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Abstract

Type 2  diabetes  (T2D) and cardiovascular  disease  (CVD) share  many risk  factors  such as  obesity,  unhealthy
lifestyle,  and  metabolic  syndrome,  whose  accumulation  over  years  leads  to  disease  onset.  However,  while
lowering plasma low-density lipoprotein cholesterol (LDLC) is cardio-protective, novel evidence have recognised
a  role  for  common  LDLC-lowering  variants  (e.g. in HMGCR, PCSK9,  and LDLR)  and  widely  used
hypocholesterolemic drugs that  mimic the  effects  of  some of  these  variants  (statins)  in  higher  risk  for  T2D.  As
these  conditions  decrease  plasma  LDLC  by  increasing  tissue-uptake  of  LDL,  a  role  for  LDL  receptor  (LDLR)
pathway was proposed. While underlying mechanisms remain to be fully elucidated, work from our lab reported
that  native  LDL  directly  provoke  the  dysfunction  of  human  white  adipose  tissue  (WAT)  and  the  activation  of
WAT  NLRP3  (Nucleotide-binding  domain  and  Leucine-rich  repeat  Receptor,  containing  a  Pyrin  domain  3)
inflammasome,  which  play  a  major  role  in  the  etiology  of  T2D.  However,  while  elevated  plasma  numbers  of
apolipoprotein  B  (apoB)-containing  lipoproteins  (measured  as  apoB,  mostly  as  LDL)  is  associated  with  WAT
dysfunction and related risk factors for T2D in our cohort, this relation was strengthened in regression analysis by
lower plasma proprotein convertase subtilisin/kexin type 9 (PCSK9). This supports a central role for upregulated
pathway  of  LDLR  and/or  other  receptors  regulated  by  PCSK9  such  as  cluster  of  differentiation  36  (CD36)  in
LDL-induced anomalies. Targeting receptor-mediated uptake of LDL into WAT may reduce WAT inflammation,
WAT dysfunction, and related risk for T2D without increasing the risk for CVD.
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Introduction

Every  3  minutes,  a  new  case  of  diabetes  is
diagnosed  in  Canada,  mostly  type  2  (approximately
90%) increasing cardiovascular death and stroke by 2

to 4 fold[1]. Type 2 diabetes (T2D) is a chronic disease
that  develops  with  the  accumulation  of  risk  factors,
such  as  unhealthy  lifestyle,  obesity,  age,  race,  and
genetics[1].  This  leads  to  a  progressive  rise  in  insulin
resistance  (IR)  in  peripheral  tissues,  which  has  to  be
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counterbalanced  by  increased  insulin  secretion  to
maintain  normal  plasma  glucose.  In  time,  this  is
believed  to  promote  β-cell  exhaustion  and  death,
hypoinsulinemia,  hyperglycemia,  and  progression  to
T2D[1–2].  A  lower  disposition  index,  which  is  a
measure  of  lower  insulin  sensitivity  combined  with
lower insulin secretion, is an independent predictor of
the  conversion  of  prediabetes  to  T2D  across  many
ethnic groups and races[3].

Diabetes  increases  cardiovascular  disease  (CVD)
risk[1,4],  worsens  stroke  outcomes[4],  confers  an  equal
risk  to  aging  15  years[5],  and  about  65% to  80% of
diabetic  patients  die  from  CVD[5].  Diabetes  also
"erases" the female advantage. While CVD and death
are  higher  in  non-diabetic  men  compared  to  women,
this  is  reversed  with  the  development  of  diabetes[4,6].
Importantly,  T2D  is  preventable  in  high-risk  obese
subjects  by  intensive  lifestyle  intervention
(hypocaloric  diets  and  physical  activity)  and  to  a
lesser  extent  by  metformin  (reduction  in  diabetes
incidence  compared  to  placebo  of  59% vs. 31%,
respectively)[7].  Thus,  a  better  understanding  of  the
multifaceted  etiology  of  T2D  may  aid  in  the
prevention of T2D and its related co-morbidities.

