterolemia towards a potential new class of
anticholesterol drugs. Curr. Atheroscler. Rep. 2014, 16, 439. https://doi.org/10.1007/s11883-014-0439-8.

Dubugc, G.; Tremblay, M.; Pare, G.; Jacques, H.; Hamelin, J.; Benjannet, S.; Boulet, L.; Genest, J.; Bernier, L.; Seidah, N.G,; et al. A
new method for measurement of total plasma PCSK9: Clinical applications. ]. Lipid Res. 2010, 51, 140-149.
https://doi.org/10.1194/jlr.M900273-JLR200.

Teckman, J.H.; Perlmutter, D.H. Retention of mutant alpha(1)-antitrypsin Z in endoplasmic reticulum is associated with an
autophagic response. Am. |. Physiol. Gastrointest. Liver Physiol. 2000, 279, G961-G974.

Lin, L.; Schmidt, B.; Teckman, J.; Perlmutter, D.H. A naturally occurring nonpolymerogenic mutant of alpha 1-antitrypsin char-
acterized by prolonged retention in the endoplasmic reticulum. J. Biol. Chem. 2001, 276, 33893-33898.
https://doi.org/10.1074/jbc.M105226200.

Beuret, N.; Rutishauser, J.; Bider, M.D.; Spiess, M. Mechanism of endoplasmic reticulum retention of mutant vasopressin pre-
cursor caused by a signal peptide truncation associated with diabetes insipidus. J. Biol. Chem. 1999, 274, 18965-18972.

Birk, J.; Friberg, M. A.; Prescianotto-Baschong, C.; Spiess, M.; Rutishauser, J. Dominant pro-vasopressin mutants that cause dia-
betes insipidus form disulfide-linked fibrillar aggregates in the endoplasmic reticulum. J. Cell Sci. 2009, 122, 3994-4002.
https://doi.org/10.1242/jcs.051136.

Gilbert, A.; Jadot, M.; Leontieva, E.; Wattiaux-De Coninck, S.; Wattiaux, R. Delta F508 CFTR localizes in the endoplasmic retic-
ulum-Golgi  intermediate compartment in cystic fibrosis cells. Exp. Cell Res. 1998, 242, 144-152.
https://doi.org/10.1006/excr.1998.4101.

Kim, P.S;; Lee, ].; Jongsamak, P.; Menon, S.; Li, B.; Hossain, S.A.; Bae, ].H.; Panijpan, B.; Arvan, P. Defective protein folding and
intracellular retention of thyroglobulin-R19K mutant as a cause of human congenital goiter. Mol. Endocrinol. 2008, 22, 477-484.
https://doi.org/10.1210/me.2007-0183.

Takahashi, K.; Adachi, K.; Yoshizaki, K.; Kunimoto, S.; Kalaria, R.N.; Watanabe, A. Mutations in NOTCH3 cause the formation
and retention of aggregates in the endoplasmic reticulum, leading to impaired cell proliferation. Hum. Mol. Genet. 2010, 19, 79—
89. https://doi.org/10.1093/hmg/ddp468.

Austin, R.C. The unfolded protein response in health and disease. Antioxid Redox Signal 2009, 11, 2279-2287.
https://doi.org/10.1089/ARS.2009.2686.

Ruggiano, A.; Foresti, O.; Carvalho, P. Quality control: ER-associated degradation: Protein quality control and beyond. J. Cell
Biol. 2014, 204, 869-879. https://doi.org/10.1083/jcb.201312042.

Lin, J.H.; Walter, P.; Yen, T.S. Endoplasmic reticulum stress in disease pathogenesis. Annu. Rev. Pathol. 2008, 3, 399-425.
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151434.

Schonthal, A.H. Endoplasmic reticulum stress: Its role in disease and novel prospects for therapy. Scientifica 2012, 2012, 857516.
https://doi.org/10.6064/2012/857516.

Ghemrawi, R.; Battaglia-Hsu, S.F.; Arnold, C. Endoplasmic Reticulum Stress in Metabolic Disorders. Cells 2018, 7, 63.
https://doi.org/10.3390/cells7060063.

