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As humans evolved, the greatest survival threat was insuf-
ficient caloric intake (1–5). Our predecessors therefore 
relied on mechanisms that during times of starvation could 
direct FAs toward skeletal muscle to provide energy to hunt 
for food. Similarly, they relied on mechanisms that, during 
relatively rare periods of caloric availability, could reduce 
FA uptake into skeletal muscle and shift FA toward adipose 
tissue for storage as TGs to prepare for future periods of 
famine.  These  mechanisms  allowed  hominids  to  survive 
food  scarcity.  In  a  modern  world  of  caloric  abundance, 
however, the result is an unprecedented increase in meta-
bolic syndrome and its related comorbidities (6–9).
Metabolic  syndrome  includes  elevated  TG,  decreased 

HDL, obesity, hypertension, and insulin resistance/impaired 
glucose tolerance (9). This constellation of abnormalities 
predisposes  not  only  to  type  2  diabetes  and  increased 
cardiovascular  disease  but  also  to  an  increased  risk  of 
peripheral vascular disease, nonalcoholic fatty liver disease, 
and  several  types  of  cancer  (10–17).  It  is  currently  esti-
mated that two-thirds of the US population is overweight, 
and that one-third suffers from metabolic syndrome (18–23). 
At its most basic level, metabolic syndrome manifests as 
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dysregulated  lipid metabolism  resulting  in  increased TG 
with excessive FA storage (as TG) in adipose tissue (24). In-
creased TGs are associated with decreased HDL, although 
the exact mechanisms have not been fully elucidated (25, 
26). The excess adiposity causes insulin resistance (mainly 
in skeletal muscle through incompletely understood mech-
anisms) and hypertension (by increasing the arterial resis-
tance) (27–37).
In the present study, we examine the role that angiopoi-

etin-like protein (ANGPTL)8, a novel protein  implicated 
in TG metabolism (38–48), plays  in metabolic syndrome. 
ANGPTL8 is the most recently discovered member of the 
ANGPTL3/4/8 family of proteins involved in LPL regula-
tion (39, 40, 45, 47, 49, 50). LPL is the enzyme responsible 
for conversion of TG (contained in lipoproteins) into FA 
that  can be  taken up  into  tissues  such as  skeletal muscle 
and  fat  (51–55).  In  general,  increased  LPL  activity  is 
thought  to be beneficial  as  it would decrease  circulating 
TG.  ANGPTL3  and  ANGPTL4  have  been  previously  de-
scribed as LPL inhibitors, and their inhibitory mechanisms 
have been at least partially characterized (42, 49, 56–66). 
In addition, ANGPTL3 has been shown to be an inhibitor 
of endothelial lipase, the enzyme that hydrolyzes phospho-
lipids (PLs) in PL-rich HDL (56, 67).
ANGPTL3  knockout  mice  have  been  characterized  

as having decreased circulating TG (68, 69).  In humans, 
ANGPTL3 knockout mutations  are  associated with de-
creased TG, decreased HDL (possibly due to increased en-
dothelial lipase activity), and decreased LDL-C via unknown 
mechanisms (70–72). Humans with ANGPTL3 mutations 
have a reduced risk of cardiovascular events, presumably due 
to decreased TG and LDL-C (72, 73). ANGPTL4 knockout 
mice demonstrate decreased TG and an increased risk of 
intestinal lymphatic toxicity when placed on a high-fat diet 
(likely due to ANGPTL4 protecting against excessive satu-
rated fatty acid uptake) (74–76). In humans, the ANGPTL4 
E40K mutation has been associated with decreased TG, in-
creased HDL, and a decreased risk of cardiovascular events 
(77–80). In a large human genetic study, review of medical 
records found no evidence of intestinal lymphadenopathy 
in 17 individuals homozygous for the ANGPTL4 E40K mu-
tation, while no  subjects were  identified  that were either 
homozygotes  or  compound  heterozygotes  for  ANGPTL4 
complete loss-of-function mutations (81).
ANGPTL8 was originally described as an atypical ANGPTL 

protein lacking the fibrinogen-like C-terminal domain pres-
ent in other ANGPTL members (49). Subsequent reports 
showed that its overexpression in mice resulted in increased 
TG and that the effect was dependent upon ANGPTL3, 
indicating that the two proteins may work together in some 
way (39, 40). ANGPTL8 knockout mice were described as 
having decreased  circulating TG  (especially  after  refeed-
ing) as well as  reduced  fat mass (41, 43).  In humans, an 
ANGPTL8 knockout mutation has been associated with de-
creased TG, decreased LDL-C, and increased HDL. How-
ever,  because  the mutation  is  very  rare,  the  study was  not 
sufficiently powered to assess cardiovascular protection (82). 
Recently, Zhang (42) described an elegant ANGPTL3/4/8 
model in which the three proteins are postulated to work 

together to move FA either toward the adipose tissue or 
skeletal muscle under feeding or fasting conditions, re-
spectively. Using  a mammalian expression  system, Chi 
et al. (39) demonstrated that ANGPTL8 complexed with 
ANGPTL3,  greatly  enhanced  the  ability  of  ANGPTL3  to 
bind to and inhibit LPL, and required complex formation 
to be secreted efficiently. Very recently, Kovrov et al. (83) 
built  upon  these  concepts  by  further  exploring  possible 
ideas  for  how ANGPTL8 might work  together with  both 
ANGPTL3 and ANGPTL4 to partition FA between adipose 
tissue and skeletal muscle.
In  our  current  study,  we  examine  the mechanisms  by 

which ANGPTL8 acts as a key regulator of both ANGPTL3 
and ANGPTL4 to direct FA toward adipose tissue after feed-
ing.  We  show  that  in  humans,  ANGPTL8  increases  with 
feeding  and  is  present  in ANGPTL3/8  and ANGPTL4/8 
complexes,  which  can  be  measured  in  serum.  Levels  of 
these complexes correlate inversely with HDL and directly 
with all other markers of metabolic syndrome. In addition, 
we demonstrate that these complexes have dramatically 
opposite effects on LPL activity, with ANGPTL3/8 being 
over 100 times more potent than ANGPTL3 alone, while 
ANGPTL4/8  was  more  than  100-fold  less  potent  than 
ANGPTL4 alone. We also show that ANGPTL4/8 can pre-
vent ANGPTL3/8  from  inhibiting LPL,  thereby provid-
ing a mechanism to allow for LPL in the adipose tissue 
to be protected from increased postprandial circulating 
ANGPTL3/8 levels. Together, our data demonstrate how 
increased  ANGPTL8  levels  that  occur  following  feeding 
can decrease LPL activity  in the skeletal muscle while  in-
creasing LPL activity in the fat, thus directing postprandial 
uptake of FA into adipose tissue.

MATERIALS AND METHODS

Normal human serum samples and SCARF control samples
Sera  were  obtained  (with  consent)  from  healthy  volunteers 

from the Eli Lilly Research Blood Donor Program. To study fast-
ing  and  postprandial  conditions,  sera  were  obtained  from  10 
healthy volunteers after overnight fasting and 1 and 2 h following 
a mixed-meal breakfast consisting of approximately 400 carbohy-
drate calories, 400 fat calories, and 100 protein calories. All sam-
ples were  stored  at 80°C.  SCARF  is  a  case-control  study  from 
northern Stockholm comprising consecutive, unselected MI survi-
vors below age 60 and controls matched for age, sex, and area of 
residence (84–86). The study was approved by the Ethics Commit-
tee of the Karolinska University Hospital and conducted in agree-
ment with the Declaration of Helsinki. All subjects gave informed 
consent to participate. Control subjects were interviewed regard-
ing  lifestyle  characteristics, medical history,  and medication, 
and a physical examination was performed. Samples were col-
lected under fasting conditions and stored at 80°C. The Clinical 
Chemistry  Laboratory  of  the  Karolinska  University  performed 
standard serum analyses (84).

Recombinant ANGPTL protein and complex generation
Human  sequences were  as  follows: ANGPTL8, NP_061157.3; 

ANGPTL3, NP_055310.1; and ANGPTL4, NP_647475.1. Mature 
ANGPTL8 (residues 22-198) was produced  in Escherichia coli as 
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inclusion bodies and refolded in vitro. C-terminal HIS-tagged AN-
GPTL4 and ANGPTL3 were produced  stably  in CHO cells  and 
transiently  in  HEK293  cells,  respectively.  Both  were  purified 
through nickel-nitrilotriacetic acid (Ni-NTA) affinity, followed 
by size exclusion chromatography (SEC). ANGPTL3/8 complex 
was produced in HEK293 cells through transient cotransfection. 
Nucleotide sequences encoding mouse IgG kappa signal peptide-
HIS  tag-mature human serum albumin (HSA)-PreScission cleav-
age  site-mature  ANGPTL8  were  inserted  into  a  mammalian 
expression  vector  containing  a  cytomegalovirus  promoter,  as 
were the nucleotide sequences encoding C-terminal Flag-tagged 
ANGPTL3. Protein expression was performed through transient 
cotransfection of both expression constructs in HEK293 cells 
cultured  in  serum-free media. Culture media were harvested  5 
days post transfection and stored at 4°C for subsequent protein 
purification  at  4°C.  Four  liters  of  culture  media  were  supple-
mented with 1 M Tris-HCl (pH 8.0) and 5 M NaCl to final concen-
trations  of  25 mM  and  150 mM,  respectively.  The media  were 
incubated with 150 ml of Ni-NTA resin (Qiagen) overnight. The 
resin was then packed into a column and washed with buffer A 
[50 mM Tris-HCl (pH 8.0), 0.3 M NaCl]. Elution was performed 
with  a  0–300  mM  imidazole  gradient  in  buffer  A.  Fractions 
containing HIS-HSA-ANGPTL3/8 complex were pooled, con-
centrated,  loaded onto a HiLoad Superdex 200 column (GE 
Healthcare), and eluted with buffer A. Fractions containing HIS-
HSA-ANGPTL3/8 were again pooled, concentrated, and digested 
with  PreScission protease  to  remove HSA  from  the HIS-HSA- 
ANGPTL8 fusion protein. The PreScission-digested protein sam-
ple was loaded onto another HiLoad Superdex 200 column and 
eluted  with  storage  buffer  [20  mM HEPES  (pH  8.0),  150  mM 
NaCl].  Fractions  containing ANGPTL3/8  complex were pooled 
and concentrated. Protein concentrations were determined using 
a BCA protein assay.
During the ANGPTL3/8 purification process, it was important 

for  the ANGPTL3/8  complex  not  to  contain  free  proteins.  To 
ensure purity, the initial Ni-NTA affinity purification first removed 
all  free  ANGPTL3.  After  SEC,  purified  HIS-HSA-ANGPLT3/8 
complex and free HIS-HSA-ANGPLT8 were obtained. PreScission 
digestion (which cleaved between HSA and ANGPTL8) resulted 
in ANGPTL3/8 complex, HIS-HSA, and free ANGPTL8. Free 
ANGPTL8 was precipitated out, leaving only ANGPTL3/8 com-
plex and HIS-HSA. ANGPTL3/8 complex and HIS-HSA were sepa-
rated  with  a  second  SEC  step,  resulting  in  highly  purified 
ANGPTL3/8 complex without any HIS-HSA contamination (as 
shown in Fig. 2A). This strategy ensured that very pure ANGPTL3/8 
complex was produced. The same approach was used for expres-
sion and purification of  the ANGPTL4/8 complex. All proteins 
and complexes were maintained at a <0.01 EU/g of endotoxin. 
One microgram of each recombinant ANGPTL protein or com-
plex  was  characterized  using  gradient  gel  electrophoresis  with 
Bio-Rad 4–20% Mini-Protean Tris-glycine gels,  followed by Coo-
massie Blue staining to verify the purity of the respective proteins 
and complexes, which were all stored at 80°C. For purposes 
of molar conversions, a molecular mass of 179 kDa was used for 
ANGPTL3/8 (3:1  ratio), while a molecular mass of 64 kDa was 
used for ANGPTL4/8 (1:1 ratio).

ANGPTL antibodies
Anti-human  ANGPTL8  antibodies  (residues  22-198)  were 

generated using hybridoma techniques by Precision Antibody 
Sciences.  Anti-human ANGPTL4  antibodies  were  generated  by 
immunization with recombinant ANGPTL4 (residues 26-161) or 
purchased  commercially  (R&D  Systems,  AF3485).  Anti-human 
ANGPTL3  antibodies  were  generated  after  immunization  with 
mammalian produced recombinant ANGPTL3 (residues 17-220) 
or  purchased  commercially  (R&D  Systems,  AF3829).  Clones  of 

interest were screened for nonoverlapping epitopes, and antigen-
specific variable heavy and variable light gene sequences were de-
termined from extracted RNA using a mouse Ig primer set (EMD 
Millipore). Variable domains were transferred into separate mu-
rine constant region expression vectors for antibody production, 
transfected into CHO cells, and purified using protein A chroma-
tography. Antibodies were biotinylated using a Pierce kit and ru-
thenium-labeled  using  a Meso  Scale Discovery  (MSD)  kit,  with 
MALDI-TOF performed to verify appropriate labeling. Antibod-
ies were diluted in 50% glycerol and stored at 20°C.

Immunoprecipitation/Western blotting
Anti-ANGPTL and control antibodies were covalently coupled 

to tosyl-activated beads (Thermo), with heavy and light chains fur-
ther cross-linked using dimethyl pimelimidate. Fifty microliters of 
beads containing 20 g of antibody were added to 4 ml of pooled 
donor  serum  diluted  1:2  with  PBS  and  incubated  at  4°C  over-
night. Beads were washed with PBS and boiled in sample buffer. 
Proteins were separated on a Novex 12% Bis-Tris gel and trans-
ferred to PVDF using an iBlot system (Thermo). Membranes were 
probed with biotinylated anti-ANGPTL antibodies. Visualization 
was performed with Alexa Fluor 680-conjugated streptavidin. Im-
ages were recorded using an Odyssey CLx image system (LI-COR 
Biosciences).