Elevated  plasma  number  of  apolipoprotein
B  (apoB)-containing  lipoproteins  and  the
risk for T2D

Atherogenic  apoB-lipoproteins  are  chylomicrons,
very-low-density  lipoprotein  (VLDL),  intermediate-
density  lipoprotein  (IDL),  low-density  lipoprotein
(LDL)  and  lipoprotein(a).  What  characterizes  these
particles  is  that  each  particle  contains  a  single
molecule  of  apoB,  as  apoB48  on  intestinal
chylomicrons  or  as  apoB100  on  hepatic  lipoproteins.
Thus, plasma apoB represents the number of all apoB-
lipoproteins,  most  of  which  are  in  the  form  of  LDL
(>90% on  average)[8–9].  On  the  other  hand,  the  lipid
content  and  therefore  the  size  of  these  particles  can
vary  substantially.  When  LDL  particles  are  either
cholesterol-enriched  or  cholesterol-depleted,  even  a
direct  measure  of  LDL  cholesterol  (LDLC)  is  an
inaccurate measure of LDL number, and plasma apoB
remains a more accurate measure of LDL number[9–10].

The role of plasma apoB-lipoproteins, mostly LDL,
in  the  etiology  and  progression  of  CVD  is  well
established,  while  their  role  in  the  development  of
T2D  has  only  emerged  over  the  past  15  years.  This
may be because most clinical studies have focused on
the lipid content of apoB-lipoproteins rather than their
number. While apoB-lipoproteins are known to induce
multiple  derangements  in  inflammatory  cascades

leading to atherosclerosis[11], large clinical studies that
examined the associations between plasma lipids with
high  sensitivity  C-reactive  protein  (hsCRP),  the  most
used  pro-inflammatory  marker  in  terms  of  clinical
utility, concluded that there is little, if any, association
between plasma triglycerides (TGs),  total  cholesterol,
LDLC  and  high-density  lipoprotein  cholesterol
(HDLC) with plasma hsCRP[12–14].

We  reported  in  2006  that  higher  plasma  apoB
predicts  higher  plasma  hsCRP,  interleukin-6,
orosomucoid, and haptoglobin independent of total fat
mass  and  visceral  fat  mass  in  overweight  and  obese
postmenopausal  women[15].  Conversely,  there  was  no
association  between  plasma  LDLC  with  these
inflammatory markers.  However,  after  adjustment for
plasma apoB in regression analysis, the association of
plasma  LDLC with  these  inflammatory  markers  was,
when present, in the reverse direction[15]. This suggests
that a higher number of small dense LDL (sdLDL) is
associated  with  chronic  inflammation  in  this
population[15].  As  both  CVD  and  T2D  are  viewed  as
chronic  inflammatory  diseases,  we  proposed  in  2006
that  elevated  plasma  apoB  is  a  promoter  and  not  a
mere  consequence  of  IR  and  T2D[15].  Indeed,
emerging  epidemiological  data  since  2007  confirmed
that  higher  plasma  apoB  predicts  the  development
of  T2D  3 –10  years  before  its  onset  in  Turkish[16],
Canadian[17],  Finnish[18],  and  Korean[19] populations,
independent  of  traditional  risk  factors  such  as  central
adiposity[16–17], hsCRP[16], fasting glucose and glycated
hemoglobin (HbA1C)[17,19].

However,  patients  with  familial  hypercho-
lesterolemia  (FH)  with  disrupted  or  absent  LDL
receptor  (LDLR)  pathway  have  lifelong  markedly
high  plasma  LDL and  risk  for  CVD but  low risk  for
T2D. A study comparing 25 137 FH patients to 38 183
non-FH  family  members  who  participated  in  the
national  Dutch  screening  program  reported  that  the
incidence of T2D in FH patients was 1.44% compared
to 3.26% in non-FH relatives,  after  adjusting for age,
adiposity, HDLC, TGs, statin use, smoking, CVD, and
family relations[20].  Moreover, the more damaging the
FH  mutation  on  LDL  uptake,  the  lower  was  the
prevalence of T2D [i.e. LDLR loss-of-function (LOF)
mutations  were  more  associated  with  diabetes  risk
than APOB mutations][20]. This supports a central role
for a functional LDLR pathway in mediating the role
of apoB-lipoproteins in the etiology of T2D.