Poirier, S.; Mamarbachi, M.; Chen, W.T.; Lee, A.S.; Mayer, G. GRP94 Regulates Circulating Cholesterol Levels through Blockade
of PCSK9-Induced LDLR Degradation. Cell Rep. 2015, 13, 2064-2071. https://doi.org/10.1016/j.celrep.2015.11.006.

Lebeau, P.; Platko, K.; Al-Hashimi, A.A.; Byun, J.H.; Lhotak, S.; Holzapfel, N.; Gyulay, G.; Igdoura, S.A.; Cool, D.R.; Trigatti, B.;
et al. Loss-of-function PCSK9 mutants evade the unfolded protein response sensor GRP78 and fail to induce endoplasmic retic-
ulum stress when retained. J. Biol. Chem. 2018, 293, 7329-7343. https://doi.org/10.1074/jbc.RA117.001049.



Metabolites 2022, 12, 215 14 of 16

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Lebeau, P.; Al-Hashimi, A.; Sood, S.; Lhotak, S.; Yu, P.; Gyulay, G.; Pare, G.; Chen, S.R.; Trigatti, B.; Prat, A.; et al. Endoplasmic
Reticulum Stress and Ca2+ Depletion Differentially Modulate the Sterol Regulatory Protein PCSK9 to Control Lipid Metabo-
lism. J. Biol. Chem. 2017, 292, 1510-1523. https://doi.org/10.1074/jbc.M116.744235.

Strem, T.B.; Tveten, K; Leren, T.P. PCSKO9 acts as a chaperone for the LDL receptor in the endoplasmic reticulum. Biochem. ].
2014, 457, 99-105. https://doi.org/10.1042/bj20130930.

Lin, J.; Chung, S.; Ueda, K.; Matsuda, K.; Nakamura, Y.; Park, ]. H. GALNTG6 Stabilizes GRP78 Protein by O-glycosylation and
Enhances its Activity to Suppress Apoptosis Under Stress Condition. Neoplasia 2017, 19, 43-53.
https://doi.org/10.1016/j.neo.2016.11.007.

Gupta, M.K,; Tahrir, F.G.; Knezevic, T.; White, M.K.; Gordon, J.; Cheung, ].Y.; Khalili, K.; Feldman, A.M. GRP78 Interacting
Partner Bag5 Responds to ER Stress and Protects Cardiomyocytes From ER Stress-Induced Apoptosis. J. Cell Biochem. 2016, 117,
1813-1821. https://doi.org/10.1002/jcb.25481.

Bellentani, S. The epidemiology of non-alcoholic fatty liver disease. Liver Int 2017, 37 (Suppl. 1), 81-84.
https://doi.org/10.1111/1iv.13299.

Brunt, EM.; Wong, V.W.; Nobili, V.; Day, C.P.; Sookoian, S.; Maher, ].J.; Bugianesi, E.; Sirlin, C.B.; Neuschwander-Tetri, B.A.;
Rinella, M.E. Nonalcoholic fatty liver disease. Nat. Rev. Dis. Primers 2015, 1, 15080. https://doi.org/10.1038/nrdp.2015.80.
Gruben, N.; Shiri-Sverdlov, R.; Koonen, D.P.; Hofker, M.H. Nonalcoholic fatty liver disease: A main driver of insulin resistance
or a dangerous liaison? Biochim. Biophys. Acta 2014, 1842, 2329-2343. https://doi.org/10.1016/j.bbadis.2014.08.004.

Deprince, A.; Haas, ].T.; Staels, B. Dysregulated lipid metabolism links NAFLD to cardiovascular disease. Mol. Metab. 2020, 42,
101092. https://doi.org/10.1016/j.molmet.2020.101092.

Targher, G.; Byrne, C.D.; Lonardo, A.; Zoppini, G.; Barbui, C. Non-alcoholic fatty liver disease and risk of incident cardiovas-
cular disease: A meta-analysis. |. Hepatol. 2016, 65, 589-600. https://doi.org/10.1016/j.jhep.2016.05.013.

