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Abstract  Apolipoprotein  C-III  (apoC-III)  is a  small  protein  that  is predominantly  synthesized
in the  liver  and  mainly  resides  at  the  surface  of triglyceride-rich  lipoproteins.  Its expression
is upregulated  by  glucose  and reduced  by  insulin,  with  enhanced  apoC-III  promoting  hyper-
triglyceridemia  and  inflammation  in  vascular  cells.  The  protein  is  also  elevated  in patients
with diabetes,  suggesting  that  enhanced  apoC-III  levels  might  contribute  to  the  development  of
type 2  diabetes  mellitus.  The  present  review  focuses  on  the key mechanisms  by  which  apoC-III
could promote  type  2  diabetes  mellitus,  including  exacerbation  of  insulin  resistance  in  skeletal
muscle,  activation  of  �-cell  apoptosis,  promotion  of  weight  gain  through  its  effects  on  white
adipose tissue  and  hypothalamus,  and  attenuation  of  the  beneficial  effects  of  high-density
lipoproteins  on glucose  metabolism.  Therapeutic  strategies  aimed  at  reducing  apoC-III  lev-
els may  not  only  reduce  hypertriglyceridemia  but  also  might  improve  insulin  resistance,  thus
delaying the  development  of  type  2 diabetes  mellitus.
© 2020  Sociedad  Española  de Arteriosclerosis.  Published  by  Elsevier  España,  S.L.U.  All  rights
reserved.
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Descubriendo  el  papel  de la apolipoproteína  C-III  en  la resistencia  a la insulina

Resumen  La  apolipoproteína  C-III  (apoC-III)  es  una pequeña  proteína  predominantemente  sin-
tetizada  en  el  hígado  y  que  se  encuentra  principalmente  en  la  superficie  de las  lipoproteínas
ricas en  triglicéridos.  Su  expresión  es  aumentada  por  la  glucosa  y  reducida  por  la  insulina,  y  sus
niveles elevados  promueven  la  hipertrigliceridemia,  así  como  la  inflamación  en  células  vascu-
lares. Esta  proteína  también  se  encuentra  elevada  en  los  pacientes  diabéticos,  lo  que  sugiere
que el  aumento  de  esta  apoproteína  podría  contribuir  al  desarrollo  de  la  diabetes  mellitus  de
tipo 2. Esta  revisión  aborda  los  mecanismos  clave  por  los  que  la  apoC-III  podría  promover  la  dia-
betes mellitus  tipo  2,  entre  los que  se  encuentran  la  exacerbación  de  la  resistencia  a  la  insulina
en el  músculo  esquelético,  la  activación  de la  apoptosis  en  la  célula  �,  la  promoción  del  aumento
de peso  por  sus  efectos  sobre  el  tejido  adiposo  blanco  y  el hipotálamo,  y  la  atenuación  de  los
efectos beneficiosos  de las  lipoproteínas  de alta  densidad  sobre  el  metabolismo  de  la  glucosa.
Las estrategias  terapéuticas  dirigidas  a  disminuir  los niveles  de apoC-III  no sólo  podrían  reducir
la hipertrigliceridemia,  sino  también  mejorar  la  resistencia  a  la  insulina  y  retrasar  el  desarrollo
de la  diabetes  mellitus  de tipo  2.
© 2020  Sociedad  Española  de  Arteriosclerosis.  Publicado  por  Elsevier  España,  S.L.U.  Todos  los
derechos reservados.

Introduction

Common  to insulin  resistant  states  in patients  with  obesity
and  type  2 diabetes  mellitus  (DM)  is  the  presence  of  athero-
genic  dyslipidemia,  which is  known  to  amplify  cardiovascular
risk.1,2 Atherogenic  dyslipidemia  is  characterized  by  ele-
vated  triglyceride  levels,  reduced  high-density  lipoprotein
(HDL)  cholesterol  levels,  and  the appearance  of small  dense
low-density  lipoprotein  (LDL).1,2 Interestingly,  atherogenic
dyslipidemia  usually  precedes  a diagnosis  of  type 2 DM  by
several  years,  suggesting  that  lipoprotein  abnormalities  are
an  early  event  in the  disease’s  development.3 In  insulin
resistant  states,  atherogenic  dyslipidemia  is  initiated  by
an  overproduction  of  triglyceride-enriched  very  low-density
lipoproteins  (VLDLs)  that  triggers  the  observed  sequence  of
lipoprotein  changes.1,2

In  addition  to triglycerides,  VLDLs also  contain
apolipoproteins,  of  which  apolipoprotein  C-III  (apoC-
III)  is  one  of  the most  abundant.4 It  is  well-known  that  the
increase  in  apoC-III  contributes  to  elevated  triglyceride
levels5,6 and  cardiovascular  risk.7,8 In  fact,  individuals  with
loss-of-function  mutations  in the APOC3  gene  present  lower
triglyceride  levels  and  a reduced  risk  of  cardiovascular
disease.9,10 ApoC-III  promotes  atherosclerotic  plaque  for-
mation  not only  through  its  indirect  effects  on  triglyceride
levels  but  also  through  its  direct  pro-inflammatory  effects
on  vascular  cells.11 However,  the effects  of apoC-III  on
insulin  resistance  are  less  well-known.

Plasma  apoC-III  levels  are  elevated  in patients  with  DM,4

which  in  turn,  are  associated  with  insulin  resistance.12 This
suggests  that  the increase  in apoC-III  during  the develop-
ment  of  atherogenic  dyslipidemia  might  exacerbate  insulin
resistance,  thereby  accelerating  the development  of type  2
DM.  Consistent  with  this,  mice  overexpressing  apoC-III  have
been  shown  to  be  more  prone  to  insulin  resistance  and  DM
induced  by  high-fat  diet  (HFD).13,14

In  this  manuscript,  we  aim  to  review  the  possible  mech-
anisms  that  lead  to  apoC-III-induced  insulin  resistance.