Upregulated LDLR pathway and the risk for
T2D

Data  analysis  emerging  since  2010  using
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randomized  control  trials  and  meta-analyses  reported
that  statin  therapy,  which  inhibits  3-hydroxy-3-
methylglutaryl-coenzyme  A  reductase  (HMGCR),  is
associated  with  increased  incidence  of  diabetes  by
~12% and  that  statin-effect  was  dose-dependent[21–26].
This  prompted  the  FDA  in  2012  to  include  diabetes
risk  on  the  label  of  statins[27].  Statins  act  by  inducing
the  expression  of  LDLR,  the  key  step  leading  to
decreased  plasma  LDLC[28].  Moreover,  additional
evidence  linking  upregulated  LDLR pathway  to  T2D
risk  emerged  in  2015  using  genetic  data  of  proteins
regulating  LDLR  expression  such  as  proprotein
convertase  subtilisin/kexin  type  9  (PCSK9)[24,29–31].
PCSK9 is a plasma protein primarily of hepatic origin
that  was  identified  at  Clinical  Research  Institute  of
Montreal  in  2003  by  Drs.  Seidah  and  Chrétien[32].
PCSK9  directly  binds  to  LDLR,  after  which  the
complex  is  internalized  and  targeted  to  lysosomal
degradation[33–34].  PCSK9 also  targets  the  degradation
of  other  apoB-lipoprotein  receptors  in  hepatic  and
extrahepatic  tissues  including  white  adipose  tissue
(WAT)  and  adipocytes,  such  as  VLDLR[35] and
scavenger  receptor  cluster  of  differentiation  36
(CD36)[36],  a  receptor  for  native  LDL  and  VLDL,
oxidized LDL (oxLDL) and non-esterified fatty acids
(NEFAs)[37–38].

One  Mendelian  randomization  study  in
approximately  113 000  subjects  with  average  plasma
LDLC  of  3.36  mmol/L  reported  that  LDL-lowering
variants  in HMGCR, PCSK9,  and LDLR were
associated with a 10% to 13% rise in diabetes risk for
every  0.26  mmol/L  decrease  in  plasma  LDLC
associated  to  these  variants  with  no  association  to
fasting  plasma  glucose[30].  Moreover,  the  effects  of
HMGCR and PCSK9 variants  on  reducing  CVD  risk
or  increasing  diabetes  risk  were  additive[30].  Another
Mendelian  randomization  study  in  568  448  subjects
(average  fasting  plasma  LDLC=3.41  mmol/L,
glucose=5.38  mmol/L,  and  HbA1C=5.5%)  reported
that  for  every  1  mmol/L  decrease  in  plasma  LDLC
attributed  to  4 PCSK9 LOF  variants,  there  was  an
increase of 0.09 mmol/L in fasting plasma glucose and
29% in the prevalence of diabetes[29].

We  calculated  that  the  majority  of  patients  with
T2D carry at least one allele of these variants. Taking
into  account  the  allele  frequency  of HMGCR allele
rs12916  and  its  odds  ratio  for  T2D,  it  can  be
calculated that approximately 84% of T2D patients are
carriers  of  at  least  one  copy  of HMGCR allele
rs12916[31].  Similar  analysis  on PCSK9 LOF  variants
suggests that approximately 77% of patients with T2D
carry at least one copy of PCSK9 allele rs2479409[29].

