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Low-density lipoprotein cholesterol (LDL-C) plays a central role in the pathology of atherosclerotic cardiovascular dis-
ease. For decades, the gold standard for LDL-C lowering have been statins, although these drugs carry a moderate risk
for the development of new-onset diabetes. The inhibitors of proprotein convertase subtilisin/kexin type 9 (PCSK9)
have emerged in the last years as potential alternatives to statins due to their high efficiency and safety without
indications for a diabetes risk so far. Both approaches finally eliminate LDL-C from bloodstream by upregulation of LDL
receptor surface expression. Due to their low antioxidant capacity, insulin producing pancreatic (3-cells are sensitive to
increased lipid oxidation and related generation of reactive oxygen species. Thus, PCSK9 inhibition has been argued
to promote diabetes like statins. Potentially, the remaining patients at risk will be identified in the future. Otherwise,
there is increasing evidence that loss of circulating PCSK9 does not worsen glycaemia since it is compensated by local
PCSK9 expression in 3-cells and other islet cells. This review explores the situation in 3-cells. We evaluated the relevant
biology of PCSK9 and the effects of its functional loss in rodent knockout models, carriers of LDL-lowering gene vari-
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PCSK9 inhibitors improve dyslipidaemia

without diabetes risk

Circulating low-density lipoprotein cholesterol (LDL-
C) has long been recognised for its central role in the
development and progression of atherosclerosis, which
is the pathological basis of cardiovascular disease (CVD).
According to a 2021 World Health Organisation report,
CVD is the leading cause of morbidity and mortal-
ity worldwide [1], and is particularly associated with
worse outcomes in patients with diabetes [2]. Lowering
of LDL-C is therefore an important clinical goal, which
is commonly addressed with statins as the first choice
therapy.
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Statins inhibit cholesterol synthesis by blocking the
rate-limiting  3-hydroxy-3-methyl-glutaryl-coenzyme
A reductase (HMGCR). The subsequent depletion of
cellular cholesterol activates proteolytic cleavage of
membrane-bound sterol regulatory element-bind-
ing protein (SREBP)-2 in the endoplasmic reticulum
(ER). The released N-terminal domain migrates into
the nucleus and acts as a transcription factor to acti-
vate gene expression of the LDL receptor (LDLR) and
other genes to rebalance cellular cholesterol homeosta-
sis [3, 4]. Statins are overall safe with a remaining risk
for raised transaminase levels and increased incidents
of new onset diabetes (about 50-100 cases in 10,000
patients treated for 5 years), which is much outweighed
by lowered CVD risk [5].

It is suspected that, in susceptible patients, sta-
tin-induced upregulation of LDLR results in cellular
cholesterol overload, which triggers dysfunction of insu-
lin-producing pancreatic p-cells. These cells are sensitive
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to excessive lipid import since they express only low
levels of the antioxidants catalase, sodium dismutase
(SOD)1 and SOD2 compared to other cell types, espe-
cially hepatocytes [6—8]. Their low antioxidant capacity
makes B-cells susceptible to increased lipid oxidation and
associated production of reactive oxygen species (ROS).
Moreover, statin-mediated HMGCR inhibition leads to
the depletion of isoprenoids like farnesyl pyrophosphate
(FPP), which is a G protein-coupled receptor (GPR)92
agonist [9]. GPR92 is present in pancreatic islet mac-
rophages and its activation with FFP reduced high-fat
diet-induced islet inflammation and increased insulin
secretion in wild type but not in GPR92 knockout (KO)
mice [10].

In support of the assumed statin-mediated lipotox-
icity, a number of in vitro studies observed that LDL-C
exposure impairs insulin secretion and survival in rodent
pancreatic islets and p-cell lines [11-14], which was not
observed in pancreatic islets from Ldlr KO mice [12].
Similarly, increased cholesterol levels in islets from apoli-
poprotein E (Apoe) KO mice correlate with impaired
glucose-stimulated insulin secretion, which is further
worsened in obese 0b/0b;Apoe KO mice [15]. The harm-
ful effects of cholesterol accumulation are associated
with activated signalling of c-Jun N-terminal kinase [14]
and p38 mitogen-activated protein kinase as well as oxi-
dative stress due to lipid oxidation [16].

In addition, mice with B-cell specific SREBP-2 over-
expression develop severe diabetes due to loss of B-cell
mass and function [17]. The idea of critical LDL-C over-
load in B-cells of statin-treated patients is further sup-
ported by the contradictory situation in patients with
hypercholesterolemia due to mutations in APOB and
LDLR genes [18]. These patients exhibit high plasma lev-
els of LDL-C and a substantial risk for CVD, but display
a lower prevalence of type 2 diabetes (T2D) than unaf-
fected relatives.

Statins are meanwhile challenged by a new class of
inhibitors that target the proprotein convertase subtili-
sin/kexin type 9 (PCSK9), the natural inhibitor of the
LDLR [19]. The currently available PCSK9 inhibitors are
the antibodies alirocumab and evolocumab. These anti-
bodies bind to PCSK9, preventing its interaction with
LDLR, which is then not targeted for degradation and
becomes recycled repeatedly. Consequently, inhibition
of PCSK9 increases numbers of LDLR on the cell surface.
This results in LDL-C lowering by about 60%, a value that
is comparable to high-intensity statin therapy (50—-60%)
[20]. Alirocumab and evolocumab are safe overall and so
far without any indication for a diabetes risk [21, 22].

With regard to the common upregulation of LDLR,
clinical PCSK9 inhibition is suspected to confer a similar
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diabetes risk as statins. Ongoing research has intensively
investigated this point and widened the view on the mul-
tifaceted functions of PCSK9 beyond LDL-C lowering
[19, 23]. In the following, we present the current under-
standing of the biology of PCSK9 and the consequences
of loss-of-function mutations and clinical inhibition rel-
evant to function and dysfunction of pancreatic [3-cells.

