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Abstract Triglycerides are carried in the blood-
stream as the components of very low-density lipo-
proteins and chylomicrons. These circulating
triglycerides are primarily hydrolyzed in muscle and
adipose tissue by the enzyme lipoprotein lipase
(LPL). The activity of LPL is regulated by numerous
mechanisms, including by three members of the
angiopoietin-like  protein  family: = ANGPTLS3,
ANGPTL4, and ANGPTLS. In this review, we discuss
the recent literature concerning the role and mecha-
nism of action of ANGPTL4 in lipid metabolism.
ANGPTL4 is a fasting- and lipid-induced factor
secreted by numerous cells, including adipocytes,
hepatocytes, (cardio)myocytes, and macrophages. In
adipocytes, ANGPTL4 mediates the fasting-induced
repression of LPL activity by promoting the unfold-
ing of LPL, leading to the cleavage and subsequent
degradation of LPL. The inhibition of LPL by
ANGPTL4 is opposed by ANGPTLS, which keeps the
LPL active after feeding. In macrophages and (cardio)
myocytes, ANGPTL4 functions as a lipid-inducible
feedback regulator of LPL-mediated lipid uptake.
In comparison, in hepatocytes, ANGPTL4 functions
as a local inhibitor of hepatic lipase and possibly as an
endocrine inhibitor of LPL in extra-hepatic tissues.
At the genetic level, loss-of-function mutations in
ANGPTL4 are associated with lower plasma tri-
glycerides and higher plasma HDL-C levels, and a
reduced risk of coronary artery disease, suggesting
that ANGPTLA4 is a viable pharmacological target for
reducing cardiovascular risk.H8 Whole-body target-
ing of ANGPTLA4 is contraindicated because of severe
pathological complications, whereas liver-specific
inactivation of ANGPTL4, either as monotherapy or
coupled to anti-ANGPTL3 therapies might be a suit-
able strategy for lowering plasma triglycerides in
selected patient groups. In conclusion, the tissue-
specific targeting of ANGPTL4 appears to be a viable
pharmacological approach to reduce circulating
triglycerides.
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Lipoproteins are the main carriers of lipids in the
bloodstream. Cholesterol is mainly transported in
low-density lipoproteins (LDL) and high-density lipo-
proteins (HDL), whereas triglycerides (T'G) are carried
through the bloodstream in the triglyceride-rich lipo-
proteins chylomicrons and very low-density lipopro-
teins. The hydrolysis of circulating TG in adipose tissue,
heart, and skeletal muscle is catalyzed by the enzyme
lipoprotein lipase (LPL) (1). LPL is produced in adipo-
cytes and (cardio)myocytes and is transported and
attached to the capillary surface by the endothelium-
derived protein GPIHBPI (2). Consequently, mutations
in LPL and GPIHBP1 are associated with hyper-
triglyceridemia as a result of impaired LPL-mediated
TG hydrolysis (3, 4).

Because LPL is rate-limiting for TG uptake into
tissues, the activity of LPL in the different tissues is
carefully regulated to match the release and uptake of
TG-derived fatty acids to the local tissue demand (5, 6).
In the last 2 decades, our understanding of how the
activity of LPL is regulated has improved dramatically.
Two groups of circulating proteins are mainly
involved in regulating LPL. The first group is
composed of the apolipoproteins Cl, C2, C3, E, and A5,
whereas the second group consists of three members
of the angiopoietin-like protein family (ANGPTL):
ANGPTL3, ANGPTL4, and ANGPTLS (5, 6).

ANGPTL4 was discovered independently by three
groups in 2000 (7-9). These initial papers suggested a
link between ANGPTL4 and lipid metabolism and
found that ANGPTLA4 is transcriptionally controlled by
PPARs. However, no distinct functional role was
assigned to ANGPTL4 at that time. Shortly thereafter,
Yoshida et al. demonstrated that ANGPTL4 and the
highly related protein ANGPTL3 can inhibit LPL and
raise plasma TG levels (10, 11). ANGPTL3 expression is
restricted to the liver, whereas ANGPTL4 is expressed in
numerous tissues and cells, including liver, adipose tis-
sue, kidney, intestine, heart, skeletal muscle, macro-
phages, and cancer cells (12). Both proteins are
composed of an N-terminal signal peptide, an N-termi-
nal coiled-coil domain that contains the LPL-binding
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region, a linker region, and a C-terminal fibrinogen-like
domain. ANGPTLS was discovered in 2012 as a trun-
cated angiopoietin-like protein that lacks the C-terminal
fibrinogen-like domain (13-15). Its main function seems
to be the enhancement or suppression of LPL inhibition
by ANGPTL3 and ANGPTLA4, respectively, through the
formation of a complex (16-19).