Mantovani, A.; Zaza, G.; Byrne, C.D.; Lonardo, A.; Zoppini, G.; Bonora, E.; Targher, G. Nonalcoholic fatty liver disease increases
risk of incident chronic kidney disease: A systematic review and meta-analysis. Metabolism 2018, 79, 64-76.
https://doi.org/10.1016/j.metabol.2017.11.003.

Friedman, S.L.; Neuschwander-Tetri, B.A.; Rinella, M.; Sanyal, A.J. Mechanisms of NAFLD development and therapeutic strat-
egies. Nat. Med. 2018, 24, 908-922. https://doi.org/10.1038/s41591-018-0104-9.

Lebeau, P.F.; Byun, ].H.; Platko, K.; MacDonald, M.E.; Poon, S.V.; Faiyaz, M.; Seidah, N.G.; Austin, R.C. Diet-induced hepatic
steatosis abrogates cell-surface LDLR by inducing de novo PCSK9 expression in mice. J. Biol. Chem. 2019, 294, 9037-9047.
https://doi.org/10.1074/jbc.RA119.008094.

Demers, A.; Samami, S.; Lauzier, B.; Des Rosiers, C.; Ngo Sock, E.T.; Ong, H.; Mayer, G. PCSK9 Induces CD36 Degradation and
Affects Long-Chain Fatty Acid Uptake and Triglyceride Metabolism in Adipocytes and in Mouse Liver. Arter. Thromb. Vasc.
Biol. 2015, 35, 2517-2525. https://doi.org/10.1161/ATVBAHA.115.306032.

Lebeau, P.F.; Byun, ]. H.; Platko, K.; Al-Hashimi, A.A.; Lhotak, S.; MacDonald, M.E.; Mejia-Benitez, A.; Prat, A.; Igdoura, S.A,;
Trigatti, B.; et al. Pcsk9 knockout exacerbates diet-induced non-alcoholic steatohepatitis, fibrosis and liver injury in mice. JHEP
Rep. 2019, 1, 418-429. https://doi.org/10.1016/j.jhepr.2019.10.009.

Ioannou, G.N.; Lee, S.P.; Linsley, P.S.; Gersuk, V.; Yeh, M.M.; Chen, Y.Y.; Peng, Y.].; Dutta, M.; Mascarinas, G.; Molla, B.; et al.
Pcsk9 Deletion Promotes Murine Nonalcoholic Steatohepatitis and Hepatic Carcinogenesis: Role of Cholesterol. Hepatol. Com-
mun. 2021. https://doi.org/10.1002/hep4.1858.

Shapiro, M.D.; Miles, ].; Tavori, H.; Fazio, S. Diagnosing Resistance to a Proprotein Convertase Subtilisin/Kexin Type 9 Inhibitor.
Ann. Intern. Med. 2018, 168, 376-379. https://doi.org/10.7326/M17-2485.

Grimaudo, S.; Bartesaghi, S.; Rametta, R.; Marra, F.; Margherita Mancina, R.; Pihlajamaki, J.; Kakol-Palm, D.; Andreasson, A.C.;
Dongiovanni, P.; Ludovica Fracanzani, A.; et al. PCSK9 rs11591147 R46L loss-of-function variant protects against liver damage
in individuals with NAFLD. Liver Int. 2021, 41, 321-332. https://doi.org/10.1111/liv.14711.

Lai, Q.; Giralt, A.; Le May, C.; Zhang, L.; Cariou, B.; Denechaud, P.D.; Fajas, L. E2F1 inhibits circulating cholesterol clearance by
regulating Pcsk9 expression in the liver. [CI Insight 2017, 2. https://doi.org/10.1172/jci.insight.89729.

Emma, M.R,; Giannitrapani, L.; Cabibi, D.; Porcasi, R.; Pantuso, G.; Augello, G.; Giglio, R.V.; Re, N.L.; Capitano, A.R.; Montalto,
G.; et al. Hepatic and circulating levels of PCSK9 in morbidly obese patients: Relation with severity of liver steatosis. Biochim.
Biophys. Acta Mol. Cell Biol. Lipids 2020, 1865, 158792. https://doi.org/10.1016/j.bbalip.2020.158792.