PCSK9 and cholesterol homeostasis

Cholesterol is an essential component of cell mem-
branes and functional cholesterol homeostasis is of vital
importance for all living cells including insulin produc-
ing pancreatic B-cells. However, cholesterol homeostasis
must be carefully balanced. Cholesterol overload alters
lipid raft composition and membrane fluidity, lead-
ing to a reduction of cell surface glucose transporters,
increased glucokinase retention in insulin granules and
altered Ca2+ and K+ channels [24]. Its impact on mito-
chondrial membranes reduced energy production by the
electron transport chain, increased ROS production and
reduced antioxidants (glutathione), leading to mitochon-
drial stress and cellular apoptosis. In addition, cholesterol
accumulation in ER membranes depletes Ca2 -+ storage,
thus increasing ER stress.

Nevertheless, cells basically need cholesterol, which
can be absorbed from food via the intestinal trans-
porter Niemann-Pick Cl-Like 1 (NPCI1L1). Inhibi-
tion of NPC1L1 by ezetimibe lowered LDL-C levels by
about 20% [20, 25]. Thus, most cholesterol comes from
endogenous synthesis or storage. Although most cells
are capable of synthesising cholesterol, the liver is of cen-
tral importance as it contributes about 50% of circulat-
ing cholesterol and is also the main site for elimination of
cholesterol from the bloodstream [26].

The liver releases acquired or newly synthesised cho-
lesterol as very low-density lipoprotein (VLDL), which
is processed in the blood stream to generate LDL for
LDLR-mediated uptake into all cells of the organism
[27]. LDL/LDLR complexes undergo endocytosis. LDLR
dissociates from its ligand due to pH change during
the late endosome to lysosome transition and becomes
recycled. PCSK9 disrupts LDLR recycling through its
binding to the extracellular epidermal growth factor
(EGF)-A domain of LDLR, which is stabilized by acidic
lysosomal pH, leading to the degradation of PCSK9/
LDLR complexes [28]. A process that is also considered
the main route to remove circulating PCSK9 from the
bloodstream [29].

The liver is also central for the release of circulating
PCSK9. Hepatocytes appear to be the only source, as cir-
culating PCSK9 is not detectable in mice with liver-spe-
cific deletion [30]. Similar profiles of circulating LDL-C
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levels in mice with Ldlr KO and combined Ldlr/Pcsk9
double KO indicate that PCSK9 regulates cholesterol
homeostasis exclusively through LDLR. Hepatic expres-
sion and circulating levels of PCSK9 decrease during
fasting and increase with food intake [31, 32]. PCSK9
is mainly regulated by SREBPs, in particular SREBP-
2, which is also the principle activator of LDLR gene
expression [33].

Newly translated pro-PCSK9 gets autocatalytically
cleaved in the ER but remains associated to its pro-
domain [19]. Both cleavage and pro-domain facilitate the
exit of PCSK9 from the ER towards the Golgi for matu-
ration and subsequent vesicle transport towards the cell
surface for secretion. In vitro experiments suggest that
PCSK9 can already bind LDLR intracellularly in order
to direct it from the trans-Golgi network to lysosomal
degradation [34]. However, the functional significance
of the proposed internal degradation pathway remains
unknown in vivo [19].

Expression in extrahepatic tissues

Beyond the liver, PCSK9 is also expressed in many other
tissues, including intestine, lung, kidney, the brain and
pancreatic B-cells [30, 35]. In this regard, circulating
cholesterol is reduced by 42% in mice with systemic
Pcsk9 KO and by 27% in mice with liver-specific KO
[30]. Thus, about one third of PCSK9-mediated choles-
terol regulation in mice is independent of circulating
PCSKO9, indicating a functional role of local PCSK9 in
extrahepatic tissues.

This notion has been further evaluated in the heart.
Pcsk9 KO mice exhibit reduced running resistance asso-
ciated with increased left ventricular wall thickness
suggestive of heart failure with preserved ejection frac-
tion (HFpEF) [36]. This was not observed in wild type
controls and mice with liver-specific Pcsk9 gene dele-
tion. The development of HFpEF in Pcsk9 KO mice was
associated with impaired energy metabolism in cardio-
myocytes and was not changed in Ldlr/Pcsk9 double KO
mice. Thus, PCSK9 mediates its effects on cardiomyo-
cyte energy metabolism independent of LDLR by locally
expressed PCSK9.

In this regard, PCSK9 exerts multiple functions beyond
the regulation of LDLR [19]. Notably, PCSKO9 targets the
free fatty acid (FFA) scavenger CD36 and VLDL receptor
(VLDLR) for degradation [37, 38]. Consequently, mice
with Pcsk9 KO show increased uptake of FFA and triglyc-
erides leading to accumulation of lipid droplets in hepat-
ocytes, hypertrophy of adipocytes and a substantially
enlarged visceral adipose tissue. This is relevant to the
overall situation in obesity, as in particular, the increase
in visceral adipose tissue is closely associated with low-
grade inflammation and insulin resistance in mice and
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patients [39]. A negative regulation of CD36 and VLDL
by PCSK9 has also been shown in human pancreatic
EndoC-BH1 B-cells [40]. PCSK9 is expressed in human
pancreatic -cells [41, 42], suggesting that combined lim-
itation of cholesterol, FFA and triglyceride import com-
pensates for the low antioxidant capacity of B-cells and
their sensitivity to ROS generation during increased lipid
oxidation [6, 7].

Cholesterol export

Cellular cholesterol homeostasis not only depends on
regulated import but also on balanced export and high-
density lipoprotein (HDL) generation (see Fig. 1 for over-
view). Mechanistically, surplus cellular cholesterol can be
stored in lipid droplets or exported by the ATP-binding
cassette (ABC)A1l and ABCG1 efflux transporters to
apoA-I, which generates HDL-C destined for uptake into
the liver via the scavenger receptor class B type 1 (SR-B1)
[43]. A process referred to as reverse cholesterol trans-
portation (RCT). Increased HDL-C blood levels have
been associated with a lower risk of CVD, although the
exact role of HDL in this context is still debated [44].
Beneficial effects of HDL have been attributed to its anti-
inflammatory, antioxidant and antithrombotic functions
[45]. These properties have been shown protective for
[-cells. In vitro, HDL-incubation protects mouse p-TC-3
B-cells from LDL-induced apoptosis [12] and decreased
basal and IL-1B-induced apoptosis in mouse and human
islets [13]. HDL exposure further improved insulin secre-
tion up to 5-fold in mouse MING6 B-cells [46]. Consist-
ently, T2D patients who received a 4-hour infusion of
reconstituted HDL showed significantly increased insu-
lin secretion and decreased blood glucose levels, with no
change in insulin sensitivity [1].