Immunoprecipitation-mass spectrometry
Proteins were immunoprecipitated from normal human serum 

using anti-ANGPTL8, -ANGPTL4, or -ANGPLT3 antibodies. The 
anti-ANGPTL4 antibody utilized was an N-terminal antibody. Ir-
relevant IgG was used as a negative control. Biotinylated antibod-
ies (10 g) were added to 1 ml of human serum diluted with 1 ml 
of PBS, and samples were incubated at 4°C overnight. The next 
day, 30 l of streptavidin magnetic beads (Thermo) were added, 
and tubes were incubated at 4°C for 2 h. Beads were washed using 
PBS, and bound proteins were reduced with DTT and alkylated 
with iodoacetamide. Proteins were digested using 1 g of Tryp-
sin/Lys-C (Promega) at 37°C for 4 h. Digests were acidified using 
5 l of 10% trifluoroacetic acid. Stable-isotope-labeled (SIL) pep-
tides  (0.2 pmole) were  spiked  into each  sample before analysis 
with a TSQ Quantiva (Thermo) using LC-multiple reaction moni-
toring  (MRM).  Peptides  were  separated  using  a Hypersil  Gold 
C18 HPLC column (50 × 2.1 mm) with a Dionex Ultimate 3000 
system at a flow rate of 250 l/min. Solvent A consisted of 0.1% 
formic acid in water, and solvent B consisted of 0.1% formic acid 
in acetonitrile. For protein quantification, SIL peptides for each 
ANGPTL protein were synthesized with selected lysine or arginine 
residues labeled with 13C and 15N, and peptide content of SIL pep-
tides was determined through amino acid analysis. Peak area ra-
tios  between  the  endogenous  and  corresponding  SIL  peptides 
were used to estimate protein concentrations after averaging re-
sults  from  two peptides  for each protein analyzed. The  specific 
SIL peptides used for quantitation are listed in supplemental Figs. 
S1–S7.

Mass spectrometry assessment of ANGPTL complexes
ANGPTL3/8 and ANGPTL4/8 were digested at 37°C for 4 h 

using a mixture of trypsin/Lys-C, after reduction with DTT and 
alkylation with  iodoacetamide. Two peptides  from each protein 
were used for quantitation as described in supplemental Figs. S1–
S7 and supplemental Tables S1–S4. For LC-MRM quantification, 
an identical molar amount of each SIL peptide was added to the 
protein digest, and samples were analyzed using a TSQ Quantiva 
triple quadrupole mass spectrometer. Xcalibur software (version 
4.2.47, Thermo) was used to determine peak area ratios between 
the digested peptide and its corresponding SIL peptide. Detailed 
peak integration parameters used for the analysis are included in 
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supplemental Figs. S1–S7. Individual protein ratios in ANGPTL3/8 
and ANGPTL4/8 were calculated using the average ratio from two 
SIL peptides for each protein in each complex. To assess the protein 
ratios  of  endogenous  complexes,  ANGPTL3/8  and ANGPTL4/8 
were immunoprecipitated from human serum. Molar ratios for 
ANGPTL3:ANGPTL8 and ANGPTL4:ANGPTL8 were  then cal-
culated using spiked-in SIL peptide standards utilizing the methods 
described above for the recombinant complexes.

Mass spectrometry experimental design and rationale
Peptides with robust ionization after tryptic digest analysis of 

ANGPTL proteins were selected for MRM experiments. Protein 
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi)  searches against 
the NCBI  human database  (the  program’s  default)  confirmed 
that  these peptides were unique  to  the corresponding protein, 
with no known posttranslational modifications. At least two tran-
sitions were selected for each peptide for MRM monitoring. The 
amino acid sequences of these peptides and specific transitions 
are listed in supplemental Tables S1–S4. The transitions selected, 
the collision energy, and RF lens values were optimized by infus-
ing the synthesized SIL peptides. No significant interference was 
detected at the corresponding retention time for each peptide in 
the negative controls.

ANGPTL immunoassays
We used dedicated immunoassays to measure each protein or 

complex of  interest.  For  the ANGPTL8 assay, monoclonal  anti-
bodies  directed  against  independent  ANGPTL8  epitopes  were 
used for capture and detection. Based on our mass spectrometry 
and immunoassay-based quantitation of human serum ANGPTL8, 
ANGPTL3/8  complex,  and  ANGPTL4/8  complex,  ANGPTL8 
measured by this assay was mainly present in either ANGPTL3/8 
or ANGPTL4/8 complexes; however, we could not rule out the 
possibility that a small amount of free ANGPTL8 might also circu-
late. For ANGPTL3, a monoclonal antibody was used for capture 
and a polyclonal anti-ANGPTL3 antibody (R&D Systems, AF3829) 
was utilized for detection. The total level of ANGPTL3 was found 
to be much greater than that of the ANGPTL3/8, suggesting 
that  the  vast majority of ANGPTL3 detected by  this  assay was 
free ANGPTL3. An assay employing two different monoclonal 
antibodies  recognizing  independent  N-terminal  epitopes  of 
ANGPTL4 was used to measure active ANGPTL4 (defined as full-
length  ANGPTL4  or  the N-terminal  fragment  of  ANGPTL4). 
For measurement of the C-terminal domain-containing (CTDC) 
ANGPTL4  (defined  as  full-length  ANGPTL4  or  the  inactive  
C-terminal fragment of ANGPTL4), an R&D Systems kit (DY3485) 
was utilized. For the ANGPTL3/8 assay, the capture antibody 
recognized  ANGPTL8,  and  the  detection  antibody  recognized 
ANGPTL3.  For  the  ANGPTL4/8  assay,  the  capture  antibody 
recognized  ANGPTL4,  and  the  detection  antibody  recognized 
ANGPTL8. The ANGPTL4/8 complex assay could not distinguish 
between the N-terminal ANGPTL4 fragment and the full-length 
ANGPTL4 present in the ANGPTL4/8 complex.
For  each  assay,  MSD  streptavidin  plates  were  washed  three 

times with TBST [TBS containing 10 mmol/l Tris (pH 7.40), 150 
mmol/l NaCl, and 1 ml/l Tween 20]. Plates were blocked with 
TBS plus 1% BSA  for 1 h  at RT. After  aspiration and washing, 
wells were incubated with biotinylated capture antibody for 1 h. 
Following aspiration and washing, 50 l of recombinant protein 
or complex (serially diluted to form a standard curve) were added 
to  the wells  in  assay buffer  [50 mmol/l HEPES (pH 7.40),  150 
mmol/l  NaCl,  10  ml/l  Triton  X-100,  5  mmol/l  EDTA,  and  5 
mmol/L EGTA]. Serum samples were diluted in assay buffer and 
added to their respective wells for a 2 h incubation at RT. After 
aspiration, wells were washed three times, and 50 l of ruthenium-
labeled detection antibody were added for a 1 h incubation at RT. 

Following aspiration, wells were washed three times, and 150 l of 
MSD  read  buffer  were  added.  Electrochemiluminescence  from 
electrical excitation of ruthenium in the wells was detected using 
an MSD plate reader. Specificity of each novel assay was tested us-
ing the other proteins/complexes, and each had cross-reactivity 
of less than 1%.

VLDL-C uptake assay
We adopted the method of Neher and colleagues (87). In this 

assay,  VLDL  particles  are  labeled  with  a  fluorescent  PL  probe, 
which is inserted into the outer PL layer of the VLDL particle, and 
the assay measures  the adherence of  the fluorescence probe  to 
Huh7 cells.  For  labeling of VLDL (Lee Solutions) with 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine-N-carboxyfluorescein 
(18:1 PECF; Avanti), 100 l of PECF (1 mg/ml  in chloroform) 
was dried under argon. Next, 400 l of VLDL (10 mg/ml TG, in 
PBS) were added to the vial, vortexed, and sonicated for 6 min to 
yield final concentrations of 10 mg/ml TG VLDL and 0.25 mg/ml 
PECF. Huh7 cells were plated at a density of 40,000 cells/well in a 
poly-D-lysine 96-well plate in medium consisting of DMEM/F-12 
3:1  (Gibco),  10%  FBS  (Gibco),  1%  penicillin-streptomycin 
(Gibco), and 20 mM HEPES (Gibco). Cells were grown overnight 
before medium was replaced with 150 l of PBS for 2.5 h. LPL 
(Sigma) was mixed with ANGPTL3/8 or ANGPTL4/8 and incu-
bated at RT for 1 h with gentle shaking. Mixtures were combined 
with equal volumes of VLDL-PECF (final concentrations of 11 U/
ml LPL, 50 nM ANGPTL3/8 or ANGPTL4/8, 100 g/ml VLDL-
PECF), and 50 l of  the mixtures replaced the PBS. Cells were 
incubated at 37°C for 30 min. Media were then replaced with 150 
l/well of fixative. Cells were fixed for 20 min, washed twice with 
200 l of PBS, and covered with 50 l/well of PBS. Fluorescence 
at 495/525 nm was measured using a SpectraMax3 plate reader, 
with VLDL uptake  calculated  as  relative  fluorescent  units  at 
525 nm.

Binding assessments
ANGPTL interactions with LPL were assessed with bio-layer 

interferometry  using  Octet  RED96e®  (Molecular  Devices). 
Avidin-tagged  LPL  was  immobilized  on  streptavidin  biosen-
sors. Immobilized LPL (Sigma) was incubated with 50 nM of 
ANGPTL3, ANGPTL3/8, ANGPTL4, or ANGPTL4/8 and trans-
ferred into buffer-only wells to monitor dissociation.

LPL stable expression cell line and activity assays
The nucleotide sequence for human LPL (NP_000228.1) was 

inserted into pLenti6.3 vector (Invitrogen) to generate lentivirus, 
which was used to create a stable expression cell line confirmed by 
qPCR and enzymatic  activities. The  cell  line was maintained  in 
DMEM/F12 (3:1) (Invitrogen), 10% FBS (Hyclone), and 5 g/
ml blasticidin (Invitrogen). The wild-type human LPL-stable ex-
pression cells were seeded at a density of 50,000 cells/well in tis-
sue culture-treated 96-well plates (Costar) in growth medium (3:1 
DMEM/F12, 10% FBS, and 5 g/ml blasticidin). After overnight 
incubation, medium was replaced with 80 l of medium contain-
ing  serially diluted ANGPTL proteins. Cells were  incubated  for  
1 h before  20 l  of  5× working  solution,  freshly prepared with 
0.05% Zwittergent detergent 3-(N,N-dimethyl-octadecylammonio)-
propanesulfonate (Sigma) and containing EnzChek  lipase  sub-
strate BODIPY-dabcyl-labeled TG analog (Invitrogen), were added 
to achieve a final concentration of 1 M (88). Fluorescence was 
monitored at 1 and 30 min with a Synergy Neo2 plate reader 
with  an  excitation  wavelength  of  485  nm  and  emission  wave-
length of 516 nm to correct for background. To study the ability 
of ANGPTL4/8 to protect LPL from ANGPTL3/8 and ANGPTL4 
inhibition, ANGPTL4/8 was first serially diluted in growth me-
dium,  and  60 l  of  the medium  containing ANGPTL4/8 were 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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added to the cells for a 1 h incubation with gentle shaking. After-
ward, 20 l of 5 nM ANGPTL3/8 or ANGPTL4 working solution 
(5×) prepared in growth medium were added for a  further 1 h 
incubation. Finally, 20 l of EnzChek lipase substrate were added 
to start the reaction. Fluorescence was monitored at 1 and 30 min 
with a Synergy Neo2 plate reader with an excitation wavelength of 
485  nm  and  emission  wavelength  of  516  nm  to  correct  for 
background.

LPL activity assay with VLDL as substrate
The assay was similar to those described above, except that En-

zchek lipase substrate was replaced with 20 l/well of (Lee Solu-
tions) VLDL (2 mM TG, final 0.4 mM TG in the well), and NEFAs 
released by LPL were measured using an NEFA-HR kit (Wako). 
Human LPL-stable expression cells were seeded at 50,000 cells/
well in a poly-D-lysine-coated 96-well plate. Cells were grown over-
night, and medium was replaced with 80 l of medium contain-
ing  serially  diluted  ANGPTL4  or  ANGPTL4/8  complex.  Cells 
were incubated for 1 h with gentle shaking. Twenty microliters of 
VLDL (2 mM TG) were added to each well, and the plate was in-
cubated  for 30 min, after which 5 l of medium were used  for 
NEFA measurement.

Samples from patients treated with hepato-preferential 
insulin
Basal insulin peglispro (BIL) is a pegylated version of insulin 

lispro with a large dynamic radius that restricts it from the periph-
ery but allows it to pass through hepatic sinusoids, thus making it 
hepato-preferential  (89).  Clinical  trial  samples  were  obtained 
from a previously described study in which insulin-naïve patients 
were  administered  BIL  for  52  weeks  (90).  These  samples  were 
from 279 patients at baseline and during 52 weeks of BIL treat-
ment (all drawn under morning fasting conditions). Ideally, we 
would have analyzed samples from early time points; however, the 
only postbaseline sera available were those collected after 12, 26, 
and 52 weeks of treatment. Samples were stored at 80°C prior to 
analyses.

Secretion of ANGPTL complexes from hepatocytes
Human primary hepatocytes were obtained from BioIVT in the 

HepatoPac platform. Cells were  incubated for 2 days  in BioIVT 
maintenance media.  Following  aspiration,  cells were washed  in 
serum-free BioIVT application media. Afterward, cells were prein-
cubated for 1 day in application media in the absence of insulin, 
and then incubated overnight with application media in the ab-
sence  or  presence  of  1  nM  insulin.  Media  were  collected  and 
stored at 80°C prior to analyses.

Effect of dextran sulfate on ANGPTL protein release
C-terminal Flag-tagged ANGPTL4 and C-terminal HIS-tagged 

ANGPTL8  mammalian  expression  constructs  were  transfected 
into HEK293 cells. At 24 h posttransfection, 0 or 0.1 mg/ml of 
dextran  sulfate  was  added  to  the media.  The media  were  har-
vested 5 days posttransfection, and equal volumes from each treat-
ment  condition  were  used  for  immunoblotting  with  either 
anti-Flag or anti-HIS antibody.