The impact of ANGPTL4 on plasma lipid levels in
humans is very well supported by genetic data, showing
that the carriers of loss-of-function (LOF) variants in
ANGPTL4 have lower plasma TG and higher plasma
HDL-C levels than noncarriers (20-23). The most com-
mon genetic variant is E40K, which gives rise to the
production of an unstable ANGPTL4 protein (24). The
frequency of heterozygous individuals varies from 0.1%
in African Americans to a reported 18% in a Tunisian
population (25, 26). E40K carrier status was found to be
associated with a significantly reduced risk of coronary
artery disease (20, 21, 27, 28), suggesting that the inac-
tivation of ANGPTL4 may be a viable pharmacological
strategy to improve plasma lipid levels and reduce the
risk of coronary artery disease.

In this review, I will discuss the most recent experi-
mental and mechanistic studies on the functional role of
ANGPTLA4 in lipid metabolism in various tissues. The
studies that have tied ANGPTL4 to other (nonmetabolic)
biological processes will not be reviewed here.

PHYSIOLOGICAL ROLE OF ANGPTL4 IN WAT

Role of ANGPTL4 in LPL regulation during
feeding and fasting

LPL is rate-limiting for the postprandial storage of
circulating TG and functions as a critical mediator in
the stimulation of TG storage by insulin (1). Consistent
with this role, the activity of LPL in white adipose tissue
is high in the fed state and low after prolonged fasting
(29). Most of the regulation of LPL activity is thought to
occur at the posttranslational level. Indeed, the mRNA
levels of LPL in adipose tissue differ little between the
fed and fasted state (30). Instead, fasting is associated
with an increased rate of degradation of LPL within the
Golgi/postGolgi secretory compartment and the con-
version of active LPL into inactive LPL (31, 32). This
shift to inactive LPL is dependent on switching on a
gene other than LPL (33). It is now evident that the
identity of this fasting-induced gene is ANGPTL4, orig-
inally referred to as the fasting-induced adipose factor
FIAF (7). ANGPTL4 is expressed at high levels in
mouse and human adipose tissue, both at the mRNA
and protein level (12, 30, 34-36).

Overexpression and inactivation studies in geneti-
cally modified mice have demonstrated a crucial role
of ANGPTL4 in LPL regulation. In the fasted but not
the fed state, whole-body overexpression of ANGPTL4
raises plasma TG levels, reduces clearance of plasma
TG, and reduces the uptake of plasma TG-derived fatty
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acids into adipose tissue (37, 38). Conversely, whole-
body inactivation or partial inactivation of ANGPTL4
decreases plasma TG levels, increases adipose tissue
LPL activity, enhances the clearance of plasma TG, and
enhances uptake of plasma TG-derived fatty acids into
adipose tissue, which again is especially observed in the
fasted but not the fed state (39-43). Studies in
adipocyte-specific ANGPTL4-deficient mice under-
score the suppressive effect of adipocyte-derived
ANGPTL4 on adipose LPL activity and plasma TG
clearance (44). The increase in adipose LPL activity in
ANGPTL4-deficient mice is accompanied by an in-
crease in adipose LPL mass, representing the
EndonucleaseH-resistant LPL within the Golgi/post-
Golgi, and a decrease in the N-terminal LPL fragment
(43, 45, 46). The latter is a product of LPL cleavage
catalyzed by the enzyme proprotein convertase subtil-
isin kexin-3 (PCSK3) (46). ANGPTL4 reduces LPL mass
within the Golgi/postGolgi compartment of adipocytes
by promoting PCSK3-mediated LPL cleavage and sub-
sequent LPL degradation (46). The cleavage of LPL by
PCSK3 is triggered by the ANGPTL4-induced unfold-
ing of LPL (46, 47). Taken together, the collective data
indicate that in white adipose tissue ANGPTL4 pri-
marily functions as an autocrine regulator of LPL
during fasting by promoting LPL degradation, thereby
reducing the amount of active endothelial-bound LPL
participating in TG hydrolysis (Fig. 1).