The critical role of functional cholesterol export in
insulin producing B-cells has been further shown in
heterozygote Tangier patients with validated loss-of-
function (LOF) gene variants of the ABCAI gene. These
patients show a 60% reduction in HDL-C levels with nor-
mal LDL-C levels and insulin sensitivity, but substantially
impaired first-phase insulin secretion during hypergly-
caemic clamps [47]. Similarly, mice with B-cell-specific
deletion of Abcal displayed impaired glucose tolerance
[48], which worsened to substantial islet inflammation
and diabetes in mice with additional deletion of Abcgl
[49]. In this regard, patients treated with PCSK9 inhibi-
tors showed no worsening of glycaemia and consistent
increase in HDL-C serum levels by 4.6 to 8.9% depend-
ing on trial and therapeutic regime [50]. This supports
the idea that ABCA1 and ABCGL are capable to maintain
critical cholesterol efflux in states of augmented LDL-C
influx due to clinical PCSK9 inhibition. Consistent with
this, PCSK9 has been shown to inhibit Abcal gene
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Fig. 1 Schematic overview of cellular regulation of PCSK9 expression, processing, secretion, interaction with LDLR and degradation. (1) Gene
expression of both PCSK9 and LDLR is induced by SREBP-2. (2) After maturation in the Golgi, PCSK9 is either routed to exocytosis or is intended
together with LDLR to degradation in lysosomes. (3) LDL binds LDLR and both will be internalized. LDLR will be recycled if it is not bound to

PCSK and thereby marked for degradation. (4) PCSK9 inhibits the expression of ABCAT1, which together with ABCG1 exports intracellular surplus
cholesterol to HDL formation in the blood stream and subsequent RCT to liver or TICE. (5) Cholesterol can also be excreted to bile or intestine via
ABCG5/ABCG8 and ABCB1a/b. As alternative LDL-lowering drugs, (5) ezetimibe inhibits NPC1L1-mediated cholesterol uptake from intestine and
(6) statins inhibit HMGCR-mediated cholesterol synthesis. The figure contains elements from Smart Servier Medical Arts (https://smart.servier.com/
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expression and export function in mouse macrophages
[51]. Thus, inhibition of PCSK9 simultaneously increases
both LDLR-mediated cholesterol import and its export
via ABC transporters.

In addition to cellular storage and export towards HDL
formation, excess cholesterol can also be eliminated from
the organism by excretion to the bile or intestine. In both
routes, cholesterol excretion is mediated by ABCG5/
ABCG8 and ABCBI transporters [52]. PCSK9 also
appears to inhibit these cholesterol transporters since
Pcsk9 KO mice show increased transintestinal cholesterol

excretion (TICE), which decreases after the injection of
recombinant human PCSK9 [52].

PCSK9 and glucose homeostasis

The hepatic expression of PCSK9 is influenced by insu-
lin and glucagon. Insulin-stimulated Pcsk9 gene expres-
sion involves activation of Srebp-2 in rat hepatoma cells
and of Srebp-1 in primary rat hepatocytes [53]. Vice
versa, glucagon-treatment reduced hepatic Pcsk9 mRNA
levels in mice [54]. In contrast, it has also been reported
that loss of insulin signalling in mice with shRNA-medi-
ated knockdown of insulin receptor signalling lead to
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increased hepatic PCSK9 expression in association with
decreased signalling of the mammalian target of rapamy-
cin complex 1 (mTORC1) and upregulation of hepatocyte
nuclear factor 1a (HNF1a) [55]. Potentially, this upregula-
tion is a regulatory feedback to reduced mTORCI activ-
ity in certain conditions.

In the human context, circulating PCSK9 levels were
found to be similar in healthy subjects and T2D patients
[56] with no change in both groups upon 24 h exposure
to moderate hyperinsulinemia [57]. In support, plasma
PCSK9 levels in IT-DIAB (233 patients with prediabetes,
follow-up 5 years) and the ELSA-Brasil (1,751 patients,
27.5% with prediabetes, follow-up 4 years) were not sig-
nificantly associated with new-onset diabetes or glu-
cose homeostasis, except for a positive correlation with
insulin resistance in ELSA-Brasil [58]. These data do
not favour an important link between circulating insu-
lin and PCSKO9. Likely, insulin and glucagon are rather
fine-tuning hepatic PCSK9 expression than to be major
regulators. Nevertheless, PCSK9 has been epidemiologi-
cally shown to mediate 11% of the association between
depression and insulin resistance in a cohort of 389 obese
patients [59].

Local PCSK9 expression in islets and B-cells has been
assumed to compensate for the loss of circulating PCSK9
upon clinical inhibition or liver-specific gene deletion in
mice. This is different in carriers of PCSK9 LOF variants
since such mutations affect both local and circulating
PCSK9. Several PCSK9 LOF variants have been reported
with variable effects on glucose homeostasis [60]. For
example, in a black South African population, variant
A443T had no significant effect on glucose homeostasis,
while C679X carriers showed reduced fasting glucose
levels, albeit without changes in HbAlc [61, 62]. Also
French Canadian carriers of the insLEU variant showed
normal glycaemia [63]. However, individuals with addi-
tional familial hypercholesterolemia displayed a trend for
higher incidence of prediabetes and diabetes as well as
slightly but significantly increased plasma glucose levels
[64]. Similarly, French and French Canadian carriers of
the variant R46L also showed normal glucose homeosta-
sis [63, 65] unless additional APOE3/E2 polymorphism
resulted in a trend towards insulin resistance with higher
plasma insulin levels [63].