Adipocyte experiments
Human adipose-derived stem cells were obtained from Zen-Bio 

and  seeded  in  96-well  plates  (160,000  cells/cm2 in 100 l  of 
EGM2-MV media;  Zen-Bio). After  24 h, media was  replaced by 
PM1 (Zen-Bio) followed by replacement with DM2 (Zen-Bio) me-
dia. Fresh DM2 was added on the third day followed by replace-
ment with AM1 (Zen-Bio) every 3 days until the cells were used. 
Differentiated adipocytes were utilized between days 12 and 14. 

For adipocyte mRNA analyses, differentiated cells were treated for 
8  h  in  PM1  in  the  absence  or  presence  of  100  nM  of  insulin 
(Sigma) in DMEM/F12 (3:1) (Gibco) containing 0.2% fatty acid-
free BSA (Thermo). RNA was extracted using a miRNeasy mini kit 
(Qiagen). One microgram of total RNA was reverse transcribed 
using a high capacity cDNA kit (Applied Biosystems). The cDNA 
was  diluted  1:10,  and ANGPTL4  (Applied Biosystems;  TaqMan 
mix Hs01101127_m1) and ANGPTL8 (Applied Biosystems; Taq-
Man mix Hs00218820_m1) transcript levels were quantitated. For 
insulin-stimulated  release  of  ANGPTL4/8  complex,  adipocytes 
were cultured in DMEM (Gibco) containing 0.2% fatty acid-free 
BSA (Thermo). Cells were treated overnight in media containing 
20 units/ml heparin (Sigma) with 0–100 nM of insulin in the ab-
sence and presence of 10 nM of glucose-dependent insulinotro-
pic  peptide  (GIP). Media  were  collected  and  stored  at 80°C 
prior to analyses.

Statistics
For SCARF samples, variables that presented skewed distribu-

tion were logarithmically transformed, and associations between 
ANGPTL complexes and selected phenotypes were assessed using 
Spearman rank correlation coefficients. A four-parameter logistic 
nonlinear regression model was used to fit curves for LPL activity 
assays, while MSD software was used for immunoassay calibration 
curves. Significance for the feeding effect on ANGPTL complexes 
was  assessed  using  a  paired  t-test.  Significance  for  the  effect  of 
complexes on VLDL-C uptake and the effect of insulin on adipo-
cyte ANGPTL4/8 secretion was assessed using an unpaired t-test. 
A  Dunnett’s  test  was  used  for  insulin  stimulation  of  ANGPTL 
mRNA expression. Significance of insulin-stimulated ANGPTL3/8 
and ANGPTL4/8 secretion from hepatocytes was calculated using 
a two-tailed parametric paired  t-test. Significance for BIL effects 
on circulating ANGPTL3/8 and ANGPTL4/8 complex levels was 
assessed using  a  two-way ANOVA with Dunnett’s multiple  com-
parisons test.

RESULTS

Characterization of ANGPTL complexes
Based on reports that ANGPTL8 may interact with other 

ANGPTL proteins (39, 40, 49, 83), we immunoprecipitated 
ANGPTL8, ANGPTL3, and ANGPTL4 (using an N-termi-
nal ANGPTL4  antibody)  from human  serum and  identi-
fied co-immunoprecipitating proteins via Western blotting. 
As Fig. 1A shows, ANGPTL3 and ANGPTL4 did not co-im-
munoprecipitate with each other, while each co-immuno-
precipitated  with  ANGPLT8,  indicating  the  presence  of 
ANGPTL3/8 and ANGPTL4/8 complexes. The existence 
of these complexes was confirmed via mass spectrometry. 
As Fig. 1B demonstrates, the amount of ANGPTL8 present 
in the ANGPTL3/8 and ANGPTL4/8 complexes was simi-
lar to the total amount of ANGPTL8 observed, suggest-
ing  that most  ANGPTL8  in  serum was  present  in  either 
ANGPTL3/8  or  ANGPTL4/8  complexes.  While  human 
serum contained ANGPTL3 at roughly 200 ng/ml, much less 
N-terminally intact (active) ANGPTL4 was present. Other 
than N-terminally intact ANGPTL4 present in ANGPTL4/8 
complex, very little noncomplexed (free) active ANGPTL4 
was observed. The main free circulating form of ANGPTL4 
was  subsequently  determined  by  separate  immunoassay 
experiments (Fig. 2B) to be CTDC ANGPTL4.
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We also utilized a mass spectrometry LC-MRM method 
with  SIL  peptides  to  ascertain  the molar  ratios  of  the 
respective  proteins  in  the  recombinant  ANGPTL3/8 
and ANGPTL4/8 complexes. The protein ratios in the 
ANGPTL3/8 and ANGPTL4/8 complexes were found to 
be 3:1 and 1:1, respectively (Table 1). In addition, endog-
enous  ANGPTL3/8  and  ANGPTL4/8  complexes  were 
immunoprecipitated  from human  serum and  similarly 
characterized.  The  protein  ratios  in  the  endogenous 
ANGPTL3/8 and ANGPTL4/8 complexes were also found 
to be 3:1 and 1:1,  respectively  (Table 1),  consistent with 
the ratios for the recombinant complexes.

Measurement of ANGPTL proteins and complexes in 
human serum
We used recombinant ANGPTL proteins and complexes 

(Fig. 2A) to develop dedicated immunoassays to measure 
human serum levels of ANGPTL3, ANGPTL4, ANGPTL8, 
ANGPTL3/8  complex,  and  ANGPTL4/8  complex.  For 
ANGPTL4, an assay using two N-terminal ANGPTL4 anti-
bodies enabled measurement of full-length ANGPTL4 and 
N-terminal ANGPTL4 fragment (collectively referred to 
as  active ANGPTL4). Likewise,  an assay using C-terminal 
ANGPTL4 antibodies enabled measurement of full-length 
ANGPTL4 and (inactive) ANGPTL4 C-terminal fragment, 
collectively  referred  to  as  CTDC  ANGPTL4.  As  Fig.  2B 
shows, active ANGPTL4 levels of roughly 0.1 ng/ml were 
more than three log orders lower than the ANGPTL3 con-
centrations and more than two log orders lower than those 

for  CTDC  ANGPTL4.  Because  levels  of  ANGPTL4 mea-
sured  by  this  assay  were  so much  less  than ANGPTL4/8 
levels, this assay likely did not detect ANGPTL4 present in 
ANGPTL4/8 complexes to any appreciable extent. These 
data confirmed our mass spectrometry-based observations 
and  indicated  that most  free  circulating  ANGPTL4  con-
sisted of inactive C-terminal fragment, a concept consistent 
with  our  subsequent  LPL  activity  data.  Concentrations  
of ANGPTL8, ANGPTL3/8, and ANGPTL4/8, averaged 
4 ng/ml, 20 ng/ml, and 23 ng/ml, respectively.
Overall, the protein concentrations obtained using our 

immunoassays compared reasonably well to the mass spec-
trometry-based estimates, especially considering the multi-
ple  steps  required  for  mass  spectrometry  assessments. 
Levels  of  each  of  the  respective  proteins  and  complexes 
were also compared with serum TG concentrations. Inter-
estingly, only ANGPTL8, ANGPTL3/8,  and ANGPTL4/8 
were significantly positively correlated with circulating TG 
(R-values of 0.47, 0.51, and 0.36, respectively, and P-values 
of 0.0007, 0.0002, and 0.01, respectively). There was no sig-
nificant  correlation  of  ANGPTL3,  active  ANGPTL4,  or 
CTDC ANGPTL4 with serum TG.
Based on these findings, we used our immunoassays to 

measure levels of ANGPTL3, ANGPTL8, ANGPTL3/8, and 
ANGPTL4/8 in serum samples collected from normal sub-
jects while fasting and 1 and 2 h following a mixed meal 
challenge. As shown in Fig. 2C, ANGPTL3 concentrations 
did not change meaningfully in the postprandial state. In 
contrast,  ANGPTL3/8  and  ANGPTL4/8  both  increased 

Fig. 1.  ANGPTL8  circulates  in  ANGPTL3/8  and 
ANGPTL4/8  complexes. A:  Anti-ANGPTL8,  anti-
ANGPTL4,  and  anti-ANGPTL3 antibodies  covalently 
coupled to beads, with heavy and light chains further 
cross-linked, were used to immunoprecipitate (IP) hu-
man serum. Proteins were separated on a 12% Bis-Tris 
gel and transferred to PVDF. Co-immunoprecipitating 
proteins were visualized via Western blotting. Results 
are representative of two independent experiments. B: 
ANGPTL8, ANGPTL4, and ANGPTL3 were immuno-
precipitated from human serum. Beads were washed 
using PBS, and bound proteins were reduced with 
DTT and alkylated. Following digestion, digests were 
acidified, and co-immunoprecipitating proteins were 
quantified using a mass spectrometry LC-MRM method. 
Results are shown as the mean ± SEM (n = 3) from 
one  experiment  representative  of  two  independent 
experiments.
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significantly postprandially,  consistent with  increases ob-
served in ANGPTL8.
We  further  explored  circulating  ANGPTL3/8  and 

ANGPTL4/8 levels by measuring these complexes in 352 
control  subjects  from  the  SCARF  cardiovascular  out-
comes  study  (84–86).  The  average  ANGPTL3/8  level  
in the SCARF samples was 17 ng/ml, while the average 
ANGPTL4/8 level was 23 ng/ml. These levels were simi-
lar  to  those  observed  in  the  previously  studied  healthy 
subjects. As Table 2 shows, circulating ANGPTL3/8 and 
ANGPTL4/8 levels were inversely correlated with HDL-C 
and directly correlated with TG, fasting glucose, fasting 
insulin, waist to hip ratio, and BMI, as well as systolic and dia-
stolic blood pressure. In addition, ANGPTL3/8 concen-
trations (but not ANGPTL4/8 concentrations) were also 
positively  correlated  with  total  cholesterol  and  LDL-C. 
Finally, ANGPTL3/8 and ANGPTL4/8 were also directly 
correlated with each other (R = 0.39, P < 0.0001).

ANGPTL3/8 inhibition of LPL-facilitated hepatic 
VLDL-C uptake
After  analyzing  the  SCARF  samples  and noting  that 

ANGPTL3/8 was positively correlated with LDL-C, we turned 
our attention toward understanding why this might be the 
case. In so doing, we examined the ability of ANGPTL3/8 
to  affect  LPL-facilitated  hepatocyte  VLDL-C  uptake.  We 
chose ANGPTL4/8 as the control for these experiments 
after  observing  that: 1) ANGPTL3  showed no  correla-
tion with TG in clinical samples; 2) serum levels of ac-
tive ANGPTL4 were negligible compared with those of 
ANGPTL3/8 and ANGPTL4/8; and 3) we could not detect 
any effect of ANGPTL8 alone on LPL activity. As Fig. 3 shows, 
addition of LPL  to VLDL-C-containing media  significantly 

increased Huh7 hepatocyte uptake of VLDL-C, consistent 
with previous reports (54, 87, 91, 92). When ANGPTL3/8 
was pre-incubated with LPL prior to addition of LPL to the 
media, however, hepatocyte VLDL-C uptake was reduced 
nearly to levels observed in the absence of LPL. In contrast, 
when ANGPTL4/8 was  pre-incubated with LPL prior  to 
addition of LPL  to  the media,  there was no  significant 
effect  on  LPL-facilitated  VLDL-C  uptake  by  the  hepato-
cytes. Together, these results suggested that ANGPTL3/8 
may inhibit the ability of LPL to facilitate hepatic uptake of 
cholesterol-containing lipoproteins. An important caveat in 
interpreting these data, however, is that the results reflect 
VLDL  particle  uptake  by  multiple  different  receptors 
(including LDLR and VLDLR), with several required steps 
(including  lipolysis,  attachment,  and  internalization). 
Therefore,  reduced  uptake  in  this  assay  could  be  due  to 
both direct effects on particle uptake as well as indirect ef-
fects on VLDL clearance mechanisms.

Binding of ANGPTL complexes to LPL
To better understand  the potential differences  in LPL 

interactions with ANGPTL3/8 and ANGPTL4/8, we exam-
ined the in vitro binding of purified ANGPTL3, ANGPTL4, 
ANGPTL3/8, and ANGPTL4/8 to LPL using bio-layer in-
terferometry. As Fig. 4A  shows, ANGPTL3 demonstrated 
weak binding to LPL, whereas ANGPTL3/8 demonstrated 
markedly  increased  binding,  similar  to  that  observed 
with ANGPTL4 alone (Fig. 4B). In contrast, ANGPTL4/8 
demonstrated  a  very  different  binding  pattern,  with  a 
much  slower off-rate  than what was observed  for either 
ANGPTL3/8 or ANGPTL4. Table 3 shows a summary of 
the  LPL-binding  kinetics  for  ANGPTL3,  ANGPTL3/8, 
ANGPTL4, and ANGPTL4/8.