A  meta-analysis  on  the  novel  hypocholesterolemic

agents  anti-PCSK9  reported  a  modest  increase  in
plasma glucose and HbA1C over 78 weeks[39]. On the
other  hand,  the  addition  of  anti-PCSK9  to  statin
therapy in the FOURIER trial (Further cardiovascular
outcomes research with  PCSK9 inhibition in  subjects
with  elevated  risk)  using  evolocumab  over  a  median
of  2.2  years[40] or  in  the  ODYSSEY  Outcomes  trial
(Evaluation of cardiovascular outcomes after an acute
coronary syndrome during treatment with alirocumab)
using alirocumab over a median of 2.8 years[41] did not
reveal  an  increase  in  the  risk  for  T2D  compared  to
statin  therapy  alone.  However,  evidence  from  longer
trials targeting PCSK9 is awaited to better parallel the
lifelong  genetic  inhibition  of PCSK9[29,42].  A  longer
trial may be particularly needed if anti-PCSK9 is used
in  combination with  statins,  which by themselves  are
associated  with  increased  risk  for  T2D  in  an  LDLR-
related  pathway.  Whether  anti-PCSK9  has  an  effect
above and beyond that of statins on T2D risk remains
to be seen.

Potential  mechanisms  linking  LDL,  LDLR,
CD36, and PCSK9 to the risk of T2D

WAT dysfunction

WAT  dysfunction  and  IR  are  believed  to  play  a
central  role  in  the  pathophysiology  of  T2D[43–44].  In
youth  with  impaired  glucose  tolerance,  WAT  IR  is
negatively  associated  with  the  disposition  index[45].
White  adipose  tissue  dysfunction  promotes  elevated
plasma  TGs  and  NEFAs  and  their  influx  into  other
peripheral tissues, such as muscle, liver, and pancreas
favoring  systemic  lipotoxicity,  IR,  hyperinsulinemia
and  β-cell  exhaustion[43–44].  In  the  liver,  increased
NEFAs and TG influx and hepatic IR also promote the
lipidation  of  apoB,  which  is  the  key  step  for  the
secretion  of  VLDL  particles.  This  leads  to  increased
plasma TGs and apoB and the exchange of cholesterol
in  cholesterol-rich  lipoproteins  (HDL  and  LDL)  for
TGs  on  TG-rich  lipoproteins  (TRLs,  VLDL,  and
chylomicrons),  which  decreases  both  HDL  and  LDL
size  and  cholesterol  content[46].  Accordingly,  the
atherogenic  dyslipoproteinemia  that  characterizes
subjects  with  IR  and  T2D  is  high  plasma  TGs  and
apoB, low plasma HDLC, and sdLDL. Plasma LDLC
is usually within normal ranges but carried on sdLDL
particles[46],  which  is  in  line  with  high  frequency  of
LDLC-lowering (i.e. HMGCR and PCSK9) variants in
diabetic patients.

Role of LDL

Our  work  has  established  a  novel  role  for  native
LDL  in  human  WAT  dysfunction,  fueling  a  positive
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feedback  loop  promoting  T2D[47] (Fig.  1).  Physio-
logical concentrations of native human LDL decrease
the  differentiation  and  function  of  murine[8] and
human[48] preadipocytes  in  a  dose-dependent
manner[48].  Moreover,  native  LDL  directly  decreases
the  hydrolysis,  uptake,  and  storage  of 3H-labeled-
TRLs  in  human  subcutaneous  WAT ex  vivo over  4
hours,  which  is  a  measure  of  reduced  WAT
function[8,49]. This is mediated by inhibiting lipoprotein
lipase  activity  and NEFAs uptake and storage,  which
are key steps needed for efficient plasma clearance of
TRLs[8].  Others  have  also  reported  that  oxLDL
increases  murine  preadipocytes  proliferation  and
decrease  cell-apoptotic  rate  and  differentiation[50],  a
defect that was dependent on CD36[51].