The meaning of these findings from small populations
was further investigated at large-scale by a mendelian
randomisation study using data from 550,000 individuals
including 51,623 cases of T2D [66]. The combined analy-
ses of four LDL lowering PCSK9 gene variants finds an
association with elevated fasting glucose levels and an
increased risk of T2D [odds ratio of 1.29 (1.11 to 1.50)].
The individual risk of the variants was depending on
the individual extent of functional loss, with the highest
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risk of diabetes occurring in the variant with the highest
LDL-C lowering (lowest PCSK9 function). However, a
complete functional loss of PCSK9 is only well defined in
animal knockout models.

An initial study generated Pcsk9 KO mice by inbreed-
ing Pcsk9+/- mice from The Jackson Laboratories
(Maine, USA) and reported strong upregulation of LDLR
on B-cells, but normal islet cholesterol content and func-
tional insulin secretion [67]. Another study backcrossed
the Jackson Lab Pcsk9+/- males with B6 females before
generating the Pcsk9 KO. These mice showed accumula-
tion of cholesterol in islets and impaired glucose-stim-
ulated insulin secretion irrespective of gender and diet
[68, 69]. However, only males but not females showed
substantial worsening of glucose tolerance, which was
further similar between wild type and KO. Probably, KO
genotype was superimposed by the genetic predisposi-
tion to insulin resistance and diabetes in aged male mice.
Note that healthy mice were studied at 2—3 months of age
and mice with impaired insulin secretion at 4—6 months
of age.

The initial findings have been readdressed by compar-
ing an alternative systemic KO and liver-specific gene
deletion [70]. Systemic loss in these Pcsk9 KO mice aged
5-7 months (no gender indicated) was associated with
increased cholesterol accumulation in islets and impaired
insulin secretion independent of normal diet or 20 weeks
high fat diet. The disturbed insulin exocytosis goes along
with increased insulin storage and results in significant
but moderate loss of glucose tolerance. In contrast, mice
with liver-specific Pcsk9 KO remained normoglycae-
mic. The same applies to 3 months old (male) mice with
B-cell-specific Pcsk9 KO [71]. However, in this study
insulin response and sensitivity were also not worsened
in 4.5 months old mice with systemic Pcsk9 KO. There-
fore, the phenotype of moderate B-cell dysfunction is
not consistent in different models of systemic Pcsk9 KO,
but so far absent in mouse models with liver- and -cell-
specific KO.

All in all, this supports the idea that PCSK9 tissue
expression in islets compensates for loss of liver-derived
PCSK9 in circulation. PCSK9 is expressed in the rodent
B-cell lines RIN-m5F, B-TC-3 [35], MIN6 and in mouse
islets [69] as well as in human EndoC-BH1 B-cells [42]
and human islets [41]. B-cells appear to be an abundant,
but not the only source for PCSK9 in endocrine pan-
creas since islets from mice with (B-cell-specific Pcsk9
KO showed substantial but not complete reduction of
PCSK9 mRNA and protein by 48% and 78%, respectively
[71]. Similarly, sorted human islet cells from healthy
donors showed marked Pcsk9 gene expression in B-cell
enriched fractions, which was less pronounced in frac-
tions enriched of other islet cell types [41].
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Fig. 2 Summary of the effects of different types of PCSK9 loss on glucose homeostasis. Mice with loss of liver-derived circulating PCSK9 or partial
loss of local expression in islets upon B-cell-specific KO remain normoglycaemic. Systemic Pcsk9 KO (not in all models) and loss of all local PCSK9
throughout pancreas resulted in moderately reduced insulin response and glucose tolerance. This underlines the importance of local PCSK9
expression in pancreatic islets for proper (3-cell function. Similarly in patients, inhibition of circulating PCSK9 by alirocumab and evolocumab has no
effect on glucose homeostasis, whereas loss of local tissue-derived PCSK9 in patients with LOF variants leads to worsening of glycaemia depending
on the degree of functional loss. In general, the deterioration of glucose homeostasis observed under certain conditions was moderate. Possibly,
the assumed lipotoxicity of increased LDLR-mediated cholesterol import was counter-regulated by increased cholesterol export via ABCA1. KO,

Local PCSK9
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Compensation by other islet cells
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These findings point out that PCSK9 is still expressed in
islets after p-cell-specific loss, e.g. by d-cells [67, 70, 72].
This plausibly explains maintained {-cell function in mice
with B-cell-specific Pcsk9 KO [71]. The situation changed
in mice with pancreas-specific Pcsk9 KO and complete
loss of all local PCSK9 in islets, which showed a moder-
ately impaired insulin response and glucose tolerance [72].
However, the situation is contradictory in vitro. Insulin
response was not significantly altered in human EndoC-
bH1 B-cells treated with recombinant PCSK9, alirocumab
or siRNA-mediated PCSK9 knockdown [42]. In contrast,
siRNA-mediated silencing of PCSK9 in rat INS-1E B-cells
significantly reduced glucose-induced insulin response in
association with decreased levels of vesicle-related solu-
ble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) proteins [72]. If not cell line-specific, this
would suggest a role for PCSK9 in the secretory pathway.

Bottom down

The cholesterol homeostasis in insulin producing p-cells
appears to be robust to loss of circulating PCSK9, as
mice with liver-specific Pcsk9 gene deletion and inhib-
itor-treated patients show no significant worsening of
insulin secretion or glycaemia (see Fig. 2 for summary).
PCSKO is locally expressed in islets by 8-cells and 3-cells.
Since PCSK9 targets not only LDLR but also VLDLR
and CD36, it can be assumed that its local expression
in islets protects B-cells from lipid overload. Note that
[-cells have only a very low antioxidant capacity and are
therefore sensitive to generation of ROS during lipid oxi-
dation. Local PCSK9 expression in islets appears to be
essential for B-cell-function since its loss in mice with
systemic and pancreas-specific Pcsk9 KO resulted in
moderate impairment of insulin secretion and glucose
tolerance. However, -cell dysfunction is not present

in all mouse models with systemic Pcsk9 KO. Impair-
ment of glycaemia is also variable in human carriers of
PCSK9 LOF variants, where the diabetes risk correlates
with the individual degree of functional loss. The over-
all rather moderate deterioration of glucose homeostasis
and diabetes risk could indicate a compensatory choles-
terol export via ABCA1 and ABCG1. In macrophages,
ABCAL is inhibited by PCSK9 and thus activated by its
functional loss. Collectively, the current molecular and
metabolic evidence supports the notion of the safety
of PCSK9 inhibitor therapy. However, prolonged use,
future clinical trials and meta-analyses may define yet
undiscovered patients at risk for diabetes.