TABLE  1.  Determination of ANGPTL3/8 and ANGPTL4/8 protein ratios by mass spectrometry

Sample

Molar Ratio of ANGPTL3 
Compared with Labeled Peptides

Molar Ratio of ANGPTL4 
Compared with Labeled Peptides

Molar Ratio of ANGPTL8  
Compared with Labeled Peptides

Protein Ratio for Each 
Respective Complex

Peptide #1 Peptide #2 Average Peptide #1 Peptide #2 Average Peptide #1 Peptide #2 Average ANGPTL3/8 ANGPTL4/8

Recombinant complexes
  ANGPTL3/8
    Sample #1 9.60 12.96 11.28 — — — 3.64 2.92 3.28 3.4 —
    Sample #2 9.19 13.74 11.47 — — — 3.64 3.04 3.34 3.4 —
    Sample #3 8.06 13.45 10.75 — — — 3.23 2.92 3.08 3.5 —
    SD 0.80 0.40 0.37 — — — 0.24 0.07 0.14 0.03 —
  ANGPTL4/8
    Sample #1 — — — 0.71 0.81 0.76 0.88 0.74 0.81 — 0.9
    Sample #2 — — — 0.54 0.67 0.60 0.68 0.57 0.62 — 1.0
    Sample #3 — — — 0.68 0.92 0.80 0.74 0.62 0.68 — 1.2
    SD — — — 0.09 0.13 0.11 0.11 0.09 0.10 — 0.13
Endogenous complexes
  ANGPTL3/8
    Sample #1 1.27 1.34 1.31 — — — 0.37 0.38 0.37 3.5 —
    Sample #2 1.25 1.27 1.26 — — — 0.37 0.36 0.36 3.4 —
    SD 0.02 0.05 0.03 — — — 0.004 0.01 0.01 0.08 —
  ANGPTL4/8
    Sample #1 — — — 0.041 0.055 0.048 0.062 0.058 0.060 — 0.8
    Sample #2 — — — 0.043 0.052 0.048 0.059 0.062 0.061 — 0.8
    SD — — — 0.002 0.002 0.00 0.002 0.003 0.01 — 0.01

ANGPTL3/8 and ANGPTL4/8 complexes were digested using trypsin and Lys-C. Identical molar amounts of SIL peptides were spiked into 
samples during digestion, and the ratio of unlabeled to labeled peptides was determined. Stoichiometries of protein complexes were determined by 
comparing the averaged ratios derived from two peptides per protein. Data  for recombinant complexes were derived from a single preparation 
performed in triplicate. Data for endogenous complexes were derived from a serum pool from 20 healthy donors and performed in duplicate. SDs 
are shown for each peptide in the technical replicates and for the protein ratios in the respective complexes.
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Effect of ANGPTL3, ANGPTL3/8, ANGPTL4, and 
ANGPTL4/8 on LPL activity
We next examined the effect that ANGPTL8 had on the 

ability of ANGPTL3 to inhibit LPL enzymatic activity (53, 59). 
On  its  own,  ANGPTL3  demonstrated  inhibition  of  LPL 
with an IC50 of 26 nM (Fig. 5A). When ANGPTL8 was present 
together with ANGPTL3 in an ANGPTL3/8 complex, how-
ever, the inhibition increased markedly, with ANGPTL3/8 
demonstrating  a  186-fold  increase  in  potency  compared 
with ANGPTL3 alone (IC50 of 0.14 nM). ANGPTL4 was then 
evaluated in the LPL activity assay (Fig. 5B) and demon-
strated inhibition with an IC50 of 0.29 nM (similar to that ob-
served  for ANGPTL3/8).  In  stark  contrast  to  the  results 
obtained with ANGPTL3, when ANGPTL8 was combined 
with ANGPTL4 to form ANGPTL4/8 complex, potency was 
reduced 128-fold (IC50 of 37 nM), indicating that ANGPTL8 
was drastically decreasing the ability of ANGPTL4 to inhibit 
LPL. In light of the marked decrease in LPL inhibitory activ-
ity of ANGPTL4/8 versus ANGPTL4, we performed an addi-
tional VLDL substrate-based activity assay to confirm this 
result (Fig. 5C). In this assay, ANGPTL4/8 showed a 239-fold 

decrease  in  potency  of  LPL  inhibition  compared with 
ANGPTL4  alone  (IC50  of  105 nM  versus  0.44 nM,  respec-
tively). Table 4 summarizes these results.

ANGPTL4/8 blocking of ANGPTL3/8- and  
ANGPTL4-mediated inhibition of LPL
The studies presented in Fig. 5 indicated that binding of 

ANGPTL8 to ANGPTL3 markedly enhanced the inhibitory 
effect  of  ANGPTL3  on  LPL  activity.  In  contrast,  while 
ANGPTL4  alone had  an  inhibitory  effect  comparable  to 
that of the ANGPTL3/8 complex on LPL activity, the bind-
ing of ANGPTL8  to ANGPTL4 markedly  reduced  this  in-
hibitory  effect  of  ANGPTL4  on  LPL  activity.  These  data 
suggested that when bound to LPL, the ANGPTL4/8 com-
plex might also act as a “bodyguard” to protect LPL from 
the inhibitory effect of the ANGPTL3/8 complex. We thus 
hypothesized  that  the  tight  binding  of  the  ANGPTL4/8 
complex to LPL and its slow dissociation rate might prevent 
LPL inhibition by ANGPTL3/8. This prompted us to assess 
the ability of ANGPTL3/8 to inhibit LPL activity after pre-
incubation of LPL with ANGPTL4/8. In these experiments, 

Fig. 2.  ANGPTL3/8 and ANGPTL4/8 complexes 
increase  with  feeding. A:  Recombinant  human  
ANGPTL proteins and complexes used for immuno-
assays were  characterized  via  electrophoresis. One 
microgram of each recombinant protein or complex 
was analyzed using gradient gel electrophoresis with 
a  4–20%  Tris-glycine  gel,  followed  by  Coomassie 
Blue  staining.  B:  Active  ANGPTL4  (defined  as  full-
length  ANGPTL4  or  the  N-terminal  fragment  of 
ANGPTL4), CTDC ANGPTL4, ANGPTL3, ANGPTL8, 
ANGPTL3/8, and ANGPTL4/8 were measured in 50 
normal donors using dedicated sandwich immunoas-
says.  C:  ANGPTL3/8,  ANGPTL4/8,  ANGPTL3,  and 
ANGPTL8 were measured using dedicated sandwich 
immunoassays  in  10  normal  donors  during  fasting 
conditions and 1 and 2 h following a mixed meal chal-
lenge. Results are shown as the mean ± SEM. Signifi-
cance for the feeding effect on ANGPTL proteins and 
complexes was assessed using a paired t-test.



ANGPTL8 differentially regulates ANGPTL3 and ANGPTL4 1211

increasing amounts of ANGPTL4/8 proportionally de-
creased the ability of ANGPTL3/8 to inhibit LPL (Fig. 6A).
After obtaining these results, we performed experiments 

to determine whether increasing amounts of ANGPTL4/8 
could also decrease the ability of ANGPTL4 to inhibit LPL. 
As shown in Fig. 6B, this proved to be the case. Together, 
these  results  indicated  that  ANGPTL4/8  can  effectively 
compete with both ANGPTL3/8 and ANGPTL4 for bind-
ing to LPL and,  in so doing, block the ability of ANG-
PTL3/8 and ANGPTL4 to inhibit LPL. In these experiments, 
pre-incubation of LPL with 10 nM of ANGPTL4/8 was re-
quired to completely block the inhibition of LPL by 1 nM 
ANGPTL3/8 (and 1 nM ANGPTL4), indicating that high 
local  concentrations of ANGPTL4/8 may be  required  to 
prevent  circulating  ANGPTL3/8  from  inhibiting  LPL  in 
the  fat.  These  observations  suggested  a  mechanism  by 
which ANGPTL4/8 localized in adipose tissue could block 
circulating  ANGPTL3/8  from  inhibiting  LPL  in  the  fat, 

thus ensuring that increased ANGPTL3/8 after feeding in-
hibits LPL mainly in skeletal muscle. This concept is consis-
tent with the serum levels observed for ANGPTL3/8 and 
ANGPTL4/8. ANGPTL3/8 would be expected to act in an 
endocrine manner,  as  its  serum  level  falls midway  on  its 
LPL inhibition curve. In contrast, circulating ANGPTL4/8 
levels are far lower than those required to block the ability 
of circulating ANGPTL3/8 to inhibit LPL, consistent with 
ANGPTL4/8  acting  more  in  an  autocrine/paracrine 
manner.

Insulin-stimulated release of ANGPTL3/8 from hepatocytes
We next turned our attention to the source of increased 

postprandial ANGPTL3/8 that we observed in human se-
rum.  Based  on  previous  reports  that  hepatic  ANGPTL8 
mRNA  increases  in  the  fed  state,  we  hypothesized  that 
insulin  might  stimulate  the  secretion  of  ANGPTL3/8 
from the liver (41). To test this hypothesis, we measured 
ANGPTL3/8 at multiple time points in insulin-naïve patients 
treated for 52 weeks with BIL, a hepato-preferential insulin 
(89, 90). Mean baseline ANGPTL3/8 and ANGPTL4/8 lev-
els in these type 2 diabetes patients were 19 and 45 ng/ml, 
respectively. As Fig. 7A shows, the hepato-selective insulin 
significantly increased ANGPTL3/8 circulating concentra-
tions. In comparison, there was little change in circulating 
ANGPTL4/8 levels, suggesting that the source of increased 
postprandial  ANGPTL4/8  was  not  the  liver.  To  confirm 
further that insulin stimulated the release of ANGPTL3/8 
(but  not  ANGPTL4/8)  from  hepatocytes,  we  also  incu-
bated human primary hepatocytes in the absence or pres-
ence  of  1  nM  insulin  and  measured  levels  of  secreted 
ANGPTL3/8 and ANGPTL4/8 complexes. As Fig. 7B shows, 
insulin  stimulation  significantly  increased  hepatocyte 
release  of ANGTL3/8, while not  affecting  the  release  of 
ANGPTL4/8. Together with the in vivo BIL data, these re-
sults confirmed that insulin stimulates hepatic secretion of 
ANGPTL3/8.

Insulin-stimulated release of ANGPTL4/8 from adipocytes
The above observations indicated that insulin did not in-

crease ANGPTL4/8 release from the liver and caused us to 
hypothesize that insulin-stimulated secretion of ANGPTL4/8 
might  occur  from  the  fat. We  considered  previous  re-
ports describing that while ANGPTL8 mRNA was highly 

TABLE  2.  Circulating ANGPTL3/8 and ANGPTL4/8 are highly correlated with metabolic syndrome markers

Phenotype

ANGPTL3/8 ANGPTL4/8

R-Value P R-Value P

TG 0.485 <0.0001 0.261 <0.0001
HDL-C 0.279 <0.0001 0.247 <0.0001
LDL-C 0.218 <0.0001 0.062 0.24 (NS)
Total cholesterol 0.233 <0.0001 0.072 0.18 (NS)
BMI 0.484 <0.0001 0.377 <0.0001
Waist-hip ratio 0.351 <0.0001 0.240 <0.0001
Fasting glucose 0.282 <0.0001 0.215 <0.0001
Fasting insulin 0.635 <0.0001 0.473 <0.0001
Systolic blood pressure 0.187 0.0005 0.196 0.0003
Diastolic blood pressure 0.286 0.0002 0.234 <0.0001

ANGPTL3/8 and ANGPTL4/8 complexes were measured in fasting serum samples from SCARF subjects (n = 352), 
and their associations with various metabolic parameters were assessed.

Fig. 3.  ANGPTL3/8  blocks  LPL-facilitated  hepatocyte  VLDL-C 
uptake. Cholesterol uptake in Huh7 hepatocytes was measured 
in  the  absence  or  presence  of  LPL  pre-incubated  with  vehicle, 
ANGPTL3/8 complex, or ANGPTL4/8 complex for 1 h before mix-
ing  with  fluorescent-labeled  VLDL,  followed  by  addition  to  the 
Huh7 hepatocytes for 30 min. The media was then replaced with 
fixative. Cells were fixed  for 20 min, washed  twice with PBS, and 
covered with PBS. Fluorescence at 495/525 nm was measured, with 
VLDL uptake calculated as relative fluorescent units at 525 nm. 
Results are shown as the mean ± SEM (n = 3).
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insulin-responsive  in  human  adipocytes,  levels  of  the  se-
creted  protein  did  not  increase  upon  insulin  treatment 
(93, 94). We hypothesized that there might be two reasons 
for this. The first could be that a further confounding fac-
tor might prevent  the ability of adipocytes  to  release  the 
ANGPTL4/8 complex in vitro. The second could be that 
another signal  in addition to insulin might be required 
for maximal ANGPTL4/8 secretion from adipocytes. In 
this latter scenario, in order for postprandial increases in 
ANGPTL4/8 to occur, increased insulin levels alone might 
not be sufficient, but rather an additional stimulus might 
be required. If a second signal beyond insulin was indeed 
required for optimal ANGPTL4/8 secretion from adipose 
tissue, we believed a likely candidate would be GIP, an 
incretin secreted by K-cells in the gut in response to fat and 

carbohydrate  intake,  as  the GIP  receptor  is  highly  ex-
pressed in adipocytes (95). Further influencing our think-
ing was the fact that we had shown in a previous study that 
postprandial  increases  in  GIP  manifested  a  pattern  very 
similar to those observed for the postprandial ANGPTL4/8 
increases observed in our current study (95).
We therefore turned our attention to measuring insulin-

stimulated  secretion  of  ANGPTL4/8  from  adipocytes.  As 
shown  in Fig. 8A, we confirmed  that exposure of human 
adipocytes to insulin increased levels of ANGPTL8 mRNA. 
In contrast, ANGPTL4 mRNA levels did not change with in-
sulin treatment (Fig. 8B). We also observed that ANGPTL3 
mRNA  levels were undetectable,  consistent with previ-
ous  reports  that  adipocytes  do  not  express  ANGPTL3 
(96). To understand why previous researchers were unable 

Fig. 4.  ANGPTL3/8  and  ANGPTL4/8  manifest 
different binding patterns to LPL. A: The ability of 
ANGPTL3 and ANGPTL3/8 to bind LPL was assessed 
with bio-layer  interferometry. Avidin-tagged LPL was 
immobilized on streptavidin biosensors and incubated 
with  ANGPTL3  or  ANGPTL3/8  and  transferred  to 
buffer-only wells to monitor dissociation. The left side 
of the graph shows the association of ANGPTL3 and 
ANGPTL3/8  with  LPL.  The  right  side  shows  their 
respective dissociations. Results are representative of 
three  independent  experiments.  B:  The  ability  of 
ANGPTL4 and ANGPTL4/8 to bind LPL was assessed 
with bio-layer  interferometry. Avidin-tagged LPL was 
immobilized on streptavidin biosensors and incubated 
with  ANGPTL4  or  ANGPTL4/8  and  transferred  to 
buffer-only wells to monitor dissociation. The left side 
of the graph shows the association of ANGPTL4 and 
ANGPTL4/8 with LPL. The right side shows their re-
spective  dissociations.  Results  are  representative  of 
three independent experiments.