ApoC-III: features and regulation

ApoC-III,  which  is  encoded  by  the  gene  APOC3,  is  a  major
component  of  triglyceride-rich  lipoproteins  (TRL)  (chylomi-
crons  and  VLDL)  that  is  also  present  in  LDL  and HDL.
Predominantly  synthesized  in the  liver,  and  to a lesser  extent
in the  intestine,15 its  hepatic  expression  is  negatively  regu-
lated  by  insulin  through  forkhead  box  protein  O1  (FOXO1).16

This  transcription  factor  binds to  a  consensus  site  in the
APOC3  promoter  and  upregulates  its  expression.  Insulin
then  phosphorylates  and  prevents  FOXO1  translocation  to
the  nucleus,  thereby  downregulating  apoC-III  expression.  In
animal  models  of  insulin  deficiency  or  resistance,  a  reduc-
tion  in the effects  of  this  hormone  leads  to unrestrained
apoC-III  production  that  provides  potential  mechanism  for
increased  apoC-III  levels,  hypertriglyceridemia,  and  athero-
genic  dyslipidemia  in diabetic  patients.  By  contrast,  glucose
upregulates  apoC-III  expression  in primary  rat hepatocytes
and  in  immortalized  human  hepatocytes  via the tran-
scription  factors  carbohydrate  response  element-binding
protein  (ChREBP)  and  hepatocyte  nuclear  factor-4�.17 This
regulation  of  apoC-III  by  glucose  may  help  to  explain
the  link  between  hyperglycemia,  hypertriglyceridemia,  and
cardiovascular  disease  in patients  with  type  2 DM.  In addi-
tion,  because  peroxisome  proliferator-activated  receptor
(PPAR)�  activation  by  fibrates  reduces  the expression  of
APOC3  by  decreasing  hepatocyte  nuclear  factor-4�  levels
and  promoting  the  displacement  of  this transcription  fac-
tor  from  the  APOC3  promoter,18 this  mechanism  provides  an
explanation  for  the  reduction  in  plasma  apoC-III  levels  with
fibrate  treatment.  Farnesoid  X receptor  agonists  also  reduce
hepatic  APOC3  expression,  an effect  that  may  contribute
to  the hypotriglyceridemic  effect  of  these compounds.19
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Finally,  the  increase  in  plasma  saturated  fatty  acids  levels
might  result  in  hypertriglyceridemia  by  upregulating  apoC-III
expression  via  the  PPAR� coactivator-1�  (PGC-1�).20

ApoC-III  exists  as  three  isoforms  that  differ  in terms  of
glycosylation:  apoC-III0 (no  sialic  acid  bound  to  the  protein),
apoC-III1 (one  sialic acid  residue),  and  apoC-III2 (two  sialic
acid  residues).  Each  isoform  contributes  approximately  10,
55  and  35%,  respectively,  of  the total  circulating  apoC-III
levels.21 ApoC-III  glycosylation  seems  to  be  under  metabolic
control  since  a reduction  in the apoC-III1 to apoC-III2 ratio
has  been  reported  after  weight  loss  by  caloric  restriction,22

whereas  an  increase  in  apoC-III0 has  been  observed  in com-
bined  hyperlipidemia.23

ApoC-III  in  cardiovascular  disease

ApoC-III  is considered  an independent  risk  factor  for  car-
diovascular  disease  because  of  its  close  association  with
hypertriglyceridemia  and  inflammation  in  vascular  cells.6

The  effects  of  apoC-III  on  triglyceride  levels  can  be
explained  by  several  mechanisms.  First,  it is  a potent
inhibitor  of  lipoprotein  lipase  (LPL),  a  key  enzyme  for
the  lipolysis  of  triglyceride  from  VLDL  and  chylomicrons.24

Second,  it  favors  hypertriglyceridemia  by  attenuating  the
apoE-mediated  hepatic  uptake  of  TRL  remnants  by  LDL
receptors  and  LDL  receptor-related  protein  1.25---27 This  indi-
cates  that  apoC-III  modulates  triglyceride  levels  through
LPL-dependent  and  LPL-independent  mechanisms.  More
recent  studies  have  shown  that  lowering  apoC-III  levels  in
the absence  of  apoE  did  not  improve  TRL  clearance,  but  that
it  significantly  decreased  serum  triglyceride  levels.28 The
hypotriglyceridemic  effect  in  the  absence  of  apoE  resulted
from  improved  LPL  activity  in  white  adipose  tissue,  rather
than  in  all  LPL-target  tissues.  Moreover,  apoC-III  stimulates
the  assembly  and  secretion  of  VLDL.29,30 Finally,  in  vitro

studies  using  apoC-III  complexes  with  higher  apoC-III2/apoC-
III1 ratios  show  attenuated  inhibition  of  VLDL  uptake  by
hepatic  cells  and  LPL-mediated  lipolysis,  providing  possible
functional  explanations  for  the inverse  association  between
a  higher  apoC-III2/apoC-III1 ratio  and hypertriglyceridemia
and  cardiovascular  risk.31

The  above  mechanisms  mean  that  elevated  levels  of
apoC-III  result  in hypertriglyceridemia.  Consistent  with
this,  volanesorsen,  a second-generation  antisense  oligonu-
cleotide  that  inhibits  apoC-III  synthesis  by  coupling  to  the
APOC3  messenger  RNA,  reduces  serum  triglycerides  levels  by
68%  and  increases  HDL  cholesterol  levels  by  40%  in patients
with  DM,  familial  chylomicronemia  syndrome,  or  with  mod-
erately high  triglyceride  levels.32 Genomic  studies  have
also  demonstrated  the  influence  of apoC-III  on cardiovas-
cular  risk.  The  Sstl  polymorphism,  that  results  in  increased
apoC-III  levels,  carries  a higher  risk  of hypertriglyceridemia
and  cardiovascular  disease.33 By  contrast,  loss-of-function
mutations  in  the  APOC3  gene  have  been  shown  to  reduce
non-fasting  triglyceride  levels  by  44%  and  the  incidence  of
ischemic  heart  disease  by  36%.9

Regarding  inflammation  in vascular  cells,  apoC-III-rich
lipoproteins  or  apoC-III  itself  can  activate  monocytes  and
stimulate  their  adhesion  to  vascular  endothelial  cells,
thereby  promoting  atherosclerosis.7,8 Moreover,  apoC-III
upregulates  the expression  of vascular  cell adhesion

molecule-1  in  endothelial  cells  to  increase  monocyte
adhesion.7 These  cells  later  differentiate  into  tissue
macrophages,  leading  to  inflammation,  transformation  in
foam  cells,  and atherogenesis.  Notably,  the stimulation
of  inflammatory  pathways  can  exacerbate  the  increase  in
apoC-III  levels  because  activation  of  the  pro-inflammatory
transcription  factor  nuclear  factor  �B (NF-�B) upregulates
the expression  of apoC-III.34