Abbreviations

Apo: Apolipoprotein; ABC: ATP binding cassette; CVD: Cardiovasculardis-

ease; CD36: Cluster ofdifferentiation 36; ER: Endoplasmic reticulum; FPP:
Farnesylpyrophosphate; GPR: Gprotein-coupled receptor; HNF1a: Hepato-
cyte nuclearfactor 1a; HDL: High-densitylipoprotein cholesterol; HMGCR

: 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase; LOF: Loss-of-function;
LDL: Low-densitylipoprotein; LDLR: Low-densitylipoprotein receptor; mTORC1:
Mammalian target of rapamycin complex 1; NPCTL1: Niemann-Pick C1-likeT;
PCSK9: Proprotein convertasesubtilisin/kexin type 9; RCT: Reverse cholesterol-
transportation; SNARE: Soluble N-ethylmaleimide-sensitivefactor attachment
protein receptor; SOD: Sodium dismutase; SR-B1: Scavenger receptorclass B
type 1; SREBP: Sterol regulatoryelement-binding protein; TICE: Transintestinal-
cholesterol excretion; T2D: Type 2 diabetes; VLDL: Very low-densitylipoprotein.

Acknowledgements
Not applicable.

Authors’ contributions
GP wrote manuscript and prepared figures. NP, CSM and JS reviewed manu-
script. The author(s) read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. GP receives
Projektforderung by the Deutsche Diabetes Gesellschaft (Germany).

Availability of data and materials
Not applicable.



Path et al. Lipids in Health and Disease (2022) 21:138

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Division of Endocrinology and Diabetology, Department of Medicine II, Medical
Center — University of Freiburg, Faculty of Medicine, University of Freiburg, Ger-
many, Hugstetter Str. 55, Freiburg, Germany. “Division of Metabolic and Vascular
Medicine, Department of Internal Medicine Ill, University Hospital Carl Gustav
Carus, Technische Universitét Dresden, Dresden, Germany. 3Division of Endocri-
nology, Diabetes and Metabolism, Department of Internal Medicine, Beth Israel
Deaconess Medical Center, Harvard Medical School, Boston, MA, USA. Section
of Endocrinology, VA Boston Healthcare System, MA, Jamaica Plain, USA.

Received: 14 October 2022 Accepted: 7 December 2022
Published online: 16 December 2022

References

1. WHO. Facts sheet - Cardiovascular diseases (CVDs). https://wwww.hoint/
news-room/fact-sheets/detail/cardiovascular-diseases-(cvds) 2021.

2. Donahoe SM, Stewart GC, McCabe CH, Mohanavelu S, Murphy SA, Can-
non CP, Antman EM. Diabetes and mortality following acute coronary
syndromes. JAMA. 2007,298:765-75.

3. Sheng Z OtaniH, Brown MS, Goldstein JL. Independent regulation of
sterol regulatory element-binding proteins 1 and 2 in hamster liver. Proc
Natl Acad Sci U S A. 1995,92:935-8.

4. Amemiya-Kudo M, Shimano H, Hasty AH, Yahagi N, Yoshikawa T, Mat-
suzaka T, Okazaki H, Tamura Y, lizuka Y, Ohashi K; et al. Transcriptional
activities of nuclear SREBP-1a, -1¢, and - 2 to different target promoters of
lipogenic and cholesterogenic genes. J Lipid Res. 2002;43:1220-35.

5. Ruscica M, Ferri N, Banach M, Sirtori CR, Corsini A. Side effects of statins-
from pathophysiology and epidemiology to diagnostic and therapeutic
implications. Cardiovasc Res. 2022;cvac020.

6. Lenzen S.Chemistry and biology of reactive species with special refer-
ence to the antioxidative defence status in pancreatic beta-cells. Biochim
Biophys Acta Gen Subj. 2017;1861:1929-42.

7. Tiedge M, Lortz S, Drinkgern J, Lenzen S. Relation between antioxidant
enzyme gene expression and antioxidative defense status of insulin-
producing cells. Diabetes. 1997;46:1733-42.

8. Lenzen S, Drinkgern J, Tiedge M. Low antioxidant enzyme gene expres-
sion in pancreatic islets compared with various other mouse tissues. Free
Radic Biol Med. 1996,20:463-6.

9. Oh DY, Yoon JM, Moon MJ, Hwang JI, Choe H, Lee JY, Kim JI, Kim S,

Rhim H, O'Dell DK, et al. Identification of farnesyl pyrophosphate and
N-arachidonylglycine as endogenous ligands for GPR92. J Biol Chem.
2008;283:21054-64.

10. de Souza CO, Paschoal VA, Sun X, Vishvanath L, Zhang Q, Shao M,
OnoderaT, Chen S, Joffin N, Bueno LM, et al: GPR92 activation in islet
macrophages controls beta cell function in a diet-induced obesity
model. J Clin Invest. 2022:132(21):e160097.

11. Cnop M, Hannaert JC, Grupping AY, Pipeleers DG. Low density lipo-
protein can cause death of islet beta-cells by its cellular uptake and
oxidative modification. Endocrinology. 2002;143:3449-53.

12. Roehrich ME, MooserV, Lenain V, Herz J, Nimpf J, Azhar S, Bideau
M, Capponi A, Nicod P, Haefliger JA, Waeber G. Insulin-secreting
beta-cell dysfunction induced by human lipoproteins. J Biol Chem.
2003;278:18368-75.