TABLE  3.  LPL-binding characteristics of ANGPTL proteins and complexes

ANGPTL Protein or Complex Kd (nM) Kon (1/Ms) Koff (1/s)

ANGPTL3 343.0 3.2 x 104 1.2 × 103

ANGPTL3/8 6.4 6.9 x 104 4.4 × 103

ANGPTL4 17.7 9.7 x 105 1.7 × 103

ANGPTL4/8 <0.001 4.8 x 104 <1 × 107

The Kd, Kon, and Koff for ANGPTL3, ANGPTL3/8, ANGPTL4, and ANGPTL4/8 binding to LPL were determined 
using bio-layer interferometry.
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to measure insulin stimulated ANGPTL8 release from adi-
pocytes, we considered that ANGPTL8 might be secreted as 
part of an ANGPTL4/8 complex that could remain tightly 
bound to plasma membranes via interaction with heparin 
sulfate proteoglycans,  thereby preventing  release  into  the 
media. To understand whether this might be the case, we 
first expressed ANGPTL8 and ANGPTL4 in HEK293 cells 
in the absence or presence of 0.1 mg/ml dextran sulfate (a 
heparin-like compound). Interestingly, the addition of dex-
tran sulfate greatly increased the release of ANGPTL4 and 
ANGPTL8 (Fig. 8C), causing us to conduct subsequent ex-
periments in adipocytes in the presence of heparin.
We thus treated adipocytes in heparin-containing media 

with  insulin  in  the absence or presence of GIP and mea-
sured release of ANGPTL4/8. Under these conditions, 
insulin  dose-dependently  increased  the  secretion  of  
ANGPTL4/8, and this dose-dependent increase was greatly 
augmented by the addition of GIP (Fig. 8D). In the absence 
of GIP,  1,  10,  and  100  nM  insulin  increased  adipocyte 
ANGPTL4/8 secretion by 2.1-, 6.5-, and 7.7-fold, respectively, 
compared with control, whereas in the presence of GIP, 1, 
10, and 100 nM of insulin increased adipocyte ANGPTL4/8 
secretion by 14.4-, 22.7-, and 27.4-fold, respectively.
In contrast, no ANGPTL4/8 was measurable in the ab-

sence of heparin, indicating that ANGPTL4/8 secreted by 
adipocytes may remain mostly localized in the adipose tis-
sue in vivo. This suggests that ANGPTL4/8 present in the 
circulation likely reflects adipose tissue ANGPTL4/8 con-
centrations,  with  ANGPTL4/8  entering  the  circulation 
from  blood  flow  through  the  adipose  capillary  beds.  Of 
note, we also attempted to measure ANGPTL3/8 secreted 
from the adipocytes  stimulated with  insulin but were un-
able  to  detect  any ANGPTL3/8  in  the media,  consistent 
with undetectable adipocyte ANGPTL3 mRNA levels.
Together, these results indicated that by staying mainly 

localized  in  the  adipose  tissue,  increased postprandial 
ANGPTL4/8 may prevent the increased postprandial cir-
culating  ANGPTL3/8  (as  well  as  localized  ANGPTL4) 
from inhibiting LPL in the fat. This suggests a mecha-
nism for  the elevated circulating ANGPTL3/8  that oc-
curs  after  feeding  to act mainly  in  the  skeletal muscle 
and  not  the  adipose  tissue,  thereby  ensuring  that  con-
flicting LPL inhibitory signals are not sent to both tissues 
simultaneously.

DISCUSSION

In  this  study,  we  show  that  ANGPTL8  is  an  insulin- 
responsive mediator of FA uptake that directs the storage 
of calories from food into the fat for future energy needs. 

Fig. 5.  ANGPTL8 markedly increases ANGPTL3 inhibition of LPL 
but dramatically decreases ANGPTL4 inhibition of LPL. A: The abil-
ity of ANGPTL3 or ANGPTL3/8  to  inhibit LPL was  assessed using 
LPL-stable expression cells incubated with ANGPTL3 or ANGPTL3/8 
prior to the addition of lipase substrate. Fluorescence was monitored 
at 1 and 30 min to correct for background. ANGPTL3/8 showed a 
186-fold  increase  in LPL inhibition compared to ANGPTL3 alone 
(IC50  values of 0.14 nM versus 26 nM,  respectively). Results are 
shown as the mean ± SEM (n = 5). B: The ability of ANGPTL4 or 
ANGPTL4/8 to  inhibit LPL was similarly assessed. ANGPTL4/8 
showed  a  128-fold  decrease  in  LPL  inhibition  compared  to  
ANGPTL4 alone (IC50 values of 37 nM versus 0.29 nM, respectively). 

Results are shown as the mean ± SEM (n = 6). C: ANGPTL4 or 
ANGPTL4/8  inhibition  of  LPL  was  assessed  using  VLDL  as  a 
substrate. The assay was similar to that used in A and B, except that 
lipase substrate was replaced with VLDL and free FAs were measured. 
ANGPTL4/8 showed a 239-fold decrease in LPL inhibition compared 
to ANGPTL4 alone (IC50 values of 105 nM versus 0.44 nM, respec-
tively). Results are shown as the mean ± SEM (n = 3).
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ANGPTL8  does  this  by  forming  ANGPTL3/8  and  
ANGPTL4/8 complexes with respective protein ratios of 3:1 
and  1:1.  By  forming  an ANGPTL3/8  complex,  ANGPTL8 
markedly increases ANGPTL3 inhibition of LPL to decrease 
skeletal  muscle  LPL  activity  and  thus  decrease  skeletal 
muscle FA uptake. Through forming an ANGPTL4/8 com-
plex, ANGPTL8 markedly decreases ANGPTL4 inhibition of 
LPL to  increase LPL activity  in  the  fat  to  facilitate adipose 

tissue FA uptake. Through its tight binding to adipocyte-
associated LPL, ANGPTL4/8 may  also block  the  ability  of 
circulating  ANGPTL3/8  (and  localized  ANGPTL4)  to  in-
hibit LPL in adipose tissue. These properties of ANGPTL8 
allow for the postprandial increase of LPL-inhibitory activity 
of ANGPTL3/8 to occur mainly in the skeletal muscle so that 
FA are taken up mostly into the fat after feeding.
This system provides a mechanism to ensure that LPL 

in adipose tissue is active after feeding while LPL in mus-
cle is inhibited, thus allowing for proper storage of dietary 
lipids and preventing ectopic fat deposition. ANGPTL4/8 
present in the circulation probably comes from localized 
ANGPTL4/8 in the fat that becomes detached as a result 
of the capillary flow across luminal surfaces of the adipose 
endothelium.  In  our  experiments  in  HEK293  cells  and 
adipocytes,  ANGPTL4/8  was  only  released  in  vitro  in 
the  presence  of  dextran  sulfate  or  heparin.  These  in  
vitro models, however, are unable to mimic the dynamic 
capillary flow that may cause some localized ANGPTL4/8 
to enter the circulation. In addition, we cannot rule out 
the possibility, that some ANGPTL4/8 (as well as some 
ANGPTL4)  that  we  detected  in  the  circulation  might 
come from skeletal muscle where ANGPTL4 has also been 
shown to be expressed (97).
In our  study, ANGPTL3/8 demonstrated more  than  a 

100-fold increased potency of LPL inhibitory activity com-
pared with ANGPTL3, while ANGPTL4/8 showed at least a 
100-fold decreased potency of LPL-inhibitory activity com-
pared  with  ANGPTL4.  The  changes  in  potency  suggest 
that these proteins and their complexes exist in a symmet-
rically modifiable  system. ANGPTL4  is  a much more po-
tent  inhibitor  of  LPL  than ANGPTL3.  Formation  of  the 
ANGPTL4/8 complex greatly diminishes ANGPTL4’s LPL-
inhibitory activity to the point that it becomes similar to that 
of ANGPTL3.  In contrast,  formation of  the ANGPTL3/8 
complex  greatly  increases  ANGPTL3’s  LPL-inhibitory 
activity, resulting in an LPL inhibition profile comparable 
to that of ANGPTL4. An important caveat, however, is that 
our in vitro functional experiments were performed in con-
ditions bearing  little  resemblance  to capillary endothelial 
surfaces, where LPL acts in vivo. This is potentially impor-
tant because several proteins (including APOC2, APOC3, 
and GPIHBP1) can affect LPL activity and stability, and 
may modulate  the effects of ANGPTL proteins and com-
plexes (51–55). Nevertheless, our data showing that circu-
lating levels of active (N-terminally intact) ANGPTL4 are 
negligible  compared  with  ANGPTL3/8  are  consistent 
with our in vitro functional observations. Because active 
ANGPTL4  inhibits  LPL  as  potently  as  ANGPTL3/8,  it 
would  be  difficult  for  the  system  to  operate  properly  if 

Fig. 6.  ANGPTL4/8  blocks  ANGPTL3/8-  and  ANGPTL4-medi-
ated  inhibition of LPL. A: To  study  the ability of ANGPTL4/8  to 
protect LPL from ANGPTL3/8 inhibition, various concentrations 
of ANGPTL4/8 were pre-incubated with LPL-stable expression cells 
for 1 h. Afterward, 1 nM of ANGPTL3/8 was added for a further  
1 h  incubation, prior  to  the addition of  lipase  substrate. Fluores-
cence was monitored as in Fig. 5A. Results are shown as the mean ± 
SEM (n = 4). B: To study the ability of ANGPTL4/8 to protect LPL 
from ANGPTL4 inhibition, various concentrations of ANGPTL4/8 
were pre-incubated with LPL-stable expression cells for 1 h. After-
ward, 1 nM of ANGPTL4 was added for a further 1 h incubation, 
prior  to  the  addition  of  lipase  substrate.  Fluorescence was moni-
tored as in Fig. 5A. Results are shown as the mean ± SEM (n = 6).

TABLE  4.  LPL inhibition summary for ANGPTL3 versus ANGPTL3/8 and ANGPTL4 versus ANGPTL4/8 
activity assays

Enzyme Substrate ANGPTL Protein IC50 (nM) ANGPTL Complex IC50 (nM) Change Direction Fold Change

LPL BODIPY-TG ANGPTL3 26 ANGPTL3/8 0.14 Increase (+) 186
LPL BODIPY-TG ANGPTL4 0.29 ANGPTL4/8 37 Decrease () 128
LPL VLDL ANGPTL4 0.44 ANGPTL4/8 105 Decrease () 239

IC50 concentrations were determined for ANGPTL3 versus ANGPTL3/8 and ANGPTL4 versus ANGPL4/8 
in LPL.
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both active ANGPTL4 and ANGPTL3/8 reached the skel-
etal muscle at comparable levels.
Our study is the first to examine in detail the circulating 

levels of ANGPTL3/8 and ANGPTL4/8 complexes in man. 
Our data are consistent with the idea that most, if not all, 
ANGPTL8 released from hepatocytes is secreted as part of 
the ANGPTL3/8 complex. In contrast, our data also indi-
cate that while some ANGPTL3 is secreted by the liver as 

part  of  an  ANGPTL3/8  complex,  most  ANGPTL3  is  se-
creted as  free ANGPTL3 not complexed with ANGPTL8. 
Interestingly,  ANGPTL3/8  and  ANGPTL4/8  circulate  at 
similar levels (roughly 20 ng/ml). For ANGPTL3/8, these 
levels are close to the IC50 we observed for the ANGPTL3/8 
complex on LPL activity,  consistent with  the  idea  that 
circulating ANGPTL3/8 works in an endocrine manner. 
In the case of ANGPTL4/8, however, these levels are well 
below those required for a direct effect on LPL activity or 
for  blocking  the  LPL-inhibitory  effects  of  ANGPTL4 
and ANGPTL3/8, further supporting the idea that the 
ANGPTL4/8 complex acts mainly in an autocrine/paracrine 
manner.
In  our  competition  experiments,  pre-incubation  of 

LPL with ANGPTL4/8 blocked the inhibition of LPL by 
ANGPTL3/8,  indicating  that  localized ANGPTL4/8 may 
prevent  circulating  ANGPTL3/8  from  inhibiting  LPL  
in the fat. These results suggest a mechanism by which 
ANGPTL4/8 localized in adipose tissue could block circulat-
ing ANGPTL3/8 from inhibiting LPL in the fat, thus ensur-
ing  that  increased ANGPTL3/8 after  feeding  inhibits LPL 
mainly in skeletal muscle. We also contemplated examining 
the effect of active ANGPTL4 on ANGPTL3/8-mediated 
LPL inhibition, however because active ANGPTL4 and 
ANGPTL3/8 inhibit LPL to almost the same extent, it would 
have been extremely difficult to sort out ANGPTL4-mediated 
inhibition of LPL versus that caused by ANGPTL3/8.
In  our  in  vitro  binding  experiments,  ANGPTL4  and 

ANGPTL3/8 had similar, relatively high off rates with re-
gard to their LPL binding. In contrast, ANGPTL4/8 dem-
onstrated a very low off rate. In spite of this, ANGPTL4/8 
showed much less  inhibition of LPL than did ANGPTL4, 
causing us  to  reflect on how ANGPTL4/8 could bind  to 
LPL with  comparable or higher  affinity  compared with 
ANGPTL4 but without inhibiting it to the same degree. It 
is possible that ANGPTL4 and ANGPTL4/8 might bind to 
different domains of LPL, with ANGPTL4 binding causing 
marked LPL inhibition while ANGPTL4/8 binds to a some-
what  different  domain,  resulting  in much  less  inhibitory 
effect. This concept is consistent with the idea that binding 
alone, even high affinity binding, does not necessarily guar-
antee inhibition. Understanding exactly why ANGPTL4/8 
can bind LPL with comparable or higher affinity  than 
ANGPTL4 binds LPL, but without inhibiting it to the same 
extent, will be an important area of future study.
Additional novel findings  in our  study are  the  inverse 

correlations of ANGPTL3/8 and ANGPTL4/8 with HDL, 
and  the  direct  correlations  of  both  complexes  with  all 
other metabolic  syndrome markers.  For  ANGPTL3/8, 
the positive correlation with TG and other markers of 
metabolic  syndrome was not  surprising.  In  the case of 
ANGPTL4/8, however, it was less obvious why despite re-
lieving ANGPTL4-mediated LPL inhibition, ANGPTL 4/8 
was also positively correlated with serum TG. One possibility 
might be that by blocking ANGPTL3/8 inhibition of LPL in 
the fat, ANGPTL4/8 shifts more ANGPTL3/8 to the skele-
tal muscle, where it inhibits LPL activity and thus decreases 
FA uptake into skeletal muscle, resulting in increased circu-
lating TG. Further experiments will be needed to test this 