ApoC-III  can  also  affect  a critical  step  in the patho-
genesis  of atherosclerosis,  the deposition  and retention
of lipoproteins  by  vascular  extracellular  matrix  molecules,
particularly  proteoglycans.35 Although,  apoC-III  does  not
bind  directly  to  proteoglycans,  it has  been  reported  that
increases  in apoC-III  content  alters  the  lipid  composition
in  LDL  from  diabetic  patients  with  a high  endogenous
apoC-III/apoB  molar  ratio,  which  allows  apoB  to  acquire
a  conformation  that is  more  favorable  for  proteoglycan
binding.11

The  marked  heterogenicity  in  apolipoprotein  content  in
HDLs  affects  their  function.  ApoC-III  is  present  in 4% of  HDL  in
subjects  of normal  weight,  but  it increases  to  10%  in  subjects
who  are obese.36 This  may  be responsible  for attenuating
some  of  the  beneficial  effects  of  HDL,  because  it is  known
that  there  is  a higher  risk  of cardiovascular  disease  than
when  compared  to HDL that  lacks  apoC-III.37 Similarly,  HDLs
from  patients  with  coronary  artery disease  have been  shown
to  stimulate  endothelial  proapoptotic  pathways  because  of
the  higher  content  of  apoC-III;  by  contrast,  HDL  with  less
apoC-III  has  been  shown  to  inhibit  apoptosis.38 These  findings
indicate  that  HDL  containing  apoC-III  may  be dysfunctional.

ApoC-III and insulin  resistance

Insulin  resistance  and  �-cell  failure  are the  two  major
pathophysiologic  abnormalities  that  contribute  to  the  devel-
opment  of type  2 DM.  Insulin  resistance  precedes  and
predicts  the development  of  type 2  DM  and is  initiated
when  overnutrition  results  in  elevated  levels  of  glucose
and/or  lipids  in the  serum,  inducing  low-grade  inflamma-
tion  and  activating  various  transcriptional  and  metabolic
pathways.  This  results  in  the  induction  of various  pro-
inflammatory  mediators  that  provoke  the pathogenesis  of
tissue-specific  insulin  resistance  by  attenuating  insulin  sig-
naling  pathways.39 Once  insulin  resistance  develops,  it
promotes  �-cell  failure,  and  impaired  insulin  secretion,  ulti-
mately  resulting  in  overt  hyperglycemia.

Skeletal  muscle  insulin  resistance  is  the primary  defect
that  precedes  �-cell  failure  and overt  hyperglycemia  by
decades.40 In fact,  the primary  site of  insulin-stimulated  glu-
cose  disposal  is  skeletal  muscle,  accounting  for  up  to  90%  of
glucose  clearance.41 Consequently,  loss  of  skeletal  muscle
insulin  sensitivity  is  critical  to  the pathogenesis  of  type  2
DM.42 Although  the mechanisms  involved  in the  development
of  insulin  resistance  are currently  unclear,  accumulating
evidence  points  to the presence  of  a chronic  low-level
inflammatory  process.39 Endoplasmic  reticulum  (ER)  stress43

and toll-like  receptors  (TLRs)44 have  been  implicated  in the
activation  of  pro-inflammatory  kinases,  such  as  the  inhibitor
of �B (I�B)  kinase  �  (IKK-�) in the  NF-�B  pathway.  Together
with  other  kinases,  this  phosphorylates  the insulin  recep-
tor  substrate  1  (IRS-1)  in serine  residues  and attenuate
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Figure  1  Insulin  resistance  mechanisms  induced  by  apoC-III.  ApoC-III,  apolipoprotein  C-III;  ER,  endoplasmic  reticulum;  HDL,
high-density  lipoprotein;  NAFLD,  non-alcoholic  fatty  liver  disease.

the  insulin  signaling  pathway.  Likewise,  pro-inflammatory
pathways  upregulate  the expression  of multiple  inflamma-
tory  mediators  that  also  facilitate  insulin  resistance.39 We
have  previously  reported  that  skeletal  muscle  from  trans-
genic  mice  overexpressing  apoC-III  show increased  levels  of
ER  stress  and inflammatory  markers  (Fig.  1).45 Activation
of  ER  stress  by  apoC-III  in myotubes  stimulated  the  NF-
�B  pathway,  attenuated  insulin  signaling  by  increasing  the
phosphorylation  of  IRS-1  in serine  residues,  and  upregulated
the  expression  levels  of  inflammatory  mediators,  includ-
ing  interleukin  6, tumor  necrosis  factor  �,  and  monocyte
chemoattractant  protein-1.  Remarkably,  these  effects  were
prevented  by  incubation  with  a neutralizing  antibody  against
TLR-2,  indicating  that  some of  the effects  of  apoC-III  might
be  mediated  by  this  receptor.  Given  that apoC-III  is  the most
abundant  apolipoprotein  in the VLDL  of  people  with  DM,4

these  results suggest  that  their  elevated  VLDL  may  affect
skeletal  muscle  and  thereby  exacerbate  insulin  resistance.

Non-alcoholic  fatty  liver  disease  (NAFLD)  is  the princi-
pal  manifestation  of liver  disease  in insulin  resistant  states
such  as obesity  and  metabolic  syndrome.  There  are conflict-
ing  results  for  the effects  of apoC-III  in NAFLD.  Transgenic
mice  overexpressing  apoC-III  fed  a  standard  diet  showed
NAFLD-like  features  compared  with  non-transgenic  control
littermates,  with  these  changes  being  exacerbated  by  feed-
ing  a  HFD.46 Treatment  with  the PPAR� activator  fenofibrate
reversed  several  of the effects  caused  by  elevated  apoC-
III  levels  but  failed  to  normalize  inflammatory  markers  even
when  the  increase  in liver  lipid  accumulation  was  completely
abolished.44 However,  in a  study  where  transgenic  mice
overexpressing  apoC-III  were  fed  a  HFD  for  up  to  10 months,
the  authors  concluded  that  apoC-III  was  not  a predispos-
ing  factor  for  linking  overnutrition  to  NAFLD  in obesity.47 In
humans,  carriers  of APOC3  variant  alleles  develop  increased

plasma  levels  of apoC-III  that  is  associated  with  NAFLD  and
insulin  resistance.12,48 By  contrast,  several  studies  show  no
causal  relationship  between  APOC3  variants  linked  to  hyper-
triglyceridemia  and  the hepatic  triglyceride  content49 or
linking  APOC3  promoter  region  polymorphisms  to  liver  dam-
age  (severity  of  steatosis,  non-alcoholic  steatohepatitis,  and
moderate/severe  fibrosis).50