13. Rutti S, Ehses JA, Sibler RA, Prazak R, Rohrer L, Georgopoulos S, Meier DT,
Niclauss N, Berney T, Donath MY, von Eckardstein A. Low- and high-density
lipoproteins modulate function, apoptosis, and proliferation of primary
human and murine pancreatic beta-cells. Endocrinology. 2009;150:4521-30.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

Page 7 of 8

. Abderrahmani A, Niederhauser G, Favre D, Abdelli S, Ferdaoussi M,

Yang JY, Regazzi R, Widmann C, Waeber G. Human high-density
lipoprotein particles prevent activation of the JNK pathway induced by
human oxidised low-density lipoprotein particles in pancreatic beta
cells. Diabetologia. 2007;50:1304-14.

. Hao M, Head WS, Gunawardana SC, Hasty AH, Piston DW. Direct effect

of cholesterol on insulin secretion: a novel mechanism for pancreatic
beta-cell dysfunction. Diabetes. 2007,56:2328-38.

. Lu X, Liu J, Hou F, Liu Z, Cao X, Seo H, Gao B. Cholesterol induces pan-

creatic beta cell apoptosis through oxidative stress pathway. Cell Stress
Chaperones. 2011;16:539-48.

. Ishikawa M, Iwasaki Y, Yatoh S, Kato T, Kumadaki S, Inoue N, Yamamoto

T, Matsuzaka T, Nakagawa Y, Yahagi N, et al. Cholesterol accumulation
and diabetes in pancreatic beta-cell-specific SREBP-2 transgenic mice:
a new model for lipotoxicity. J Lipid Res. 2008;49:2524-34.

. Besseling J, Kastelein JJ, Defesche JC, Hutten BA, Hovingh GK. Associa-

tion between familial hypercholesterolemia and prevalence of type 2
diabetes mellitus. JAMA. 2015;313:1029-36.

. Seidah NG, Prat A. The Multifaceted Biology of PCSK9. Endocr Rev.

2022;43:558-82.

Sabatine MS. PCSK9 inhibitors: clinical evidence and implementation.
Nat Rev Cardiol. 2019;16:155-65.

Igbal Z, Dhage S, Mohamad JB, Abdel-Razik A, Donn R, Malik R, Ho

JH, LiuY, Adam S, Isa B, et al. Efficacy and safety of PCSK9 monoclonal
antibodies. Expert Opin Drug Saf. 2019;18:1191-201.

Ji C,BaiJ, Zhou J, Zou Y, Yu M. Adverse event profiles of PCSK9 inhibi-
tors alirocumab and evolocumab: data mining of the FDA adverse
event reporting system. Br J Clin Pharmacol. 2022;88(12):5317-25.
Macchi C, Ferri N, Sirtori CR, Corsini A, Banach M, Ruscica M. Propro-
tein Convertase Subtilisin/Kexin type 9: a View beyond the canonical
cholesterol-lowering impact. Am J Pathol. 2021;191:1385-97.

Perego C, Da Dalt L, Pirillo A, Galli A, Catapano AL, Norata GD. Choles-
terol metabolism, pancreatic beta-cell function and diabetes. Biochim
Biophys Acta Mol Basis Dis. 2019;1865:2149-56.

Davis HR, Veltri EP. Zetia: inhibition of Niemann-Pick C1 like 1 (NPCTLT)
to reduce intestinal cholesterol absorption and treat hyperlipidemia. J
Atheroscler Thromb. 2007;14:99-108.

Repa JJ, Mangelsdorf DJ. The role of orphan nuclear receptors in

the regulation of cholesterol homeostasis. Annu Rev Cell Dev Biol.
2000;16:459-81.

Luo J, Yang H, Song BL. Mechanisms and regulation of cholesterol
homeostasis. Nat Rev Mol Cell Biol. 2020;21:225-45.

Qian YW, Schmidt RJ, Zhang Y, Chu S, Lin A, Wang H, Wang X, Beyer
TP, Bensch WR, Li W, et al. Secreted PCSK9 downregulates low density
lipoprotein receptor through receptor-mediated endocytosis. J Lipid
Res. 2007;48:1488-98.

Tavori H, Fan D, Blakemore JL, Yancey PG, Ding L, Linton MF, Fazio S.
Serum proprotein convertase subtilisin/kexin type 9 and cell surface
low-density lipoprotein receptor: evidence for a reciprocal regulation.
Circulation. 2013;127:2403-13.

Zaid A, Roubtsova A, Essalmani R, Marcinkiewicz J, Chamberland A,
Hamelin J, Tremblay M, Jacques H, Jin W, Davignon J, et al. Proprotein
convertase subtilisin/kexin type 9 (PCSK9): hepatocyte-specific low-
density lipoprotein receptor degradation and critical role in mouse
liver regeneration. Hepatology. 2008;48:646-54.

Browning JD, Horton JD. Fasting reduces plasma proprotein convertase,
subtilisin/kexin type 9 and cholesterol biosynthesis in humans. J Lipid
Res. 2010;51:3359-63.

Wu M, Dong B, Cao A, Li H, Liu J. Delineation of molecular pathways that
regulate hepatic PCSK9 and LDL receptor expression during fasting in
normolipidemic hamsters. Atherosclerosis. 2012;224:401-10.

Jeong HJ, Lee HS, Kim KS, Kim YK, Yoon D, Park SW. Sterol-dependent
regulation of proprotein convertase subtilisin/kexin type 9 expression by
sterol-regulatory element binding protein-2. J Lipid Res. 2008;49:399-409.
Poirier S, Mayer G, Poupon V, McPherson PS, Desjardins R, Ly K, Asselin
MC, Day R, Duclos FJ, Witmer M, et al. Dissection of the endogenous cellu-
lar pathways of PCSK9-induced low density lipoprotein receptor degrada-
tion: evidence for an intracellular route. J Biol Chem. 2009,284:28856-64.
Seidah NG, Benjannet S, Wickham L, Marcinkiewicz J, Jasmin SB, Stifani S,
Basak A, Prat A, Chretien M. The secretory proprotein convertase neural


https://wwww.hoint/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://wwww.hoint/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)

Path et al. Lipids in Health and Disease (2022) 21:138

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

apoptosis-regulated convertase 1 (NARC-1): liver regeneration and neu-
ronal differentiation. Proc Natl Acad Sci U S A. 2003;100:928-33.