Fig. 7.  Insulin  stimulates  human  hepatocyte  secretion  of  
ANGPTL3/8. A: Insulin-naïve patients (n = 279) were administered 
the hepatic-preferential  insulin BIL, and  serum samples were ob-
tained under morning fasting conditions over the course of 1 year 
of  BIL  treatment.  ANGPTL3/8  and ANGPTL4/8  levels  were mea-
sured at baseline and after 12, 26, and 52 weeks of BIL administration. 
Results are shown as the mean ± SEM (*P < 0.0001 versus week 0). B: 
Human primary hepatocytes obtained in the HepatoPac platform 
were washed in serum-free application media and pre-incubated in 
application media in the absence of insulin. Following aspiration, 
cells were incubated with application media in the absence or pres-
ence of 1 nM of insulin. ANGPTL3/8 and ANGPTL4/8 levels in the 
media were measured using sandwich immunoassays, with the re-
sults shown as the mean ± SEM (n = 8).
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idea. Interestingly, we noted that ANGPTL3/8 was directly 
correlated with LDL-C, while ANGPTL4/8 was not. This 
could be  related  to LPL-facilitated uptake of cholesterol-
containing  lipoprotein  particles  into  the  liver  via  VLDL 
and related receptors (87, 98–102). Our data demonstrat-
ing that ANGPTL3/8 inhibited LPL-facilitated hepatocyte 
VLDL-C uptake might provide a possible explanation for 
the positive  correlation of ANGPTL3/8 with LDL-C,  but 
further mechanistic investigations along these lines will be 
needed.
Our observations build upon those of Zhang (42) (who 

proposed an ANGPTL3-4-8 model), Kovrov et al. (83) (who 
incubated N-terminal ANGPTL3 and ANGPTL4 fragments 
with ANGPTL8 and showed approximate 4-fold activation 
of ANGPTL3 and 4-fold inhibition of ANGPTL4), and Chi 
et  al.  (39)  (who  showed  that ANGPTL8  complexed with 
ANGPTL3  and  enhanced  its  ability  to  bind  and  inhibit 
LPL). Importantly, the study by Chi et al. (39) also showed 
that ANGPTL8 required complex formation in order to be 
efficiently secreted. This helps to explain why, in our pres-
ent study, almost all serum ANGPTL8 was observed in com-
plexes with ANGPTL3 or ANGPTL4.
Our observations in this study are also consistent with 

the  observed  ANGPTL  knockout  phenotypes  (74,  79, 
103). Humans with ANGPTL3 knockout mutations have 
decreased TG and LDL-C and decreased cardiovascular 
risk  (72).  These  mutations  might  reduce  circulating  
ANGPTL3/8, resulting in increased LPL activity and uptake 
of FA into skeletal muscle, thus lowering TG levels. Decreased 
circulating ANGPTL3/8 complex might also result  in less 
inhibition of LPL-mediated cholesterol uptake by the liver, 
thereby  lowering LDL-C  levels.  In contemplating why  an 

ANGPTL4 knockout or E40K mutation would be benefi-
cial, one possibility might be that reduction of ANGPTL4 
in the fat causes increased adipose LPL activity, directly lower-
ing TG. Another possibility could be that less ANGPTL4/8 
in  the adipose  tissue  is  available  to block ANGPTL3/8-
mediated inhibition of adipose LPL. This might shift FA 
uptake more toward skeletal muscle for oxidation, thereby 
decreasing TG. It is hard to know which, if either, of these 
mechanisms is correct, and further study will be required 
to address these possibilities.
In the case of  the human ANGPTL8 knockout (121X) 

mutation,  decreased  circulating  ANGPTL3/8  complex 
should  result  in decreased TG, which has been reported 
(82). The ANGPTL8 121X mutation  should provide  car-
diovascular protection, as ANGPTL8 knockout mice have 
decreased TG and decreased fat mass (41). The mutation 
in humans, however, is so rare that even the extensive ge-
netic study probing this question was underpowered (82). 
In retrospect, this is not surprising, as the ANGPTL8 121X 
mutation would have been extremely disadvantageous in a 
world of caloric insufficiency.
Taken  together,  our  data  explain  how  ANGPTL8  re-

sponds to caloric intake to steer FA away from skeletal mus-
cle and toward adipose tissue for storage as TG, as shown by 
the possible model in Fig. 9. Under fasting conditions (Fig. 
9A), ANGPTL8 levels are low, and low levels of ANGPTL3/8 
and ANGPTL4/8 complexes are made. As a result, LPL is 
inhibited locally in the fat by ANGPTL4, leading to minimal 
adipose tissue FA uptake, with most FA uptake occurring in 
skeletal muscle. Feeding dramatically changes this dynamic 
by  stimulating release of ANGPTL8  in  two different com-
plexes  to  shift FA away  from skeletal muscle and  toward 

Fig. 8.  Insulin  stimulates  ANGPTL4/8  secretion 
from human  adipocytes.  A: Human  adipocytes  were 
incubated in the absence or presence of insulin, and 
1 g of total RNA was reverse transcribed. ANGPTL8 
transcript  levels  were  quantitated.  Insulin  treat-
ment  resulted  in  an  approximate  8-fold  increase  in 
ANGPTL8  mRNA  levels.  Results  are  shown  as  the 
mean  ±  SEM  (n  =  3).  B: ANGPTL4  transcript  levels 
were quantitated in the human adipocytes in A. Results 
are shown as the mean ± SEM (n = 3). C: Flag-tagged 
ANGPTL4 and HIS-tagged ANGPTL8 constructs were 
transfected into HEK293 cells. Afterward, dextran sul-
fate was added, media were harvested, and equal vol-
umes from each condition were immunoblotted with 
anti-Flag or anti-HIS antibody. D: Human adipocytes 
were  treated  in  heparin-containing media  supple-
mented with 0–100 nM insulin in the absence and 
presence of 10 nM GIP. Media were collected and 
analyzed for ANGPTL4/8. Results are shown as the 
mean ± SEM (n = 6, *P < 0.0001 versus control).



ANGPTL8 differentially regulates ANGPTL3 and ANGPTL4 1217

adipose  tissue (Fig. 9B). Postprandial  increases  in  insulin 
stimulate hepatic secretion of ANGPTL3/8, which potently 
inhibits LPL activity. The circulating ANGPTL3/8 complex 
reaches the skeletal muscle to inhibit LPL and prevent FA 
uptake. At  the  same  time,  postprandial  increases  in both 
insulin and GIP stimulate ANGPTL4/8 secretion from adi-
pocytes. When ANGPTL8 is present in this localized com-
plex with ANGPTL4, it drastically decreases the potency of 
ANGPTL4’s LPL-inhibitory activity. The increased localized 
ANGPTL4/8 in the adipose tissue not only preserves LPL 
activity but also blocks the ability of circulating ANGPTL3/8 
and localized ANGPTL4 to inhibit LPL, with the net result 
of these actions being increased FA uptake into the adipose 
tissue for storage as TG.

When viewed holistically,  it becomes apparent that the 
major metabolic problem in our developed world is that, 
unlike our ancestors, we hardly ever go through any peri-
ods  of  prolonged  fasting.  Instead,  our  constant  feeding 
chronically  increases  our  ANGPTL3/8  and  ANGPTL4/8 
levels. Increased levels of these complexes lead to elevated 
circulating TG and excessive FA storage in our adipose tis-
sue,  which  in  turn  lead  to  obesity,  hypertension,  insulin 
resistance, and ultimately  type 2 diabetes.  Ironically,  in a 
world of caloric abundance,  the  same ANGPTL8 protein 
that likely protected our ancestors from starvation now pre-
disposes us to metabolic syndrome.

Data availability
All study data are contained within the article and the sup-

plementary data file. All primary mass spectrometry data have 
been deposited at PeptideAtlas (server name: ftp.peptideatlas.
org) as  follows:  full URL,  ftp://PASS01578:NM8576fr@ftp.
peptideatlas.org/; data  identifier, PASS01578; dataset  type, 
SRM; dataset tag, ANGPTL; dataset title, SRM quantification 
of ANGPTL3/4/8 proteins.

The  authors  thank Melissa Bellinger  and Robert  Schmidt  for 
their expert technical assistance with LPL cell lines and initial 
characterization of ANGPTL proteins. The authors also thank 
Rick  Conway  and  George  Rodgers  for  their  expert  technical 
assistance in performing immunoassays.

REFERENCES

  1.  Speakman, J. R. 2013. Evolutionary perspectives on the obesity epi-
demic: adaptive, maladaptive, and neutral viewpoints. Annu. Rev. 
Nutr. 33: 289–317.

  2.  Neel, J. V. 1962. Diabetes mellitus: A “thrifty” genotype rendered 
detrimental by “progress”? Am. J. Hum. Genet. 14: 353–362.

  3.  Ungar, P. S., F. E. Grine, and M. F. Teaford. 2006. Diet  in early 
homo: a review of the evidence and a new model of adaptive versa-
tility. Annu. Rev. Anthropol. 35: 209–228.

  4.  Hardy,  K.,  J.  Brand-Miller,  K. D.  Brown, M. G.  Thomas,  and L. 
Copeland. 2015. The  importance of dietary carbohydrate  in hu-
man evolution. Q. Rev. Biol. 90: 251–268.

  5.  Harris, D. N., I. Ruczinski, L. R. Yanek, L. C. Becker, D. M. Becker, 
H. Guio, T. Cui, F. H. Chilton, R. A. Mathias, and T. D. O’Connor. 
2019. Evolution of hominin polyunsaturated fatty acid metabolism: 
from africa to the new world. Genome Biol. Evol. 11: 1417–1430.

  6.  Messer, E. 1984. Anthropological perspectives on diet. Annu. Rev. 
Anthropol. 13: 205–249.

  7.  Wells, J. C. 2012. The evolution of human adiposity and obesity: 
where did it all go wrong? Dis. Model. Mech. 5: 595–607.

  8.  Wells, J. C. 2006. The evolution of human fatness and susceptibility 
to obesity: an ethological approach. Biol. Rev. Camb. Philos. Soc. 81: 
183–205.

  9.  Saklayen, M. G. 2018. The global epidemic of the metabolic syn-
drome. Curr. Hypertens. Rep. 20: 12.

 10.  Mendrick, D. L., A. M. Diehl, L. S. Topor, R. R. Dietert, Y. Will, 
M. A. La Merrill, S. Bouret, V. Varma, K. L. Hastings, T. T. Schug, 
et al. 2018. Metabolic syndrome and associated diseases: from the 
bench to the clinic. Toxicol. Sci. 162: 36–42.

 11.  Esposito, K.,  P. Chiodini, A. Colao, A. Lenzi,  and D. Giugliano. 
2012. Metabolic syndrome and risk of cancer: a systematic review 
and meta-analysis. Diabetes Care. 35: 2402–2411.

 12.  Bhandari,  R., G. A.  Kelley,  T.  A. Hartley,  and  I.  R.  Rockett.  2014. 
Metabolic syndrome is associated with increased breast cancer risk: a 
systematic review with meta-analysis. Int. J. Breast Cancer. 2014: 189384.

 13.  O’Neill, S.,  and L. O’Driscoll. 2015. Metabolic  syndrome: a closer 
look at  the growing epidemic and  its associated pathologies. Obes. 
Rev. 16: 1–12.

Fig. 9.  A possible model for how ANGPTL8 shifts FA toward adi-
pose tissue after feeding. A: While fasting, ANGPTL8 levels are low. 
Localized ANGPTL4 inhibits adipose tissue LPL to minimize FA up-
take into the fat for storage, and FAs are mainly taken up into skel-
etal muscle for use as energy. B: During feeding, ANGPTL8 forms 
a circulating complex with ANGPTL3 that increases its ability to 
inhibit  LPL,  thus minimizing  FA  uptake  into  skeletal  muscle. 
ANGPTL8 also forms a mostly localized complex with ANGPTL4 in 
adipose  tissue  that  decreases  the  ability  of  ANGPTL4  to  inhibit 
LPL. The ANGPTL4/8 complex also protects LPL in the fat from 
inhibition  by  circulating  ANGPTL3/8  and  localized  ANGPTL4 
(denoted by red Xs), thereby preserving adipose tissue LPL activity 
to promote FA uptake into the fat for storage as TG.



1218 Journal of Lipid Research Volume 61, 2020

 14.  Allott, E. H., and S. D. Hursting. 2015. Obesity and cancer: mecha-
nistic insights from transdisciplinary studies. Endocr. Relat. Cancer. 
22: R365–R386.

 15.  González-Muniesa,  P.,  M.  A.  Martinez-Gonzalez,  F.  B.  Hu,  J.  P. 
Despres, Y. Matsuzawa, R. J. F. Loos, L. A. Moreno, G. A. Bray, and 
J. A. Martinez. 2017. Obesity. Nat. Rev. Dis. Primers. 3: 17034.

 16.  Câmara, N. O.,  K.  Iseki, H. Kramer,  Z. H.  Liu,  and K.  Sharma. 
2017. Kidney disease and obesity: epidemiology, mechanisms and 
treatment. Nat. Rev. Nephrol. 13: 181–190.

 17.  Colditz, G. A., and L. L. Peterson. 2018. Obesity and cancer: evi-
dence, impact, and future directions. Clin. Chem. 64: 154–162.

 18.  Friedrich, M. J. 2017. Global obesity epidemic worsening. JAMA. 
318: 603.

 19.  Seidell,  J.  C.,  and  J.  Halberstadt.  2016.  Obesity:  the  obesity 
epidemic  in  the USA  - no end  in  sight? Nat. Rev. Endocrinol. 12: 
499–500.

 20.  Aguilar, M., T. Bhuket, S. Torres, B. Liu, and R.  J. Wong. 2015. 
Prevalence of the metabolic syndrome in the United States, 2003–
2012. JAMA. 313: 1973–1974.

 21.  Nolan, P. B., G. Carrick-Ranson, J. W. Stinear, S. A. Reading, and 
L. C. Dalleck. 2017. Prevalence of metabolic syndrome and meta-
bolic  syndrome  components  in  young  adults:  a  pooled  analysis. 
Prev. Med. Rep. 7: 211–215.