Transgenic  mice  overexpressing  apoC-III  have  also  been
used  to  confirm  the role  of this  apolipoprotein  in obesity.
Diet-induced  obesity  was  exacerbated  in  these mice  due
to  the  increased  availability  of  free  fatty  acids  from  post-
prandial  TRLs,  the greater  adipose  capacity  for  lipid  uptake,
and  the reduced  lipolysis  in adipose  tissue.51

ApoC-III  also  links  insulin  resistance  and �-cell  failure
in  type  2 DM.  Local  insulin  resistance  in �-cells  reduces
FOXO1  nuclear  exclusion  and increases  apoC-III  levels.  The
increase  in islet  apoC-III  then  causes  apoptosis  by  increasing
cytoplasmic  free  Ca2+ concentrations  and  promoting  a  local
inflammatory  milieu.52 Supporting  this,  antisense  oligonu-
cleotide  treatment  decreased  in vivo  apoC-III  and  improved
glucose  tolerance.  ApoC-III  knockout  islets  transplanted  into
diabetic  mice  with  high  systemic  levels  of  apoC-III  have  also
been  shown  to  induce  normal  cytoplasmic  free  Ca2+ concen-
trations  in the absence  of  inflammation.  In the setting  of
islet  insulin  resistance,  these findings  indicate  that  locally
produced  apoC-III  impairs  �-cell  function  and  contributes  to
the  development  of  type  2  DM.  In  type  1  diabetic  patients,
increased  activity  of  voltage-gated  L-type  Ca2+-channels  in
�-cells  results  in increased  cytoplasmic  free  Ca2+,  leading
to  �-cell  apoptosis.  Remarkably,  it has  been reported  that
in these  patients  apoC-III  stimulates  the activity  of  L-type
voltage-gated  Ca2+-channels  in insulin-producing  cells,  ulti-
mately  leading  to  an increase  in cytoplasmic  free  Ca2+ and
�-cell  apoptosis.53
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Research  indicates  that  HDL  ameliorates  glucose
metabolism  by modulating  insulin  secretion  by  pancreatic
�-cells,54---56 and  insulin-independent  glucose  uptake  by
skeletal  muscle,56,57 as  well  as  by  inhibiting  inflammation.58

Although  results  conflict,  the presence  of apoC-III  in HDL
may  attenuate  the  beneficial  effects  of  these  lipoproteins
on  glucose  metabolism.  Thus,  dysfunctional  HDL  containing
apoC-III  was  reported  to  be  a  major  independent  predictor
of  new-onset  type 2 DM.59 A more  recent  study  confirmed
that  the  presence  of  apoC-III  on  HDL  also  diminished
the protective  association  of  HDL  with  incident  DM.60 In
another  study,  however,  HDL  without  apoC-III  was  inversely
associated  with  risk  of  DM,  but  no  such association  was
shown  for  HDL  with  apoC-III.61

ApoC-III  might  also  affect food  intake  by  inhibiting  LPL  in
the  hypothalamus.  This  lipase  promotes  fatty  acid  uptake  in
this  brain  tissue,  ultimately  downregulating  orexigenic  neu-
ropeptide  expression,  which in turn,  reduces  food  intake  and
inhibits  glucose  production.62,63 ApoC-III  is  expressed  in the
hypothalamus,  and its  intracerebroventricular  injection  can
suppress  hypothalamic  LPL activity  and stimulate  night-time
food  intake.64 These  findings  suggest  that  increased  apoC-III
levels  in the  hypothalamus  can  promote  food  intake,  leading
to  obesity  and altered  glucose  metabolism.

Finally,  genetic  and  pharmacological  approaches  have
provided  robust  evidence  of  the involvement  of  apoC-III  in
the  development  of  insulin  resistance.  Data  show  that  sub-
jects  with  a  genetic  mutation  in the APOC3  gene,  who  have
life-long  reduced  apoC-III  levels,  are healthier  overall  and
have  increased  insulin  sensitivity.65 Moreover,  a small  study
showed  that  volanesorsen  improved  dyslipidemia  and  insulin
sensitivity  when  used to  treat  patients  with  type  2 DM.66

Although  the  cohort  was  small,  a  strong  relationship  was
found  between  enhanced  insulin  sensitivity  and both  plasma
apoC-III  and  triglyceride  suppression.

Targeting apoC-III

ApoC-III  has a key  role  in lipid  metabolism  and  inflamma-
tion,  but it  can  also  contribute  to  the  development  of  type
2  DM  by  promoting  insulin  resistance  in skeletal  muscle  and
triggering  �-cell  apoptosis.  It also  contributes  to  obesity
through  effects  on  white  adipose  tissue  and  hypothalamus
and  attenuates  the  beneficial  effects  of HDL on  glucose
metabolism.  Therefore,  lowering  apoC-III  reduces  not  only
cardiovascular  risk  but  also  insulin  resistance,  which  in turn
is  involved  in  the  development  of  atherogenic  dyslipidemia
and serves  as  a risk  factor  for  type  2 DM  and  cardiovascular
disease.  Several  therapeutic  tools  are available  for  redu-
cing  apoC-III,  including  the  PPAR� activators  fibrates,  which
reduce  hepatic  apoC-III  expression,19 or  the  insulin  sensi-
tizer  pioglitazone,  a  PPAR� activator  used in  the treatment
of  type  2  DM.67 A meta-analysis  of  randomized  clinical  trials
also  reported  that  statins  can decrease  apoC-III  levels,  help-
ing  to  explain  their  hypotriglyceridemic  action.68 However,
directly  targeting  APOC3  mRNA  with  volanesorsen  is  the only
treatment  that  induces  a robust  reduction  in apoC-III  levels.

The  clinical  efficacy  and safety of  volanesorsen  as  a lipid-
lowering  drug  has recently  been  reported  in phase  2 and
phase  3 clinical  studies.32 It induced  a strong  reduction  in
serum  triglyceride  levels  and  a  significant  increase  in HDL

cholesterol.  However,  larger  clinical  trials  are needed  to val-
idate  the  use  of  volanesorsen  as  a lipid-lowering  drug  for
eliminating  residual  cardiovascular  risk.  Concerning  safety
issues,  the  APPROACH  trial  in  patients  with  familial  chy-
lomicronemia  syndrome  revealed  that  volanesorsen  caused
thrombocytopenia  in 76%  of treated  patients.69 However,  no
significant  differences  have  been reported  between  carri-
ers  and  non-carriers  of  an inactivating  mutation  in  APOC3  in
platelet  count  or  in the  prevalence  of  thrombocytopenia.70

This  suggests  that  this side  effect  is  drug-  or  class-specific
rather  than  a  consequence  of apoC-III  inhibition.