Da Dalt L, Castiglioni L, Baragetti A, Audano M, Svecla M, Bonacina F,
Pedretti S, Uboldi P, Benzoni P, Giannetti F, et al. PCSK9 deficiency rewires
heart metabolism and drives heart failure with preserved ejection frac-
tion. Eur Heart J. 2021,;42:3078-90.

Demers A, Samami S, Lauzier B, Des Rosiers C, Ngo Sock ET, Ong H, Mayer
G. PCSK9 induces CD36 degradation and affects long-chain fatty acid
uptake and triglyceride metabolism in adipocytes and in mouse liver.
Arterioscler Thromb Vasc Biol. 2015;35:2517-25.

Roubtsova A, Munkonda MN, Awan Z, Marcinkiewicz J, Chamberland

A, Lazure C, Cianflone K, Seidah NG, Prat A. Circulating proprotein
convertase subtilisin/kexin 9 (PCSK9) regulates VLDLR protein and triglyc-
eride accumulation in visceral adipose tissue. Arterioscler Thromb Vasc
Biol. 2011,31:785-91.

Janochova K, Haluzik M, Buzga M. Visceral fat and insulin resistance - what
we know? Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub.
2019;163:19-27.

Saitoski K, Ryaboshapkina M, Hamza GM, Jarnuczak AF, Berthault C,
Carlotti F, Armanet M, Sengupta K, Underwood CR, Andersson S, et al.
Proprotein convertase PCSK9 affects expression of key surface proteins in
human pancreatic beta cells via intracellular and extracellular regulatory
circuits. J Biol Chem. 2022,298:102096.

Ramin-Mangata S, Blanchard V, Lambert G. Key aspects of PCSK9 inhibi-
tion beyond LDL lowering. Curr Opin Lipidol. 2018;29:453-8.
Ramin-Mangata S, Thedrez A, Nativel B, Diotel N, Blanchard V, Wargny M,
Aguesse A, Billon-Crossouard S, Vindis C, Le May C, et al. Effects of propro-
tein convertase subtilisin kexin type 9 modulation in human pancreatic
beta cells function. Atherosclerosis. 2021;326:47-55.

Ouimet M, Barrett TJ, Fisher EA. HDL and reverse cholesterol transport.
Circ Res. 2019;124:1505-18.

Casula M, Colpani O, Xie S, Catapano AL, Baragetti A. HDL in Atheroscle-
rotic Cardiovascular Disease: in search of a role. Cells. 2021;10(8):1869.
Kajani S, Curley S, McGillicuddy FC. Unravelling HDL-Looking beyond the
cholesterol surface to the quality within. Int J Mol Sci. 2018;19(7):1971.
Fryirs MA, Barter PJ, Appavoo M, Tuch BE, Tabet F, Heather AK, Rye KA.
Effects of high-density lipoproteins on pancreatic beta-cell insulin secre-
tion. Arterioscler Thromb Vasc Biol. 2010;30:1642-8.

Vergeer M, Brunham LR, Koetsveld J, Kruit JK, Verchere CB, Kastelein JJ,
Hayden MR, Stroes ES. Carriers of loss-of-function mutations in ABCA1
display pancreatic beta-cell dysfunction. Diabetes Care. 2010;33:869-74.
Kruit JK, Wijesekara N, Fox JE, Dai XQ, Brunham LR, Searle GJ, Morgan GP,
Costin AJ, Tang R, Bhattacharjee A, et al. Islet cholesterol accumulation
due to loss of ABCAT leads to impaired exocytosis of insulin granules.
Diabetes. 2011;60:3186-96.

Kruit JK, Wijesekara N, Westwell-Roper C, Vanmierlo T, de Haan W, Bhat-
tacharjee A, Tang R, Wellington CL, LutJohann D, Johnson JD, et al. Loss
of both ABCA1 and ABCGT results in increased disturbances in islet sterol
homeostasis, inflammation, and impaired beta-cell function. Diabetes.
2012,61:659-64.

Filippatos TD, Kei A, Rizos CV, Elisaf MS. Effects of PCSK9 inhibitors on
other than low-density lipoprotein cholesterol lipid variables. J Cardio-
vasc Pharmacol Ther. 2018;23:3-12.

Adorni MP, Cipollari E, Favari E, Zanotti |, Zimetti F, Corsini A, Ricci C,
Bernini F, Ferri N. Inhibitory effect of PCSK9 on Abcal protein expression
and cholesterol efflux in macrophages. Atherosclerosis. 2017;256:1-6.

Le May C, Berger JM, Lespine A, Pillot B, Prieur X, Letessier E, Hussain

MM, Collet X, Cariou B, Costet P. Transintestinal cholesterol excretion is
an active metabolic process modulated by PCSK9 and statin involving
ABCB1. Arterioscler Thromb Vasc Biol. 2013;33:1484-93.

Miao J, Manthena PV, Haas ME, Ling AV, Shin DJ, Graham MJ, Crooke

RM, Liu J, Biddinger SB. Role of insulin in the regulation of Proprotein
Convertase Subtilisin/Kexin type 9. Arterioscler Thromb Vasc Biol.
2015;35:1589-96.

Persson L, Galman C, Angelin B, Rudling M. Importance of propro-

tein convertase subtilisin/kexin type 9 in the hormonal and dietary
regulation of rat liver low-density lipoprotein receptors. Endocrinology.
2009;150:1140-6.

Ai D, Chen C,Han S, Ganda A, Murphy AJ, Haeusler R, Thorp E, Accili D,
Horton JD, Tall AR. Regulation of hepatic LDL receptors by mTORC1 and
PCSK9 in mice. J Clin Invest. 2012;122:1262-70.