In  our  research  unit,  we  explore  cardiometabolic
risk factors in non-diabetic overweight and obese men
and  postmenopausal  women  who  have  low  to
moderate  risk  for  CVD  and  are  without  chronic
disease  or  medication  affecting  metabolism.  In  this
cohort,  plasma  apoB,  although  not  plasma  total
cholesterol  or  LDLC,  is  positively  associated  with
WAT  dysfunction  and  related  risk  factors  for  T2D,
namely delayed postprandial plasma clearance of total
and 13C-labeled  dietary  TGs,  glucose-induced
hyperinsulinemia, IR and chronic inflammation[8,49,52–54].
Moreover,  following  a  6-month  hypocaloric  diet  in
this cohort, baseline plasma apoB is associated with a
post-intervention  increase  in  WAT  function  and  a
decrease  in  glucose-induced  insulin  secretion

independent  of  plasma  total  cholesterol,  LDLC,  and
HDLC, sex, and changes in body composition[54]. This
suggests that elevated plasma apoB identifies subjects
with  higher  risk  factors  for  T2D,  and  that  targeting
these  subjects  may  maximize  the  benefit  of
hypocaloric  diets  to  reduce  the  incidence  of  T2D
among an obese population[54].

Role of plasma PCSK9, LDLR, and CD36

In our cohort, plasma PCSK9 is not associated with
any  risk  factor  measured  for  T2D[53].  However,
regression  analysis  indicated  that  lower  plasma
PCSK9 increases  the  power  of  a  regression  model  to
predict  WAT  dysfunction  and  IR  once  plasma  apoB
was  entered  in  this  model[53].  To  underscore  the
importance  of  PCSK9  in  modulating  the  effect  of
apoB-lipoproteins  on  the  risk  factors  for  T2D,  we
developed the ratio of plasma apoB to plasma PCSK9
(apoB-to-PCSK9)[53]. We showed that a higher plasma
apoB-to-PCSK9  ratio  was  associated  with  WAT
dysfunction,  postprandial  hypertriglyceridemia,  IR,
hyperinsulinemia,  and  elevated  plasma  interleukin  1
receptor antagonist (IL-1Ra)[53], which is a measure of
systemic activation of the IL-1 system[52] that precedes
the  onset  of  T2D  by  10  years  in  humans[55].  More
recently, we showed that this ratio was also associated
with  higher  WAT  surface-expression  of  LDLR  and
CD36  and  with  WAT inflammation[48].  This  suggests
that  reducing  plasma  PCSK9,  which  would  favor
receptor-mediated  uptake  of  apoB-lipoproteins,  may
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Fig. 1   Higher plasma LDL promotes subcutaneous WAT dysfunction and related risk factors for T2D. A positive feedback loop ex-
ists between WAT dysfunction and elevated plasma apoB that fuels the accumulation of risk factors for T2D, namely WAT dysfunction and
inflammation, delayed postprandial plasma clearance of TGs and NEFAs, IR, compensatory hyperinsulinemia and chronic systemic inflam-
mation. Over time, this loop favors β-cell exhaustion, reduced insulin secretion, hyperglycemia and progression to T2D. Solid lines repres-
ent activation and dashed lines represent inhibition. Italic text represents reported effects of native LDL on adipocytes and human WAT from
our lab.  WAT:  white  adipose  tissue;  LDL:  low-density  lipoprotein;  VLDL:  very-low-density  lipoprotein;  TRLs:  triglyceride-rich  lipopro-
teins; NEFAs: non-esterified fatty acids; LPL: lipoprotein lipase; T2D: type 2 diabetes.
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accentuate the effects of LDL on WAT inflammation,
dysfunction and related risk factors for T2D.

Of note,  the effects  of  receptor-mediated uptake of
apoB-lipoproteins  on  metabolic  risk  is  not  limited  to
WAT.  Ceramide-rich  LDL  and  TRL  remnants  were
reported  to  decrease  insulin  action  in  rat  L6  muscle
cells[56–57].  These  effects  were  paralleled  by
intramyocyte  lipid  accumulation  and  reversed  by
inhibition  of  the  LDLR  family[57].  Similarly,  binding
and  internalization  of  LDL by  β-cell  induces  cellular
dysfunction  and  apoptosis[58–59]. In  vivo,  mice  lacking
Pcsk9 have  higher  pancreatic  cholesterol,  reduced
insulin  secretion  and  glucose  intolerance[60–61] while
insulin  sensitivity  is  not  affected[61].  Their  islets
exhibit  signs  of  malformation,  apoptosis  and
inflammation[60].  This  phenotype  is  reversed  in
Pcsk9/Ldlr double  knockout,  suggesting  the
implication of LDLR pathway[61].