A  monoclonal  antibody  targeting  lipoprotein-bound
human  apoC-III  has  also  been  developed.71 In  mice  express-
ing  human  APOC3,  its  administration  promoted  circulating
apoC-III  clearance  and  enhanced  TRL  catabolism.  To  date,
its  effects  on  insulin  sensitivity  has  not  been  evaluated.

Conclusions

The  available  evidence  suggests  that  apoC-III  is  not  only  rel-
evant  to  lipoprotein  metabolism  and inflammation  but  also
to  insulin  resistance,  with  evidence  that pharmacological
targeting  its  reduction  might  improve  this  latter  condition.
Drugs  reducing  apoC-III  levels  or  activity  might be key  in type
2  diabetic  patients,  since  cardiovascular  disease  remains  the
principal  cause  of death  among  these  patients.  Additional
research  is  needed  to  confirm  the efficacy  of volanesorsen
in patients  with  type 2  DM  because  only  a single  study
with  a small  number  of patients  has  examined  this  poten-
tial  new indication.  Moreover,  safety concerns  remain  given
the  effects  of  volanesorsen  on  the platelet  count  and  throm-
bocytopenia.

Authors’  contributions

All authors  contributing  to  the writing,  editing,  and  approval
of  the  manuscript.

Financial support

This  work  was  funded  by  the SEA-FEA  grant  for  basic  reseach
2017  and the  Spanish  Ministry  of  the Economy  and  Com-
petitiveness  (SAF2015-64146-R  and RTI2018-093999-B-100  to
MVC)  and  European  Union  ERDF  funds.  CIBER  de  Diabetes  y
Enfermedades  Metabólicas  Asociadas  (CIBERDEM)  is  a Carlos
III  Health  Institute  projects.

This  study  was  supported  by  the  SEA-FEA  grant  for  basic
research  2017.

Conflict of interest

The  authors  declare  no  competing  interests.

References

1. Lorenzatti AJ, Toth PP. New perspectives on atherogenic dyslip-
idaemia and cardiovascular disease. Eur Cardiol. 2020;15:1---9,
http://dx.doi.org/10.15420/ecr.2019.06.

112



Clinica  e Investigacion  en Arteriosclerosis  33 (2021)  108---115

2. Wu L, Parhofer KG. Diabetic dyslipidemia. Metabolism.
2014;63:1469---79, http://dx.doi.org/10.1016/j.
metabol.2014.08.010.

3. Adiels M, Olofsson SO, Taskinen MR, Borén J. Over-
production of very low-density lipoproteins is the
hallmark of  the dyslipidemia in the metabolic syn-
drome. Arterioscler Thromb Vasc Biol. 2008;28:1225---36,
http://dx.doi.org/10.1161/ATVBAHA.107.160192.

4. Hiukka A, Fruchart-Najib J,  Leinonen E, Hilden H, Fruchart
JC, Taskinen MR. Alterations of  lipids and apolipopro-
tein CIII in very low density lipoprotein subspecies
in type 2 diabetes. Diabetologia. 2005;48:1207---15,
http://dx.doi.org/10.1007/s00125-005-1753-z.

5. Ito Y, Azrolan N,  O’Connell A, Walsh A, Breslow JL.
Hypertriglyceridemia as a result of  human Apo CIII gene
expression in transgenic mice. Science. 1990;249:790---3,
http://dx.doi.org/10.1126/science.2167514.

6. Ginsberg HN, Brown WV. Apolipoprotein CIII:
42 years old and even more interesting. Arte-
rioscler Thromb Vasc Biol. 2011;31:471---3,
http://dx.doi.org/10.1161/ATVBAHA.110.221846.

7. Kawakami A, Aikawa M, Alcaide P, Luscinskas FW,  Libby P,
Sacks FM. Apolipoprotein CIII induces expression of  vascular cell
adhesion molecule-1 in vascular endothelial cells and increases
adhesion of  monocytic cells. Circulation. 2006;114:681---7,
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.622514.

8. Kawakami A, Aikawa M, Libby P, Alcaide P, Luscinskas
FW,  Sacks FM. Apolipoprotein CIII in apolipoprotein B
lipoproteins enhances the adhesion of  human monocytic
cells to endothelial cells. Circulation. 2006;113:691---700,
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.591743.

9. Jrøgensen AB, Frikke-Schmidt R, Nordestgaard BG, Tybjræg-
Hansen A. Loss-of-function mutations in APOC3 and risk of
ischemic vascular disease. N Engl J  Med. 2014;371:32---41,
http://dx.doi.org/10.1056/NEJMoa1308027.

10.  The TG and HDL  Group of  the exome sequencing
project, national, heart, lung, and blood institute.
Loss-of-function mutations inAPOC3, triglycerides, and
coronary heart disease. N Engl J Med 2014;371:22---31.
https://doi.org/10.1056/NEJMoa1307095.

11. Hiukka A, Stahlman M,  Pettersson C, Levin M, Adiels M, Teneberg
S, et al. ApoCIII-enriched LDL in type 2  diabetes displays
altered lipid composition, increased susceptibility for sph-
ingomyelinase, and increased binding to biglycan. Diabetes.
2009;58:2018---26, http://dx.doi.org/10.2337/db09-0206.

12. Petersen KF, Dufour S, Hariri A, Nelson-Williams C, Foo JN,
Zhang X-M, et al. Apolipoprotein C3 gene variants in nonal-
coholic fatty liver disease. N  Engl J  Med. 2010;362:1082---9,
http://dx.doi.org/10.1056/NEJMoa0907295.

13.  Salerno AG, Silva TR, Amaral MEC, Alberici LC, Bonfleur
ML, Patrício PR, et  al. Overexpression of  apolipopro-
tein CIII increases and CETP reverses diet-induced obe-
sity in transgenic mice. Int J Obes. 2007;31:1586---95,
http://dx.doi.org/10.1038/sj.ijo.0803646.