Ruscica, M.; Ferri, N.; Macchi, C.; Meroni, M.; Lanti, C.; Ricci, C.; Maggioni, M.; Fracanzani, A.L.; Badiali, S.; Fargion, S.; et al.
Liver fat accumulation is associated with circulating PCSK9. Ann. Med. 2016, 48, 384-391.
https://doi.org/10.1080/07853890.2016.1188328.

Wargny, M.; Ducluzeau, P.H.; Petit, ] M.; Le May, C.; Smati, S.; Arnaud, L.; Pichelin, M.; Bouillet, B.; Lannes, A.; Blanchet, O.;
et al. Circulating PCSK9 levels are not associated with the severity of hepatic steatosis and NASH in a high-risk population.
Atherosclerosis 2018, 278, 82-90. https://doi.org/10.1016/j.atherosclerosis.2018.09.008.

Baragetti, A.; Balzarotti, G.; Grigore, L.; Pellegatta, F.; Guerrini, U.; Pisano, G.; Fracanzani, A.L.; Fargion, S.; Norata, G.D.; Cat-
apano, A.L. PCSK9 deficiency results in increased ectopic fat accumulation in experimental models and in humans. Eur. ]. Prev
Cardiol. 2017, 24, 1870-1877. https://doi.org/10.1177/2047487317724342.

Walley, K.R; Thain, K.R.; Russell, J.A.; Reilly, M.P.; Meyer, N.]J.; Ferguson, ].E.; Christie, ].D.; Nakada, T.A.; Fjell, C.D.; Thair,
S.A.; et al. PCSK9 is a critical regulator of the innate immune response and septic shock outcome. Sci. Transl. Med. 2014, 6,
258ral43. https://doi.org/10.1126/scitranslmed.3008782.



Metabolites 2022, 12, 215 15 of 16

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Konarzewski, M.; Szolkiewicz, M.; Sucajtys-Szulc, E.; Blaszak, J.; Lizakowski, S.; Swierczynski, J.; Rutkowski, B. Elevated circu-
lating PCSK-9 concentration in renal failure patients is corrected by renal replacement therapy. Am. J. Nephrol. 2014, 40, 157-
163. https://doi.org/10.1159/000365935.

Rogacev, K.S.; Heine, G.H.; Silbernagel, G.; Kleber, M.E.; Seiler, S.; Emrich, I.; Lennartz, S.; Werner, C.; Zawada, A.M.; Fliser,
D.; et al. PCSK9 Plasma Concentrations Are Independent of GFR and Do Not Predict Cardiovascular Events in Patients with
Decreased GFR. PLoS ONE 2016, 11, e0146920. https://doi.org/10.1371/journal.pone.0146920.

Morena, M.; Le May, C.; Chenine, L.; Arnaud, L.; Dupuy, A.M.; Pichelin, M.; Leray-Moragues, H.; Chalabi, L.; Canaud, B.;
Cristol, J.P.; et al. Plasma PCSK9 concentrations during the course of nondiabetic chronic kidney disease: Relationship with
glomerular filtration rate and lipid metabolism. J. Clin. Lipidol. 2017, 11, 87-93. https://doi.org/10.1016/j.jacl.2016.10.005.

Wu, D; Zhou, Y.; Pan, Y; Li, C.; Wang, Y.; Chen, F.; Chen, X,; Yang, S.; Zhou, Z.; Liao, Y.; et al. Vaccine Against PCSK9 Improved
Renal Fibrosis by Regulating Fatty Acid beta-Oxidation. J. Am. Heart Assoc. 2020, 9, e014358.
https://doi.org/10.1161/JAHA.119.014358.

Zhang, G.; Li, Q. Inflammation Induces Lipid Deposition in Kidneys by Downregulating Renal PCSK9 in Mice with Adriamy-
cin-Induced Nephropathy. Med. Sci. Monit. 2019, 25, 5327-5335. https://doi.org/10.12659/MSM.917312.