The NLRP3 inflammasome and IL-1β system

Macrophages  sense  microbial  or  sterile  danger-
associated  molecular  patterns,  through  specialized
pattern-recognition  receptors,  which  include
membrane-bound  Toll-like  receptors,  CD36  and
intracellular  Nod-like  receptors[62].  While  the
activation of these receptors is vital in host resistance
to infection, chronic activation of the IL-1β pathway is
believed  to  promote  CVD  and  T2D[62–64] and  more
recently kidney disease[65].

Secretion  of  IL-1β  is  regulated  by  the  NLRP3
(Nucleotide-binding  domain  and  Leucine-rich  repeat
Receptor,  containing  a  Pyrin  domain  3)
inflammasome,  an  intracellular  complex  that  is
composed  of  3  subunits:  the  scaffolding  protein
NLRP3,  the  adaptor  protein  ASC  (apoptosis-
associated  speck-like  protein  containing  a  caspase
recruitment  domain),  and  caspase-1[62].  Activation  of
the  inflammasome  requires  a  priming  signal via
nuclear factor-kappa B (NF-κB) pathway inducing the
secretion  of  an  array  of  inflammatory  cytokines  and
the  transcription  and  translation  of  NLRP3  and  pro-
IL-1β (inactive). Common priming signals include cyto-
kines  (e.g. IL-1β),  microbial  lipopolysaccharides[63],
oxLDL[66],  and  palmitate[67].  An  activation  signal  is
then  needed  for  the  assembly  of  the  NLRP3
inflammasome,  activation  of  pro-caspase-1,  cleavage
of  pro-IL-1β  and  secretion  of  IL-1β.  Activation
signals  in  primed  macrophages  and  β-cells  include
adenosine  triphosphate[68],  glucose[69],  palmitate[70],
oxLDL[71],  ceramide[72],  and  cholesterol  crystals[71].
Activation  of  the  NLRP3  inflammasome  is  reported
via lysosomal  disruption  and  cathepsin  B  release,  K+

efflux  and/or  generation  of  reactive  oxygen  species

(ROS[63],  which  are  also  implicated  in  the
inflammasome priming[71]).

Targeting  IL-1β  by  IL-1Ra[73] or  anti-IL-1β[74]

improves  plasma  glucose,  β-cell  function,  IR,  and/or
inflammation  in  T2D  patients.  More  recently  in  the
Canakinumab Antiinflammatory Thrombosis Outcome
Study trial, anti-IL-1β therapy over approximately 3.7
years was reported to reduce cardiovascular events in
CVD patients (mostly on statins[75]). The risk for T2D
was  however  not  affected  in  this  trial  and  authors
concluded  that  agents  with  less  targeted  actions  may
be needed to inhibit the NF-κB pathway in WAT and
reduce the risk for T2D[76].

Role of LDL

Internalized  apoB-lipoproteins  such  as  LDL
undergo  digestion  in  the  lysosomes  releasing
phospholipids,  cholesterol  and  NEFAs[77].
Accumulation  of  free  cholesterol  and  phospholipids
and  loading  of  macrophages  with  palmitate  induce
lysosomal dysfunction and leakage of its content such
as Ca2+ and cathepsin B that prime and/or activate the
NLRP3 inflammasome[65,77].  While  counter-regulatory
mechanisms  exist  in  macrophages  to  block  LDL-
uptake  by  LDLR,  such  as  by  inhibiting  sterol
regulatory  element-binding  protein  2  (SREBP2)
transcription  factor[78],  activation  of  the  NLRP3
inflammasome induces the activation of SREBP2 that
increases  LDLR  expression  and  NLRP3  inflam-
masome  activation[62,78].  This  is  expected  to  disrupt
cholesterol  homeostasis  favoring  inflammation  and
cholesterol accumulation[78]. Recent findings from our
lab  indicate  that  incubation  of  subcutaneous  WAT
from  non-diabetic  overweight  and  obese  subjects
(without  chronic  disease)  with  their  own  native  LDL
induces IL-1β secretion over 7 hours[79].  Consistently,
plasma  apoB,  but  not  lipids,  in  these  subjects  is
positively  associated  with  IL-1β  secretion  from  their
WAT ex vivo[79].