14. Lee HY, Birkenfeld AL, Jornayvaz FR, Jurczak MJ, Kanda
S, Popov V,  et  al. Apolipoprotein CIII overexpressing mice
are predisposed to diet-induced hepatic steatosis and
hepatic insulin resistance. Hepatology. 2011;54:1650---60,
http://dx.doi.org/10.1002/hep.24571.

15. Wang CS, McConathy WJ, Kloer HU, Alaupovic P. Mod-
ulation of lipoprotein lipase activity by apolipoproteins.
Effect of apolipoprotein C-III. J Clin Invest. 1985;75:384---90,
http://dx.doi.org/10.1172/JCI111711.

16. Altomonte J, Cong L, Harbaran S, Richter A, Xu J,  Meseck
M, et al. Foxo1 mediates insulin action on apoC-III and
triglyceride metabolism. J  Clin Invest. 2004;114:1493---503,
http://dx.doi.org/10.1172/JCI19992.

17.  Caron S, Verrijken A, Mertens MI, Samanez I, Mautino CH,
Haas GJT, et  al. Transcriptional activation of  apolipopro-
tein CIII expression by glucose may  contribute to diabetic
dyslipidemia. Arterioscler Thromb Vasc Biol. 2011;31:513---9,
http://dx.doi.org/10.1161/ATVBAHA.

18. Hertz R,  Bishara-Shieban J, Bar-Tana J. Mode of action of
peroxisome proliferators as hypolipidemic drugs. Suppres-
sion of apolipoprotein C-III. J  Biol Chem. 1995;270:13470---5,
http://dx.doi.org/10.1074/jbc.270.22.13470.

19. Claudel T,  Inoue Y, Barbier O,  Duran-Sandoval D,
Kosykh V, Fruchart J, et  al. Farnesoid X recep-
tor agonists suppress hepatic apolipoprotein CIII
expression. Gastroenterology. 2003;125:544---55,
http://dx.doi.org/10.1016/s0016-5085(03)00896-5.

20. Hernandez C, Molusky M,  Li  Y, Li S, Lin JD. Regulation of
hepatic ApoC3 expression by  PGC-1beta mediates hypolipi-
demic effect of nicotinic acid. Cell Metab. 2010;12:411---9,
http://dx.doi.org/10.1016/j.cmet.2010.09.001.

21. Wopereis S, Grunewald S,  Morava E, Penzien JM,
Briones P, Garcia-Silva MT, et al. Apolipoprotein C-
III isofocusing in the diagnosis of genetic defects in
O-glycan biosynthesis. Clin Chem. 2003;49:1839---45,
http://dx.doi.org/10.1373/clinchem.2003.022541.

22. Bosello O,  Cominacini L,  Zocca I, Garbin U, Ferrari F, Davoli
A. Effects of  severe caloric restriction on the degree of sialy-
lation of  apoprotein C-III in obese women. Ann Nut Metabol.
1985;29:33---9, http://dx.doi.org/10.1159/000176951.

23. Lindbohm N, Gylling H,  Miettinen TE, Miettinen TA.
Sialic acid content of LDL and lipoprotein metabolism
in combined hyperlipidemia and primary moderate
hypercholesterolemia. Clin Chim Acta. 1999;285:69---84,
http://dx.doi.org/10.1016/S0009-8981(99)00107-2.

24. Wang CS, Conathy JM, Kloer HU, Alaupovic P. Modu-
lation of  lipoprotein lipase activity by apolipoproteins:
effect of  apolipoprotein CIII. J  Clin Invest. 1985;75:384---90,
http://dx.doi.org/10.1172/JCI111711.

25. Zheng C, Khoo C, Furtado J,  Sacks FM. Apolipoprotein C-III and
the metabolic basis for hypertriglyceridemia and the dense low-
density lipoprotein phenotype. Circulation. 2010;21:1722---34,
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.875807.

26. Sacks FM. The crucial roles of  apolipoproteins E and
C-III in apoB lipoprotein metabolism in normolipidemia
and hypertriglyceridemia. Curr Opin Lipidol. 2015;26:56---63,
http://dx.doi.org/10.1097/MOL.0000000000000146.

27. Gordts PL, Nock R, Son NH, Ramms B, Lew I,  Gonzales JC,
et  al. ApoC-III inhibits clearance of  triglyceride-rich lipoproteins
through LDL family receptors. J Clin Invest. 2016;126:2855---66,
http://dx.doi.org/10.1172/JCI86610.

28. Ramms B, Patel S, Nora C, Pessentheiner AR, Chang MW,
Green CR,  et  al. ApoC-III ASO promotes tissue LPL activity
in the absence of apoE-mediated TRL clearance. J  Lipid Res.
2019;60:1379---95, http://dx.doi.org/10.1194/jlr.M093740.

29.  Sundaram M, Zhong S, Bou Khalil M,  Zhao Y, Iqbal J, et  al.
Expression of apolipoprotein C-III inMcA-RH7777 cells enhances
VLDL assembly and secretion under lipid-rich conditions. J Lipid
Res. 2010;51:150---61, http://dx.doi.org/10.1194/M900346-
JLR200.

30. Yao  Z. Human apolipoprotein C-III-a new intra-
hepatic protein factor promoting assembly and
secretion of very low density lipoproteins. Cardio-
vasc Hematol Disord Drug Targets. 2012;12:133---40,
http://dx.doi.org/10.2174/1871529x11202020133.

31. Koska J, Yassine H, Trenchevska O,  Sinari S,  Schwenke
DC, Yen FT, et  al. Disialylated apolipoprotein C-III pro-
teoform is  associated with improved lipids in predia-
betes and type 2 diabetes. J  Lipid Res. 2016;57:894---905,
http://dx.doi.org/10.1194/jlr.P064816.

113



D. Aguilar-Recarte,  X.  Palomer  and  M.  Vázquez-Carrera

32. Fogacci F, Norata GD, Toth PP, Arca M, Cicero AFG. Efficacy
and safety of volanesorsen (ISIS 304801): the evidence from
phase 2 and 3  clinical trials. Curr Atheroscler Rep. 2020;22:18,
http://dx.doi.org/10.1007/s11883-020-00836-w.

33. Olivieri O, Stranieri C, Bassi A, Zaia B, Girelli D, Piz-
zolo F, et al. ApoC-III gene polymorphisms and risk of
coronary artery disease. J  Lipid Res. 2002;43:1450---7,
http://dx.doi.org/10.1194/jlr.m200145-jlr200.