Barisione, C.; Verzola, D.; Garibaldi, S.; Ferrari, P.F.; Garibotto, G.; Ameri, P.; Pane, B.; Spinella, G.; Pratesi, G.; Palombo, D.
Renal Ischemia/Reperfusion Early Induces Myostatin and PCSK9 Expression in Rat Kidneys and HK-2 Cells. Int. ]. Mol. Sci.
2021, 22, 9884. https://doi.org/10.3390/ijms22189884.

Sharotri, V.; Collier, D.M.; Olson, D.R.; Zhou, R.; Snyder, P.M. Regulation of epithelial sodium channel trafficking by proprotein
convertase subtilisin/kexin type 9 (PCSKO9). J. Biol. Chem. 2012, 287, 19266-19274. https://doi.org/10.1074/jbc.M112.363382.
Berger, ].M,; Vaillant, N.; Le May, C.; Calderon, C.; Bregeon, J.; Prieur, X.; Hadchouel, J.; Loirand, G.; Cariou, B. PCSK9-defi-
ciency does not alter blood pressure and sodium balance in mouse models of hypertension. Atherosclerosis 2015, 239, 252-259.
https://doi.org/10.1016/j.atherosclerosis.2015.01.012.

Bjorkhem, I; Meaney, S. Brain cholesterol: Long secret life behind a barrier. Arter. Thromb. Vasc. Biol. 2004, 24, 806-815.
https://doi.org/10.1161/01.ATV.0000120374.59826.1b.

Tracey, T.J.; Steyn, F.].; Wolvetang, E.J.; Ngo, S.T. Neuronal Lipid Metabolism: Multiple Pathways Driving Functional Outcomes
in Health and Disease. Front. Mol. Neurosci. 2018, 11, 10. https://doi.org/10.3389/fnmol.2018.00010.

Wu, Q.; Tang, Z.H,; Peng, J.; Liao, L.; Pan, L.H.; Wu, C.Y,; Jiang, Z.S.; Wang, G.X,; Liu, L.S. The dual behavior of PCSK9 in the
regulation of apoptosis is crucial in Alzheimer’s disease progression (Review). Biomed. Rep. 2014, 2, 167-171.
https://doi.org/10.3892/br.2013.213.

Wang, L.; Wang, Z.; Shi, |; Jiang, Q.; Wang, H.; Li, X.; Hao, D. Inhibition of proprotein convertase subtilisin/kexin type 9 atten-
uates neuronal apoptosis following focal cerebral ischemia via apolipoprotein E receptor 2 downregulation in hyperlipidemic
mice. Int. ]. Mol. Med. 2018, 42, 2098-2106. https://doi.org/10.3892/ijmm.2018.3797.

Abuelezz, S.A.; Hendawy, N. HMGB1/RAGE/TLR4 axis and glutamate as novel targets for PCSK9 inhibitor in high fat choles-
terol diet induced cognitive impairment and amyloidosis. Life Sci. 2021, 273, 119310. https://doi.org/10.1016/j.1fs.2021.119310.
Adorni, M.P.; Ruscica, M.; Ferri, N.; Bernini, F.; Zimetti, F. Proprotein Convertase Subtilisin/Kexin Type 9, Brain Cholesterol
Homeostasis and Potential Implication for Alzheimer’s Disease. Front. Aging Neurosci. 2019, 11, 120.
https://doi.org/10.3389/fnagi.2019.00120.

Zimetti, F.; Caffarra, P.; Ronda, N.; Favari, E.; Adorni, M.P.; Zanotti, I.; Bernini, F.; Barocco, F.; Spallazzi, M.; Galimberti, D.; et
al. Increased PCSK9 Cerebrospinal Fluid Concentrations in Alzheimer's Disease. ]. Alzheimers Dis. 2017, 55, 315-320.
https://doi.org/10.3233/JAD-160411.