 22.  Gurka, M. J., S. L. Filipp, and M. D. DeBoer. 2018. Geographical 
variation  in  the prevalence of obesity, metabolic  syndrome,  and 
diabetes among US adults. Nutr. Diabetes. 8: 14.

 23.  Jensen, M. D., D. H. Ryan, C. M. Apovian, J. D. Ard, A. G. Comuzzie, 
K. A. Donato, F. B. Hu, V. S. Hubbard, J. M. Jakicic, R. F. Kushner, 
et al. 2014. 2013 AHA/ACC/TOS guideline for the management 
of  overweight  and  obesity  in  adults:  a  report  of  the  American 
College of Cardiology/American Heart Association Task Force on 
Practice Guidelines and The Obesity Society. J. Am. Coll. Cardiol. 
63: 2985–3023.

 24.  von Bibra, H., S. Saha, A. Hapfelmeier, G. Muller,  and P. E. H. 
Schwarz.  2017.  Impact  of  the  triglyceride/high-density  lipopro-
tein cholesterol ratio and the hypertriglyceremic-waist phenotype 
to predict  the metabolic syndrome and insulin resistance. Horm. 
Metab. Res. 49: 542–549.

 25.  Marotta, T., B. F. Russo, and L. A. Ferrara. 2010. Triglyceride-to-
HDL cholesterol ratio and metabolic syndrome as contributors to 
cardiovascular risk in overweight patients. Obesity (Silver Spring). 18: 
1608–1613.

 26.  Bitzur, R., H. Cohen, Y. Kamari, A. Shaish, and D. Harats. 2009. 
Triglycerides and HDLcholesterol: stars or second leads in diabe-
tes? Diabetes Care. 32(Suppl 2): S373–S377.

 27.  Gastaldelli, A., M. Gaggini, and R. A. DeFronzo. 2017. Role of adi-
pose tissue insulin resistance in the natural history of type 2 diabe-
tes: results from the San Antonio Metabolism Study. Diabetes. 66: 
815–822.

 28.  Frayn, K. N. 2001. Adipose  tissue and  the  insulin resistance  syn-
drome. Proc. Nutr. Soc. 60: 375–380.

 29.  Sachs, S.,  S. Zarini, D. E. Kahn, K. A. Harrison, L. Perreault, T. 
Phang, S. A. Newsom, A. Strauss, A. Kerege,  J. A. Schoen, et  al. 
2019.  Intermuscular  adipose  tissue  directly  modulates  skeletal 
muscle  insulin  sensitivity  in  humans.  Am. J. Physiol. Endocrinol. 
Metab. 316: E866–E879.

 30.  DeFronzo, R. A.,  and D. Tripathy.  2009. Skeletal muscle  insulin 
resistance is the primary defect in Type 2 Diabetes. Diabetes Care. 
32(Suppl 2): S157–S163.

 31.  Smith, U., and B. B. Kahn. 2016. Adipose tissue regulates insulin 
sensitivity: role of adipogenesis, de novo lipogenesis and novel lip-
ids. J. Intern. Med. 280: 465–475.

 32.  Zhou, J., and G. Qin. 2012. Adipocyte dysfunction and hyperten-
sion. Am. J. Cardiovasc. Dis. 2: 143–149.

 33.  Yiannikouris, F., M. Gupte, K. Putnam, S. Thatcher, R. Charnigo, 
D. L. Rateri, A. Daugherty, and L. A. Cassis. 2012. Adipocyte defi-
ciency of angiotensinogen prevents obesity-induced hypertension 
in male mice. Hypertension. 60: 1524–1530.

 34.  Patel,  J.  V.,  H.  S.  Lim,  E.  A.  Hughes,  and  G.  Y.  Lip.  2007. 
Adiponectin and hypertension: a putative link between adipocyte 
function and atherosclerotic risk? J. Hum. Hypertens. 21: 1–4.

 35.  Oriowo, M. A. 2015. Perivascular adipose tissue, vascular reactivity 
and hypertension. Med. Princ. Pract. 24 (Suppl. 1): 29–37.

 36.  Ferrannini, E. 1992. The haemodynamics of obesity: a theoretical 
analysis. J. Hypertens. 10: 1417–1423.

 37.  Stapleton, P. A., M. E.  James, A. G. Goodwill,  and  J. C. Frisbee. 
2008. Obesity and vascular dysfunction. Pathophysiology. 15: 79–89.

 38.  Ren, G., J. Y. Kim, and C. M. Smas. 2012. Identification of rifl, a 
novel adipocyte-enriched  insulin  target gene with a role  in  lipid 
metabolism. Am. J. Physiol. Endocrinol. Metab. 303: E334–E351.

 39.  Chi, X., E. C. Britt, H. W. Shows, A. J. Hjelmaas, S. K. Shetty, E. 
M. Cushing, W. Li, A. Dou, R. Zhang, and B. S.  J. Davies. 2017. 
ANGPTL8 promotes the ability of ANGPTL3 to bind and inhibit 
lipoprotein lipase. Mol. Metab. 6: 1137–1149.

 40.  Haller, J. F., I. J. Mintah, L. M. Shihanian, P. Stevis, D. Buckler, C. 
A. Alexa-Braun, S. Kleiner, S. Banfi, J. C. Cohen, H. H. Hobbs, et 
al. 2017. ANGPTL8 requires ANGPTL3  to  inhibit  lipoprotein  li-
pase and plasma triglyceride clearance. J. Lipid Res. 58: 1166–1173.

 41.  Wang,  Y.,  F.  Quagliarini,  V.  Gusarova,  J.  Gromada,  D.  M. 
Valenzuela,  J.  C.  Cohen,  and H. H. Hobbs.  2013. Mice  lacking 
ANGPTL8 (betatrophin) manifest disrupted triglyceride metabo-
lism without  impaired glucose homeostasis. Proc. Natl. Acad. Sci. 
USA. 110: 16109–16114.

 42.  Zhang,  R.  2016.  The  ANGPTL3-4-8 model,  a molecular mecha-
nism for triglyceride trafficking. Open Biol. 6: 150272.

 43.  Izumi, R., T. Kusakabe, M. Noguchi, H.  Iwakura, T. Tanaka, T. 
Miyazawa, D. Aotani, K. Hosoda, K. Kangawa, and K. Nakao. 2018. 
CRISPR/Cas9-mediated  Angptl8  knockout  suppresses  plasma 
triglyceride concentrations and adiposity  in rats.  J. Lipid Res. 59: 
1575–1585.

 44.  Abu-Farha, M., J. Abubaker, I. Al-Khairi, P. Cherian, F. Noronha, 
S. Kavalakatt, A. Khadir, K. Behbehani, M. Alarouj, A. Bennakhi, et 
al. 2016. Circulating angiopoietin-like protein 8 (betatrophin) as-
sociation with hsCRP and metabolic syndrome. Cardiovasc. Diabetol. 
15: 25.

 45.  Fu, Z., A. B. Abou-Samra, and R. Zhang. 2015. A lipasin/Angptl8 
monoclonal antibody lowers mouse serum triglycerides involving 
increased  postprandial  activity  of  the  cardiac  lipoprotein  lipase. 
Sci. Rep. 5: 18502.

 46.  Zhang, R.,  and A. B. Abou-Samra. 2013. Emerging roles of  lipa-
sin as a critical lipid regulator. Biochem. Biophys. Res. Commun. 432: 
401–405.

 47.  Zhang,  R.  2012.  Lipasin,  a  novel  nutritionally-regulated  liver-
enriched  factor  that  regulates  serum  triglyceride  levels. Biochem. 
Biophys. Res. Commun. 424: 786–792.

 48.  Gusarova, V.,  S. Banfi, C. A. Alexa-Braun, L. M.  Shihanian,  I.  J. 
Mintah, J. S. Lee, Y. Xin, Q. Su, V. Kamat, J. C. Cohen, et al. 2017. 
ANGPTL8  blockade  with  a  monoclonal  antibody  promotes  tri-
glyceride clearance, energy expenditure, and weight loss in mice. 
Endocrinology. 158: 1252–1259.

 49.  Quagliarini, F.,  Y. Wang,  J. Kozlitina, N. V. Grishin, R. Hyde, E. 
Boerwinkle, D. M. Valenzuela, A. J. Murphy, J. C. Cohen, and H. 
H. Hobbs. 2012. Atypical angiopoietin-like protein that regulates 
ANGPTL3. Proc. Natl. Acad. Sci. USA. 109: 19751–19756.

 50.  Siddiqa, A., J. Ahmad, A. Ali, R. Z. Paracha, Z. Bibi, and B. Aslam. 
2016. Structural characterization of ANGPTL8 (betatrophin) with 
its  interacting partner  lipoprotein  lipase. Comput. Biol. Chem. 61: 
210–220.

 51.  He, P. P., T. Jiang, X. P. OuYang, Y. Q. Liang, J. Q. Zou, Y. Wang, 
Q. Q. Shen, L. Liao, and X. L. Zheng. 2018. Lipoprotein lipase: 
biosynthesis, regulatory factors, and its role in atherosclerosis and 
other diseases. Clin. Chim. Acta. 480: 126–137.

 52.  Mead, J. R., S. A. Irvine, and D. P. Ramji. 2002. Lipoprotein lipase: 
structure,  function,  regulation,  and  role  in  disease.  J. Mol. Med. 
(Berl.). 80: 753–769.

 53.  Beigneux, A. P., C. M. Allan, N. P. Sandoval, G. W. Cho, P. J. Heizer, 
R. S. Jung, K. L. Stanhope, P. J. Havel, G. Birrane, M. Meiyappan, 
et al. 2019. Lipoprotein lipase is active as a monomer. Proc. Natl. 
Acad. Sci. USA. 116: 6319–6328.

 54.  Chappell, D. A., G. L. Fry, M. A. Waknitz, L. E. Muhonen, M. W. 
Pladet, P. H. Iverius, and D. K. Strickland. 1993. Lipoprotein lipase 
induces catabolism of normal triglyceride-rich lipoproteins via the 
low  density  lipoprotein  receptor-related  protein/alpha  2-macro-
globulin receptor in vitro. A process facilitated by cell-surface pro-
teoglycans. J. Biol. Chem. 268: 14168–14175.

 55.  Young, S. G., L. G. Fong, A. P. Beigneux, C. M. Allan, C. He, H. 
Jiang, K. Nakajima, M. Meiyappan, G. Birrane, and M. Ploug. 2019. 
GPIHBP1 and lipoprotein  lipase, partners  in plasma triglyceride 
metabolism. Cell Metab. 30: 51–65.

 56.  Gusarova,  V.,  C.  A.  Alexa,  Y.  Wang,  A.  Rafique,  J.  H.  Kim,  D. 
Buckler, I. J. Mintah, L. M. Shihanian, J. C. Cohen, H. H. Hobbs, 
et al. 2015. ANGPTL3 blockade with a human monoclonal anti-
body reduces plasma lipids in dyslipidemic mice and monkeys. 
J. Lipid Res. 56: 1308–1317.



ANGPTL8 differentially regulates ANGPTL3 and ANGPTL4 1219

 57.  Aryal,  B.,  N.  L.  Price,  Y.  Suarez,  and  C.  Fernandez-Hernando. 
2019. ANGPTL4  in metabolic and cardiovascular disease. Trends 
Mol. Med. 25: 723–734.

 58.  Dijk, W., and S. Kersten. 2014. Regulation of lipoprotein lipase by 
ANGPTL4. Trends Endocrinol. Metab. 25: 146–155.

 59.  Gutgsell, A. R., S. V. Ghodge, A. A. Bowers, and S. B. Neher. 2019. 
Mapping  the  sites  of  the  lipoprotein  lipase  (LPL)-angiopoietin-
like  protein  4  (ANGPTL4)  interaction  provides mechanistic  in-
sight into LPL inhibition. J. Biol. Chem. 294: 2678–2689.

 60.  Dijk, W., S. Schutte, E. O. Aarts, I. M. C. Janssen, L. Afman, and S. 
Kersten. 2018. Regulation of angiopoietin-like 4 and lipoprotein 
lipase in human adipose tissue. J. Clin. Lipidol. 12: 773–783.

 61.  Cushing, E. M., X. Chi, K. L. Sylvers, S. K. Shetty, M. J. Potthoff, 
and B. S. J. Davies. 2017. Angiopoietin-like 4 directs uptake of di-
etary fat away from adipose during fasting. Mol. Metab. 6: 809–818.

 62.  Mysling, S., K. K. Kristensen, M. Larsson, O. Kovrov, A. Bensadouen, 
T. J. Jorgensen, G. Olivecrona, S. G. Young, and M. Ploug. 2016. 
The  angiopoietin-like  protein  ANGPTL4  catalyzes  unfolding  of 
the  hydrolase  domain  in  lipoprotein  lipase  and  the  endothelial 
membrane protein GPIHBP1 counteracts this unfolding. eLife. 5: 
1–18.

 63.  Liu,  J.,  H.  Afroza,  D.  J.  Rader,  and W.  Jin.  2010.  Angiopoietin-
like protein 3 inhibits lipoprotein lipase activity through enhanc-
ing  its  cleavage  by  proprotein  convertases.  J. Biol. Chem. 285: 
27561–27570.

 64.  Lee, E. C., U. Desai, G. Gololobov, S. Hong, X. Feng, X. C. Yu, J. 
Gay, N. Wilganowski, C. Gao, L. L. Du, et al. 2009. Identification 
of a new functional domain in angiopoietin-like 3 (ANGPTL3) 
and  angiopoietin-like  4  (ANGPTL4)  involved  in binding  and 
inhibition  of  lipoprotein  lipase  (LPL).  J. Biol. Chem. 284: 
13735–13745.

 65.  Sonnenburg, W. K., D. Yu, E. C. Lee, W. Xiong, G. Gololobov, B. 
Key, J. Gay, N. Wilganowski, Y. Hu, S. Zhao, et al. 2009. GPIHBP1 
stabilizes  lipoprotein  lipase and prevents  its  inhibition by angio-
poietin-like 3 and angiopoietin-like 4. J. Lipid Res. 50: 2421–2429.