34. Gruber PJ, Torres-Rosado A, Wolak ML, Leff T. Apo CIII
gene transcription is regulated by a  cytokine inducible
NF-kappa B element. Nucleic Acids Res. 1994;22:2417---22,
http://dx.doi.org/10.1093/nar/22.12.2417.

35. Scuruchi M,  Potì F, Rodríguez-Carrio J,  Campo GM,
Mandraffino G. Biglycan and atherosclerosis: lessons
from high cardiovascular risk conditions. Biochim Bio-
phys Acta Mol Cell Biol Lipids. 2020;1865:158545,
http://dx.doi.org/10.1016/j.bbalip.2019.158545.

36. Talayero B, Wang L, Furtado J, Carey VJ, Bray GA, Sacks
FM. Obesity favors apolipoprotein E and C-III-containing
high density lipoprotein subfractions associated with
risk of heart disease. J  Lipid Res. 2014;55:2167---77,
http://dx.doi.org/10.1194/jlr.M042333.

37. Jensen MK, Rimm EB, Furtado JD, Sacks FM. Apolipopro-
tein C-III as a potential modulator of the association
between HDL-cholesterol and incident coronary
heart disease. J  Am Heart Assoc. 2012;1:jah3---232,
http://dx.doi.org/10.1161/JAHA.111.000232.

38. Riwanto M, Rohrer L, Roschitzki B, Besler C, Mocharla P, Mueller
M, et al. Altered activation of  endothelial anti- and proapop-
totic pathways by  high-density lipoprotein from patients with
coronary artery disease: role of high-density lipoprotein-
proteome remodeling. Circulation. 2013;127:891---904,
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.
108753.

39. Wu H, Ballantyne CM.  Metabolic inflammation and
insulin resistance in obesity. Circ Res. 2020;126:1549---64,
http://dx.doi.org/10.1161/CIRCRESAHA.119.315896.

40. Warram JH, Martin BC, Krolewski AS, Soeldner JS, Kahn
CR. Slow glucose removal rate and hyperinsulinemia pre-
cede the development of type II diabetes in the offspring
of diabetic parents. Ann  Intern Med. 1990;113:909---15,
http://dx.doi.org/10.7326/0003-4819-113-12-909.

41. DeFronzo RA, Gunnarsson R, Björkman O, Olsson M,
Wahren J. Effects of  insulin on peripheral and splanch-
nic glucose metabolism in noninsulin-dependent (type
II) diabetes mellitus. J  Clin Invest. 1985;76:149---55,
http://dx.doi.org/10.1172/JCI111938.

42. Abdul-Ghani MA, DeFronzo RA. Pathogenesis of  insulin
resistance in skeletal muscle. J  Biomed Biotechnol.
2010;2010:476279, http://dx.doi.org/10.1155/2010/476279.

43. Salvadó L,  Palomer X, Barroso E, Vázquez-Carrera
M. Targeting endoplasmic reticulum stress in insulin
resistance. Trends Endocrinol Metab. 2015;26:438---48,
http://dx.doi.org/10.1016/j.tem.2015.05.007.

44. Könner AC, Brüning JC. Toll-like receptors: linking inflamma-
tion to metabolism. Trends Endocrinol Metab. 2011;22:16---23,
http://dx.doi.org/10.1016/j.tem.2010.08.007.

45. Botteri G, Montori M, Gumà A, Pizarro J, Cedó L, Escolà-Gil JC,
et al. VLDL and apolipoprotein CIII induce ER stress and inflam-
mation and attenuate insulin signalling via Toll-like receptor 2
in mouse skeletal muscle cells. Diabetologia. 2017;60:2262---73,
http://dx.doi.org/10.1007/s00125-017-4401-5.

46. Paiva AA, Raposo HF, Wanschel ACB, Nardelli TR,
Oliveira HCF. Apolipoprotein CIII overexpression-induced
hypertriglyceridemia increases nonalcoholic fatty liver
disease in association with inflammation and cell
death. Oxid Med  Cell Longev. 2017;2017:1838679,
http://dx.doi.org/10.1155/2017/1838679.

47.  Cheng X, Yamauchi J,  Lee S, Zhang T, Gong Z,
Muzumdar R, et  al.  APOC3 protein is not a  predis-
posing factor for fat-induced nonalcoholic fatty liver
disease in mice. J  Biol Chem. 2017;292:3692---705,
http://dx.doi.org/10.1074/jbc.M116.765917.

48.  Li M-R, Zhang S-H, Chao K,  Liao X-H, Yao J-Y, Chen M-H, et al.
Apolipoprotein C3 (-455T>C) polymorphism confers suscepti-
bility to nonalcoholic fatty liver disease in the Southern Han
Chinese population. World J Gastroenterol. 2014;20:14010---7,
http://dx.doi.org/10.3748/wjg.v20.i38.14010.

49. Kozlitina J, Boerwinkle E, Cohen JC,  Hobbs HH. Dis-
sociation between APOC3 variants, hepatic triglyceride
content and insulin resistance. Hepatology. 2011;53:467---74,
http://dx.doi.org/10.1002/hep.24072.

50.  Valenti L, Nobili V,  Al-Serri A, Rametta R, Leathart JBS, Zappa
MA, et  al. The APOC3 T-455C and C-482T promoter region
polymorphisms are not associated with the severity of liver
damage independently of  PNPLA3 I148M genotype in patients
with nonalcoholic fatty liver. J  Hepatol. 2011;55:1409---14,
http://dx.doi.org/10.1016/j.jhep.2011.03.035.

51. Raposo HF, Paiva AA, Kato LS,  de Oliveira HC. Apolipopro-
tein CIII overexpression exacerbates diet-induced obesity due
to adipose tissue higher exogenous lipid uptake and reten-
tion and lower lipolysis rates. Nutr Metab (Lond). 2015;12:61,
http://dx.doi.org/10.1186/s12986-015-0058-6.

52.  Avall K, Ali Y,  Leibiger IB, Leibiger B, Moede T, Paschen M, et al.
Apolipoprotein CIII links islet insulin resistance to b-cell fail-
ure in diabetes. Proc Natl Acad Sci USA. 2015;112:E2611---9,
http://dx.doi.org/10.1073/pnas.1423849112.