Page 8 of 8

56. Brouwers MC, Troutt JS, van Greevenbroek MM, Ferreira |, Feskens EJ,
van der Kallen CJ, Schaper NC, Schalkwijk CG, Konrad RJ, Stehouwer CD.
Plasma proprotein convertase subtilisin kexin type 9 is not altered in sub-
jects with impaired glucose metabolism and type 2 diabetes mellitus, but
its relationship with non-HDL cholesterol and apolipoprotein B may be
modified by type 2 diabetes mellitus: the CODAM study. Atherosclerosis.
2011;217:263-7.

57. Kappelle PJ, Lambert G, Dullaart RP. Plasma proprotein convertase subtili-
sin-kexin type 9 does not change during 24 h insulin infusion in healthy
subjects and type 2 diabetic patients. Atherosclerosis. 2011;214:432-5.

58. Ramin-Mangata S, Wargny M, Pichelin M, Le May C, Thedrez A, Blanchard
V, Nativel B, Santos RD, Bensenor IM, Lotufo PA, et al. Circulating PCSK9
levels are not associated with the conversion to type 2 diabetes. Athero-
sclerosis. 2020;293:49-56.

59. Macchi C, Favero C, Ceresa A, Vigna L, Conti DM, Pesatori AC, Racagni
G, Corsini A, Ferri N, Sirtori CR, et al. Depression and cardiovascular risk-
association among Beck Depression Inventory, PCSK9 levels and insulin
resistance. Cardiovasc Diabetol. 2020;19:187.

60. Tcheoubi SER, Akpovi CD, Coppee F, Decleves AE, Laurent S, Agbangla
C, Burtea C. Molecular and cellular biology of PCSK9: impact on glucose
homeostasis. J Drug Target. 2022;30:948-60.

61. Chikowore T, Cockeran M, Conradie KR, van Zyl T. C679X loss-of-function
PCSK9 variant lowers fasting glucose levels in a black south african popu-
lation: a longitudinal study. Diabetes Res Clin Pract. 2018;144:279-85.

62. Chikowore T, Sahibdeen V, Hendry LM, Norris SA, Goedecke JH, Mickles-
field LK, Lombard Z. C679X loss-of-function PCSK9 variant is associated
with lower fasting glucose in black south african adolescents: birth to
Twenty Plus Cohort. J Clin Transl Endocrinol. 2019;16:100186.

63. Awan Z, Delvin EE, Levy E, Genest J, Davignon J, Seidah NG, Baass A.
Regional distribution and metabolic effect of PCSK9 insLEU and R46L
gene mutations and apoE genotype. Can J Cardiol. 2013;29:927-33.

64. Saavedra YGL, Dufour R, Baass A. Familial hypercholesterolemia: PCSK9
InsLEU genetic variant and prediabetes/diabetes risk. J Clin Lipidol.
2015;9:786-93 e781.

65. Bonnefond A, Yengo L, Le May C, Fumeron F, Marre M, Balkau B, Charpen-
tier G, Franc S, Froguel P, Cariou B, group Ds. The loss-of-function PCSK9
p.R46L genetic variant does not alter glucose homeostasis. Diabetologia.
2015;58:2051-5.

66. Schmidt AF, Swerdlow DI, Holmes MV, Patel RS, Fairhurst-Hunter Z, Lyall
DM, Hartwig FP, Horta BL, Hypponen E, Power C, et al. PCSK9 genetic vari-
ants and risk of type 2 diabetes: a mendelian randomisation study. Lancet
Diabetes Endocrinol. 2017;5:97-105.

67. Langhi C, Le May C, GmyrV, Vandewalle B, Kerr-Conte J, Krempf M,

Pattou F, Costet P, Cariou B. PCSK9 is expressed in pancreatic delta-cells
and does not alter insulin secretion. Biochem Biophys Res Commun.
2009;390:1288-93.

68. Mbikay M, Sirois F, Gyamera-Acheampong C, Wang GS, Rippstein P, Chen
A, Mayne J, Scott FW, Chretien M. Variable effects of gender and Western
diet on lipid and glucose homeostasis in aged PCSK9-deficient C57BL/6
mice CSK9PC57BL/6. J Diabetes. 2015;7:74-84.

69. Mbikay M, Sirois F, Mayne J, Wang GS, Chen A, Dewpura T, Prat A, Seidah
NG, Chretien M, Scott FW. PCSK9-deficient mice exhibit impaired glucose
tolerance and pancreatic islet abnormalities. FEBS Lett. 2010;584:701-6.

70. Da Dalt L, Ruscica M, Bonacina F, Balzarotti G, Dhyani A, Di Cairano E,
Baragetti A, Arnaboldi L, De Metrio S, Pellegatta F, et al. PCSK9 deficiency
reduces insulin secretion and promotes glucose intolerance: the role of
the low-density lipoprotein receptor. Eur Heart J. 2019;40:357-68.

71. Peyot ML, Roubtsova A, Lussier R, Chamberland A, Essalmani R, Murthy
Madiraju SR, Seidah NG, Prentki M, Prat A. Substantial PCSK9 inactivation
in beta-cells does not modify glucose homeostasis or insulin secretion in
mice. Biochim Biophys Acta Mol Cell Biol Lipids. 2021;1866(8):158968.

72. Marku A, Da Dalt L, Galli A, Dule N, Corsetto P, Rizzo AM, Moregola A,
Uboldi P, Bonacina F, Marciani P, et al. Pancreatic PCSK9 controls the
organization of the beta-cell secretory pathway via LDLR-cholesterol axis.
Metabolism. 2022;136:155291.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	PCSK9 inhibition and cholesterol homeostasis in insulin producing β-cells
	Abstract 
	PCSK9 inhibitors improve dyslipidaemia without diabetes risk
	PCSK9 and cholesterol homeostasis
	Expression in extrahepatic tissues
	Cholesterol export

	PCSK9 and glucose homeostasis
	Bottom down
	Acknowledgements
	References