 66.  Ahmad, Z., P. Banerjee, S. Hamon, K. C. Chan, A. Bouzelmat, W. 
J. Sasiela, R. Pordy, S. Mellis, H. Dansky, D. A. Gipe, et al. 2019. 
Inhibition  of  angiopoietin-like  protein  3 with  a monoclonal  an-
tibody  reduces  triglycerides  in  hypertriglyceridemia.  Circulation. 
140: 470–486.

 67.  Shimamura, M., M. Matsuda, H. Yasumo, M. Okazaki, K. Fujimoto, 
K. Kono, T. Shimizugawa, Y. Ando, R. Koishi, T. Kohama, et al. 
2007.  Angiopoietin-like  protein  3  regulates  plasma  HDL  cho-
lesterol  through  suppression  of  endothelial  lipase.  Arterioscler. 
Thromb. Vasc. Biol. 27: 366–372.

 68.  Wang,  Y., M.  C. McNutt,  S.  Banfi, M. G.  Levin, W.  L. Holland, 
V. Gusarova,  J. Gromada,  J. C. Cohen,  and H. H. Hobbs.  2015. 
Hepatic  ANGPTL3  regulates  adipose  tissue  energy  homeostasis. 
Proc. Natl. Acad. Sci. USA. 112: 11630–11635.

 69.  Fujimoto,  K.,  R.  Koishi,  T.  Shimizugawa,  and  Y.  Ando.  2006. 
Angptl3-null  mice  show  low  plasma  lipid  concentrations  by  en-
hanced lipoprotein lipase activity. Exp. Anim. 55: 27–34.

 70.  Musunuru, K., J. P. Pirruccello, R. Do, G. M. Peloso, C. Guiducci, 
C. Sougnez, K. V. Garimella, S. Fisher, J. Abreu, A. J. Barry, et al. 
2010. Exome sequencing, ANGPTL3 mutations, and familial com-
bined hypolipidemia. N. Engl. J. Med. 363: 2220–2227.

 71.  Dewey,  F.  E.,  V.  Gusarova,  R.  L.  Dunbar,  C.  O’Dushlaine,  C. 
Schurmann, O. Gottesman, S. McCarthy, C. V. Van Hout, S. Bruse, 
H. M. Dansky,  et  al.  2017. Genetic  and pharmacologic  inactiva-
tion of ANGPTL3 and cardiovascular disease. N. Engl. J. Med. 377: 
211–221.

 72.  Stitziel, N. O., A. V. Khera, X. Wang, A. J. Bierhals, A. C. Vourakis, 
A. E. Sperry, P. Natarajan, D. Klarin, C. A. Emdin, S. M. Zekavat, 
et  al.;  PROMIS  and Myocardial  Infarction Genetics Consortium 
Investigators. 2017. ANGPTL3 deficiency and protection against 
coronary artery disease. J. Am. Coll. Cardiol. 69: 2054–2063.

 73.  Noto, D., A. B. Cefalu, V. Valenti, F. Fayer, E. Pinotti, M. Ditta, R. 
Spina, G. Vigna, P. Yue, S. Kathiresan, et al. 2012. Prevalence of 
ANGPTL3 and APOB gene mutations in subjects with combined 
hypolipidemia. Arterioscler. Thromb. Vasc. Biol. 32: 805–809.

 74.  Desai, U., E. C. Lee, K. Chung, C. Gao, J. Gay, B. Key, G. Hansen, 
D. Machajewski, K. A. Platt, A. T. Sands, et al. 2007. Lipid-lowering 
effects of  anti-angiopoietin-like 4  antibody  recapitulate  the  lipid 
phenotype found in angiopoietin-like 4 knockout mice. Proc. Natl. 
Acad. Sci. USA. 104: 11766–11771.

 75.  Oteng, A. B., A. Bhattacharya, S. Brodesser, L. Qi, N. S. Tan, and S. 
Kersten. 2017. Feeding Angptl4(-/-) mice trans fat promotes foam 

cell formation in mesenteric lymph nodes without leading to asci-
tes. J. Lipid Res. 58: 1100–1113.

 76.  Lichtenstein,  L.,  F. Mattijssen,  N.  J.  de Wit,  A.  Georgiadi,  G.  J. 
Hooiveld, R. van der Meer, Y. He, L. Qi, A. Koster, J. T. Tamsma, 
et  al.  2010. Angptl4  protects  against  severe  proinflammatory  ef-
fects of saturated fat by inhibiting fatty acid uptake into mesenteric 
lymph node macrophages. Cell Metab. 12: 580–592.

 77.  Bailetti, D., L. Bertoccini, R. M. Mancina, I. Barchetta, D. Capoccia, 
E.  Cossu,  A.  Pujia,  A.  Lenzi,  F.  Leonetti, M. G.  Cavallo,  et  al. 
2018.  ANGPTL4  gene  E40K  variation  protects  against  obesity-
associated  dyslipidemia  in  participants  with  obesity. Obes. Sci. 
Pract. 5: 83–90.

 78.  Smart-Halajko, M. C., A. Kelley-Hedgepeth, M. C. Montefusco, J. 
A. Cooper, A. Kopin, J. M. McCaffrey, A. Balasubramanyam, H. J. 
Pownall, D. M. Nathan, I. Peter, et al.; Look AHEAD Study. 2011. 
ANGPTL4 variants E40K and T266M are associated with lower fast-
ing  triglyceride  levels  in non-hispanic white americans  from  the 
Look AHEAD clinical trial. BMC Med. Genet. 12: 89.

 79.  Dewey, F. E., V. Gusarova, C. O’Dushlaine, O. Gottesman, J. Trejos, 
C. Hunt, C. V. Van Hout, L. Habegger, D. Buckler, K. M. Lai, et al. 
2016. Inactivating variants in ANGPTL4 and risk of coronary artery 
disease. N. Engl. J. Med. 374: 1123–1133.

 80.  Lim, G. B. 2016. Genetics: polymorphisms  in ANGPTL4 link tri-
glycerides with CAD. Nat. Rev. Cardiol. 13: 245.

 81.  Gusarova, V., C. O’Dushlaine, T. M. Teslovich, P. N. Benotti, T. 
Mirshahi, O. Gottesman, C. V. Van Hout, M. F. Murray, A. Mahajan, 
J.  B. Nielsen,  et  al.  2018. Genetic  inactivation  of ANGPTL4  im-
proves glucose homeostasis and is associated with reduced risk of 
diabetes. Nat. Commun. 9: 2252.

 82.  Peloso, G. M., P. L. Auer, J. C. Bis, A. Voorman, A. C. Morrison, N. 
O. Stitziel, J. A. Brody, S. A. Khetarpal, J. R. Crosby, M. Fornage, 
et al. 2014. Association of low-frequency and rare coding-sequence 
variants  with  blood  lipids  and  coronary  heart  disease  in  56,000 
whites and blacks. Am. J. Hum. Genet. 94: 223–232.

 83.  Kovrov,  O.,  K.  K.  Kristensen,  E.  Larsson,  M.  Ploug,  and  G. 
Olivecrona.  2019.  On  the mechanism  of  angiopoietin-like  pro-
tein  8  for  control  of  lipoprotein  lipase  activity.  J. Lipid Res. 60: 
783–793.

 84.  Samnegård, A., A. Silveira, P. Lundman, S. Boquist, J. Odeberg, J. 
Hulthe, W. McPheat, P. Tornvall, L. Bergstrand, C. G. Ericsson, 
et al. 2005. Serum matrix metalloproteinase-3 concentration is 
influenced by MMP-3–1612 5A/6A promoter genotype and associ-
ated with myocardial infarction. J. Intern. Med. 258: 411–419.

 85.  Mannila,  M.  N.,  P.  Eriksson,  P.  Lundman,  A.  Samnegard,  S. 
Boquist, C. G. Ericsson, P. Tornvall, A. Hamsten, and A. Silveira. 
2005. Contribution of haplotypes across the fibrinogen gene clus-
ter to variation in risk of myocardial infarction. Thromb. Haemost. 
93: 570–577.

 86.  Silveira, A., D. Scanavini, S. Boquist, C. G. Ericsson, M. L. Hellenius, 
K. Leander, U. de Faire, J. Ohrvik, B. Woodhams, J. H. Morrissey, 
et al. 2012. Relationships of plasma factor VIIa-antithrombin com-
plexes to manifest and future cardiovascular disease. Thromb. Res. 
130: 221–225.

 87.  Hayne, C. K., M.  J. Lafferty, B.  J. Eglinger,  J. P. Kane, and S. B. 
Neher. 2017. Biochemical analysis of the lipoprotein lipase trun-
cation variant, LPL(s447x), reveals increased lipoprotein uptake. 
Biochemistry. 56: 525–533.

 88.  Basu, D., J. Manjur, and W. Jin. 2011. Determination of lipoprotein 
lipase activity using a novel fluorescent lipase assay. J. Lipid Res. 52: 
826–832.

 89.  Henry, R. R., S. Mudaliar, T. P. Ciaraldi, D. A. Armstrong, P. Burke, 
J. Pettus, P. Garhyan, S. L. Choi, S. J. Jacober, M. P. Knadler, et al. 
2014.  Basal  insulin  peglispro  demonstrates  preferential  hepatic 
versus peripheral action relative to insulin glargine in healthy sub-
jects. Diabetes Care. 37: 2609–2615.

 90.  Ginsberg, H., B. Cariou, T. Orchard, L. Chen, J. Luo, E. J. Bastyr 
3rd,  J. Bue-Valleskey, A. M. Chang, T.  Ivanyi,  S.  J.  Jacober,  et  al. 
2016. Lipid changes during basal insulin peglispro, insulin glargine, 
or NPH treatment in six IMAGINE trials. Diabetes Obes. Metab. 18: 
1089–1092.

 91.  Rip, J., M. C. Nierman, C. J. Ross, J. W. Jukema, M. R. Hayden, J. J. 
Kastelein, E. S. Stroes, and J. A. Kuivenhoven. 2006. Lipoprotein 
lipase  s447x:  a  naturally  occurring  gain-of-function  mutation. 
Arterioscler. Thromb. Vasc. Biol. 26: 1236–1245.

 92.  Medh, J. D., G. L. Fry, S. L. Bowen, S. Ruben, H. Wong, and D. 
A. Chappell. 2000. Lipoprotein lipase- and hepatic triglyceride li-
pase- promoted very low density lipoprotein degradation proceeds 



1220 Journal of Lipid Research Volume 61, 2020

2-macroglobulin receptor (LRP) and mediates binding of nor-
mal  very  low  density  lipoproteins  to  LRP.  J. Biol. Chem. 269: 
8653–8658.

 99.  Beisiegel,  U.,  W.  Weber,  and  G.  Bengtsson-Olivecrona.  1991. 
Lipoprotein lipase enhances the binding of chylomicrons to low 
density lipoprotein receptor-related protein. Proc. Natl. Acad. Sci. 
USA. 88: 8342–8346.

 100.  Takahashi, S., J. Suzuki, M. Kohno, K. Oida, T. Tamai, S. Miyabo, 
T. Yamamoto, and T. Nakai. 1995. Enhancement of the binding 
of triglyceride-rich lipoproteins to the very low density lipoprotein 
receptor by apolipoprotein E and lipoprotein lipase. J. Biol. Chem. 
270: 15747–15754.

 101.  Loeffler,  B.,  J. Heeren, M.  Blaeser, H.  Radner, D.  Kayser,  B. 
Aydin, and M. Merkel. 2007. Lipoprotein lipase-facilitated up-
take of LDL is mediated by the LDL receptor. J. Lipid Res. 48: 
288–298.

 102.  Wung, S.  F., M. V. Kulkarni, C. R. Pullinger, M.  J. Malloy,  J. P. 
Kane, and B. E. Aouizerat. 2006. The lipoprotein lipase gene in 
combined hyperlipidemia: evidence of a protective allele deple-
tion. Lipids Health Dis. 5: 19.

 103.  Adachi, H., T. Kondo, G. Y. Koh, A. Nagy, Y. Oike, and E. Araki. 
2011.  Angptl4  deficiency  decreases  serum  triglyceride  levels  in 
low-density lipoprotein receptor knockout mice and streptozoto-
cin-induced  diabetic  mice.  Biochem. Biophys. Res. Commun. 409: 
177–180.

via  an  apolipoprotein E-dependent mechanism.  J. Lipid Res. 41: 
1858–1871.

 93.  Luo, M., and D. Peng. 2018. ANGPTL8: an important regulator in 
metabolic disorders. Front. Endocrinol. (Lausanne). 9: 169.

 94.  Nidhina  Haridas,  P.  A.,  J.  Soronen,  S.  Sadevirta,  R.  Mysore,  F. 
Quagliarini, A.  Pasternack,  J. Metso,  J.  Perttila, M. Leivonen, C. 
M.  Smas,  et  al.  2015.  Regulation  of  angiopoietin-like  proteins 
(ANGPTLs)  3  and  8  by  insulin.  J. Clin. Endocrinol. Metab. 100: 
E1299–E1307.

 95.  Troutt, J. S., R. W. Siegel, J. Chen, J. H. Sloan, M. A. Deeg, G. Cao, 
and R. J. Konrad. 2011. Dual-monoclonal, sandwich immunoassay 
specific for glucose-dependent insulinotropic peptide1–42, the ac-
tive form of the incretin hormone. Clin. Chem. 57: 849–855.

 96.  Su,  X.,  and  D.  Q.  Peng.  2018.  New  insights  into  ANGPTL3  in 
controlling lipoprotein metabolism and risk of cardiovascular dis-
eases. Lipids Health Dis. 17: 12.

 97.  Staiger, H., C. Haas, J. Machann, R. Werner, M. Weisser, F. Schick, 
F.  Machicao,  N.  Stefan,  A.  Fritsche,  and  H-U.  Häring.  2009. 
Muscle-derived angiopoietin-like protein 4 is induced by fatty acids 
via peroxisome proliferator–activated receptor (PPAR)- and is of 
metabolic relevance in humans. Diabetes. 58: 579–589.

 98. Williams, S. E.,  I.  Inoue, H. Tran, G. L. Fry, M. W. Pladet, P. 
H. Iverius, J. M. Lalouel, D. A. Chappell, and D. K. Strickland. 
1994. The carboxyl-terminal domain of lipoprotein lipase binds 
to  the  low  density  lipoprotein  receptor-related  protein/alpha 