53. Juntti-Berggren L, Larsson O,  Rorsman P, Ammälä C, Bokvist K,
Wåhlander K, et al. Increased activity of  L-type Ca2þ channels
exposed to serum from patients with type I diabetes. Science.
1993;261:86---90, http://dx.doi.org/10.1126/science.7686306.

54. Cochran BJ, Bisoendial RJ, Hou L,  Glaros EN, Rossy
J, Thomas SR, et al. Apolipoprotein A-I increases
insulin secretion and production from pancreatic �-cells
via a  Gprotein-camp-pka-foxO1-dependent mecha-
nism. Arterioscler Thromb Vasc Biol. 2014;34:2261---7,
http://dx.doi.org/10.1161/ATVBAHA.114.304131.

55. Sturek JM, Castle JD, Trace AP, Page LC, Castle AM, Evans-
Molina C, et  al. An intracellular role for ABCG1-mediated
cholesterol transport in the regulated secretory pathway of
mouse pancreatic beta cells. J Clin Invest. 2010;120:2575---89,
http://dx.doi.org/10.1172/JCI41280.

56.  Drew BG, Duffy SJ, Formosa MF, Natoli AK, Hen-
stridge DC, Penfold SA, et al. High-density lipoprotein
modulates glucose metabolism in patients with type
2 diabetes mellitus. Circulation. 2009;119:2103---11,
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.843219.

57. Dalla-Riva J,  Stenkula KG, Petrlova J, Lagerstedt JO. Dis-
coidal HDL and apoA-I-derived peptides improve glucose
uptake in skeletal muscle. J  Lipid Res. 2013;54:1275---82,
http://dx.doi.org/10.1194/jlr.M032904.

58.  Drew BG, Rye KA, Duffy SJ, Barter P, Kingwell BA. The emerg-
ing role of HDL in glucose metabolism. Nat Rev Endocrinol.
2012;8:237---45, http://dx.doi.org/10.1038/nrendo.2011.235.

59. Onat A, Hergenc G, Ayhan E, et al. Serum apolipopro-
tein C-III in high density lipoprotein: a key diabeto-
genic risk factor in Turks. Diabet Med. 2009;26:981---8,
http://dx.doi.org/10.1111/j.1464-5491.2009.02814.x.

60. Aroner SA, Furtado JD, Sacks FM, Tsai MY, Mukamal KJ,  McClel-
land RL, et  al. Apolipoprotein C-III and its defined lipoprotein
subspecies in relation to incident diabetes: the Multi-
Ethnic Study of  Atherosclerosis. Diabetologia. 2019;62:981---92,
http://dx.doi.org/10.1007/s00125-019-4847-8.

61.  Aroner SA, Yang M,  Li J, Furtado JD, Sacks FM, Tjønneland
A, et al. Apolipoprotein C-III and high-density lipopro-
tein subspecies defined by apolipoprotein C-III in

114



Clinica  e Investigacion  en Arteriosclerosis  33 (2021)  108---115

relation to diabetes risk. Am J Epidemiol. 2017;186:736---44,
http://dx.doi.org/10.1093/aje/kwx143.

62. Laperrousaz E, Moulle VS, Denis RG, Kassis N, Berland
C, Colsch B, et  al. Lipoprotein lipase in hypothala-
mus is a  key regulator of  body weight gain and glu-
cose homeostasis in mice. Diabetologia. 2017;60:1314---24,
http://dx.doi.org/10.1007/s00125-017-4282-7.

63. Wang H, Astarita G, Taussig MD, Bharadwaj KG, DiPa-
trizio NV, Nave K-A, et  al. Deficiency of lipoprotein
lipase in neurons modifies the regulation of  energy bal-
ance and leads to obesity. Cell Metab. 2011;13:105---13,
http://dx.doi.org/10.1016/j.cmet.2010.12.006.

64. Kim HK, Shin MS, Youn BS, Kang GM, Gil SY, Lee CH, et al.
Regulation of energy balance by the hypothalamic lipopro-
tein lipase regulator Angptl3. Diabetes. 2015;64:1142---53,
http://dx.doi.org/10.2337/db14-0647.

65. Atzmon G,  Rincon M, Schechter CB, Shuldiner AR, Lipton RB,
Bergman A, et al. Lipoprotein genotype and conserved pathway
for exceptional longevity in humans. PLoS Biol. 2006;4:e113,
http://dx.doi.org/10.1371/journal.pbio.0040113.

66. Digenio A, Dunbar RL, Alexander VJ, Hompesch M, Morrow L,  Lee
RG, et al. Antisense-mediated lowering of  plasma apolipopro-
tein C-III by  volanesorsen improves dyslipidemia and insulin
sensitivity in type 2 diabetes. Diabetes Care. 2016;39:1408---15,
http://dx.doi.org/10.2337/dc16-0126.

67. Nagashima K, Lopez C, Donovan D, Ngai C, Fontanez N,
Bensadoun A, et al. Effects of  the PPARgamma agonist
pioglitazone on  lipoprotein metabolism in patients with
type 2 diabetes mellitus. J Clin Invest. 2005;115:1323---32,
http://dx.doi.org/10.1172/JCI23219.

68. Sahebkar A,  Simental-Mendia LE,  Mikhailidis DP, Pirro
M, Banach M,  Sirtori CR, et  al. Effect of statin ther-
apy on plasma apolipoprotein CIII concentrations:
a systematic review and meta-analysis of  random-
ized controlled trials. J Clin Lipidol. 2018;12:801---9,
http://dx.doi.org/10.1016/j.jacl.2018.01.008.

69. Witztum JL, Gaudet D,  Freedman SD, Alexander VJ, Digenio A,
Williams KR, et  al. Volanesorsen and triglyceride levels in famil-
ial chylomicronemia syndrome. N  Engl J  Med. 2019;381:531---42,
http://dx.doi.org/10.1056/NEJMoa1715944.

70. Khetarpal SA, Wang M,  Khera AV. Volanesorsen, familial chy-
lomicronemia syndrome, and thrombocytopenia. N  Engl J  Med.
2019;381:2582---4, http://dx.doi.org/10.1056/NEJMc1912350.

71. Khetarpal SA, Zeng X, Millar JS, Vitali C, Somasundara AVH,
Zanoni P, et al. A human APOC3 missense variant and mon-
oclonal antibody accelerate apoC-III clearance and lower
triglyceride-rich lipoprotein levels. Nat Med. 2017;23:1086---94,
http://dx.doi.org/10.1038/nm.4390.

115


	Uncovering the role of apolipoprotein C-III in insulin