Jonas, M.C.; Costantini, C.; Puglielli, L. PCSK9 is required for the disposal of non-acetylated intermediates of the nascent mem-
brane protein BACE1. EMBO Rep. 2008, 9, 916-922. https://doi.org/10.1038/embor.2008.132.

Apaijai, N.; Moisescu, D.M.; Palee, S.; McSweeney, C.M.; Saiyasit, N.; Maneechote, C.; Boonnag, C.; Chattipakorn, N.; Chattipa-
korn, S.C. Pretreatment With PCSK9 Inhibitor Protects the Brain Against Cardiac Ischemia/Reperfusion Injury Through a Re-
duction of Neuronal Inflammation and Amyloid Beta Aggregation. |. Am. Heart Assoc. 2019, 8, e010838.
https://doi.org/10.1161/JAHA.118.010838.

Liu, M.; Wu, G.; Baysarowich, J.; Kavana, M.; Addona, G.H.; Bierilo, K.K.; Mudgett, ].S.; Pavlovic, G.; Sitlani, A.; Renger, ].].; et
al. PCSK9 is not involved in the degradation of LDL receptors and BACE1 in the adult mouse brain. J. Lipid Res. 2010, 51, 2611-
2618. https://doi.org/10.1194/jlr. M006635.

Skalen, K.; Gustafsson, M.; Rydberg, E.K.; Hulten, L.M.; Wiklund, O.; Innerarity, T.L.; Boren, ]J. Subendothelial retention of
atherogenic lipoproteins in early atherosclerosis. Nature 2002, 417, 750-754. https://doi.org/10.1038/nature00804.

Li, S.; Zhang, Y.; Xu, R.X,; Guo, Y.L.; Zhu, C.G.; Wu, N.Q.; Qing, P.; Liu, G.; Dong, Q.; Li, ].J. Proprotein convertase subtilisin-
kexin type 9 as a biomarker for the severity of coronary artery disease. Ann. Med. 2015, 47, 386-393.
https://doi.org/10.3109/07853890.2015.1042908.

Li, S;; Guo, Y.L; Xu, R.X.; Zhang, Y.; Zhu, C.G; Sun, ].; Qing, P.; Wu, N.Q,; Jiang, L.X,; Li, ]J.J. Association of plasma PCSK9
levels with white blood cell count and its subsets in patients with stable coronary artery disease. Atherosclerosis 2014, 234, 441—
445. https://doi.org/10.1016/j.atherosclerosis.2014.04.001.

Zhang, Y.; Zhu, C.G.; Xu, R.X;; Li, S;; Guo, Y.L.; Sun, ].; Li, ].J. Relation of circulating PCSK9 concentration to fibrinogen in
patients with stable coronary artery disease. J. Clin. Lipidol. 2014, 8, 494-500. https://doi.org/10.1016/j.jacl.2014.07.001.



Metabolites 2022, 12, 215 16 of 16

109. Tang, Z.H.; Peng, J.; Ren, Z.; Yang, J.; Li, T.T.; Li, T.H.; Wang, Z.; Wei, D.H.; Liu, L.S.; Zheng, X.L.; et al. New role of PCSK9 in
atherosclerotic inflammation promotion involving the TLR4/NF-kappaB pathway. Atherosclerosis 2017, 262, 113-122.
https://doi.org/10.1016/j.atherosclerosis.2017.04.023.

110. Dwivedi, D.J.; Grin, P.M.; Khan, M.; Prat, A.; Zhou, J.; Fox-Robichaud, A.E.; Seidah, N.G.; Liaw, P.C. Differential Expression of
PCSK9 Modulates Infection, Inflammation, and Coagulation in a Murine Model of Sepsis. Shock 2016, 46, 672-680.
https://doi.org/10.1097/SHK.0000000000000682.

111. Feingold, K.R.; Moser, A.H.; Shigenaga, J.K,; Patzek, S.M.; Grunfeld, C. Inflammation stimulates the expression of PCSK9. Bio-
chem. Biophys. Res. Commun. 2008, 374, 341-344. https://doi.org/10.1016/j.bbrc.2008.07.023.