Role of PCSK9, LDLR and CD36

Blood  mononuclear  cells  of  subjects  with PCSK9
LOF  variants  have  higher  postprandial  expression  of
pro-inflammatory  cytokines  after  a  high-fat  meal,
including  CD36,  IL-1β,  and  MCP-1  (monocyte
chemoattractant  protein)[80].  Given  that  PCSK9
induces  the  degradation  of  LDLR,  CD36  and  other
apoB-lipoprotein receptors, reduced PCSK9 plasma or
function  may  favor  receptor-mediated  uptake  of
exogenous  dietary  lipids  promoting  NLRP3  priming.
The scavenger receptor CD36 has been featured as an
upstream  master  regulator  of  NLRP3  inflammasome
in  macrophages[71].  Endocytosis  of  oxLDL  by  CD36
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induces  the  inflammasome  priming  and  activation
while  inhibiting  macrophage  expression  of  CD36
prevents the rise in serum IL-1β in atherogenic mouse
on  high-fat/high-cholesterol  diet[71].  Moreover  in
monocytes,  inhibiting  LDLR  and  LDL  uptake  by
PCSK9 or anti-LDLR reduces monocyte inflammation
and chemotaxis[81].

Recent  post-hoc  analysis  in  our  cohort  of  non-
diabetic  overweight  and  obese  subjects  with  normal
plasma  LDLC  (<3.5  mmol/L)  indicates  that  subjects
with  lower  than  median  plasma PCSK9 per  sex  have
higher  hip  WAT  surface-expression  of  LDLR  and
CD36,  lower  WAT function,  and  higher  postprandial
WAT  NLRP3  inflammasome  priming  than  subjects
with  higher  plasma  PCSK9[82].  This  suggests  that
activation  of  WAT  NLRP3  inflammasome  may  be  a
mechanism  promoting  upregulated  risk  factors  for
T2D in subjects with lower PCSK9 function or plasma
concentration.

Conclusions and future direction

Elevated  plasma  numbers  of  apoB-lipoproteins,
mostly  LDL,  promote  the  risk  for  T2D.  This  may  be
mediated,  at  least  in  part  by  upregulating  WAT

NLRP3 inflammasome, WAT dysfunction and related
risk  factors  for  T2D.  However,  a  functional  LDLR
pathway may be essential for LDL-induced metabolic
abnormalities  as  highlighted  in Fig.  2.  As  lower
plasma PCSK9 or PCSK9 LOF variants may enhance
LDL and NEFA uptake via LDLR and/or CD36, they
may promote activation of the NLRP3 inflammasome
in  WAT  and  other  insulin-sensitive  tissues.  To  this
end,  a  higher  plasma apoB-to-PCSK9 ratio  may  be  a
simple clinical proxy of upregulated LDLR and CD36
pathway  and  related  metabolic  risks  better  than
plasma apoB or PCSK9 alone. Finally, as both native
and  oxLDL  are  reported  to  upregulate  the  NLRP3
inflammasome  in  tubular  endothelial  cells[65],
internalization  of  LDL  may  not  only  play  a  role  in
etiology  of  T2D  but  also  in  its  associated
complications such as kidney disease.

It  remains  to  be  investigated  if  other  apoB-
lipoprotein  receptors  regulated  by  PCSK9  such  as
VLDLR  are  also  related  to  WAT  NLRP3
inflammasome  activity,  WAT  dysfunction  and  risk
factors  for  T2D.  Moreover,  it  remains  to  be
investigated whether a less targeted therapy than anti-
IL-1β  reduces  the  incidence  of  T2D.  To  this  end,
omega-3  fatty  acids,  particularly  marine  source

 

Absent/low WAT LDLR pathway
(FH patients)

Functional WAT LDLR and CD36 pathway
(Non-FH patients)

Upregulated WAT LDLR and/or CD36 pathway
(Long-term statin therapy)

(LDLC-lowering variants in
PCSK9, HMGCR, LDLR)

Subcutaneous
WAT

LDLR

Higher plasma apoB and LDLC
Higher risk for CVD

Lower WAT uptake of LDL and NEFAs
Lower WAT NLRP3 inflammasome activity
Lower risk for T2D

High plasma apoB, LDL and NEFAs
High WAT uptake of LDL and NEFAs
High WAT NLRP3 inflammasome activity
High risk for CVD and T2D

N. B. A high plasma apoB-to-PCSK9 ratio
may be a better predictor of the risk for T2D
than plasma apoB or PCSK9 alone 

Lower plasma apoB and LDL
Lower risk for CVD

Higher WAT uptake of LDL and NEFAs
Higher NLRP3 inflammasome activity
Higher risk for T2D 

ApoB-
lipoproteins NEFA

CD36

 

Fig. 2   Proposed central role of LDL, PCSK9, LDLR and CD36 in modulating the risk for CVD vs. T2D. Patients with familial hyper-
cholesterolemia with marked reduction or absence of a functional LDLR pathway have higher risk for CVD but lower risk for T2D despite
very  high plasma LDL.  Conversely,  patients  with  induced (statin  therapy)  or  inherited  (LDLC-lowering variants  in PCSK9, HMGCR and
LDLR) upregulated LDLR pathway have lower risk for CVD but higher risk for T2D despite low plasma LDL and apoB (N.B. CD36 path-
way may also be upregulated in subjects with PCSK9 LOF variants). In between these 2 extremities in non-FH patients, the higher plasma
apoB, mostly as LDL, the higher is the risk for both CVD and T2D. A higher plasma apoB-to-PCSK9 ratio may indicate a higher risk for
T2D than plasma apoB alone as it may predict upregulated WAT surface-expression of LDLR and CD36 and receptor-mediated LDL uptake.
WAT: white adipose tissue; FH: familial hypercholesterolemia; LDL: low-density lipoprotein; LDLR: LDL receptor; NEFAs: non-esterified
fatty  acids;  PCSK9:  proprotein  convertase  subtilisin/kexin  type  9;  CD36:  cluster  of  differentiation  36;  HMGCR: 3-hydroxy-3-methylglut-
aryl-coenzyme A reductase; NLRP3: nucleotide-binding domain and Leucine-rich repeat receptor, containing a Pyrin domain 3; T2D: type 2
diabetes; CVD: cardiovascular disease.
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eicosapentaenoic  acid  (EPA)  and  docosahexaenoic
acid  (DHA)  may  be  a  promising  therapy  as  they
inhibit  the  activation  of  the  NF-κB  pathway  and  the
NLRP3  inflammasome  and  the  secretion  of  IL-1β  in
macrophage[64]. Furthermore, EPA and/or DHA reduce
plasma apoB-lipoproteins, primarily by reducing TRL
secretion and plasma clearance as reviewed[83].  It  was
recently  reported  that  while  higher  plasma  NEFAs
predicts  the  risk  for  T2D  over  11  year,  this  relation
was  significant  in  subjects  with  lower  plasma
phospholipid  content  of  EPA  and  DHA  only  (<75th

percentile)[84].  This  suggests  that  EPA∶DHA  blunt
the inflammation and metabolic dysfunction linked to
high  plasma  NEFAs[84].  Future  studies  are  needed  to
explore  whether  EPA and/or  DHA may inhibit  WAT
NLRP3  inflammasome  activity  and  related  risk  for
T2D in humans, and whether they can attenuate statin-
related increase in the risk for T2D in CVD patients.
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