Studies in human volunteers support this model.
Prolonged fasting leads to a decrease in LPL activity
and LPL mass in human adipose tissue, concomitant
with an increase in ANGPTL4 mRNA and protein (30,
48). Furthermore, in a cross-sectional analysis of human
subcutaneous adipose tissue biopsies, ANGPTL4 and
LPL protein levels were negatively correlated (35).

Consistent with the important role of ANGPTL4 in
adipose lipid metabolism during fasting, mRNA and
protein levels of ANGPTL4 are increased in the fasted
state in mouse and human adipose tissue (7, 30, 46).
Upregulation of ANGPTL4 mRNA and protein by
fasting is likely mediated by a combination of reduced
insulin signaling, increased plasma glucocorticoids, and
elevated free fatty acids (30, 49, 50).

Genetic support for the notion that ANGPTL4 spe-
cifically regulates plasma TG in the fasted state is
provided by data showing that carrier status of a
truncation variant of ANGPTL4 was only associated
with lower plasma TG when individuals were fasted for
at least 4 h (23). Collectively, it is evident that induction
of ANGPTL4 mediates the decrease in LPL content
and activity in adipose tissue during fasting, thereby
partitioning circulating TG to other tissues (44).

ANGPTLA4 function is antagonized by ANGPTLS

Recent studies indicate that the inhibitory action of
ANGPTL4 toward LPL is opposed by locally produced
ANGPTLS through the formation of a protein com-
plex (16, 19). ANGPTL4 alone potently inhibits LPL,
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Fig.1. Cartoon depicting the role of ANGPTL4 in LPL regulation in adipose tissue. The relative color intensities of the symbols for
LPL, ANGPTL4, and ANGPTLS reflect their relative protein abundance. In the fed state, ANGPTLS levels in adipocytes are high,
and ANGPTL4 levels are low. ANGPTLS binds to ANGPTL4, impairing the ability of ANGPTL4 to inhibit LPL and/or promoting
ANGPTL4 degradation. As a consequence, the LPL activity and uptake of plasma TG-derived fatty acids in adipose tissue are high.
In the fasted state, ANGPTLA4 levels in adipocytes are high, and ANGPTLS levels are low. ANGPTL4 interacts with LPL in adipocytes
and/or on the cell surface, triggering the unfolding of LPL, which in turn leads to PCSK3-mediated cleavage and further degra-
dation of LPL. As a consequence, very little LPL. and ANGPTL4 might make it to the luminal surface of adipose capillaries in the
fasting state, which is reflected by lighter color intensities of the LPL and ANGPTL4 symbols. Concomitant with reduced delivery of
LPL to the capillary surface, the LPL activity and uptake of TG-derived fatty acids in adipose tissue are low, thereby directing

circulating TG to other tissues. ANGPTL, angiopoietin-like protein; PCSK3, proprotein convertase subtilisin kexin-3.

whereas the complex of ANGPTL4 and ANGPTLS is a
much weaker inhibitor of LPL (16, 19). It has been
suggested that the ANGPTL4/8 complex may shield
LPL from inhibition by the circulating complex of
ANGPTL3 and ANGPTLS (16). Other data suggest that
via intracellular binding of ANGPTLS to ANGPTL4,
ANGPTLS8 may promote the degradation of ANGPTL4
in adipocytes (51). Regardless of the specific mecha-
nism, the inhibitory action of ANGPTLS8 toward
ANGPTL4 contributes to the elevated adipose LPL
activity in the fed state, thereby facilitating the uptake
of TG into adipose tissue rather than muscle (16, 51).

ANGPTLA4 stimulates lipolysis in adipocytes

Besides elevating plasma TG levels, recombinant
ANGPTLA4 injection and transgenic ANGPTL4 over-
expression raise plasma nonesterified fatty acid levels
(11, 38). Conversely, ANGPTL4 deficiency abolishes the
fasting-induced increase in plasma nonesterified fatty
acids (43, 52, 53). In cultured adipocytes, ANGPTL4
stimulates fatty acid release concomitant with an in-
crease in cAMP levels (52, 53). ANGPTL4 modulation of
cAMP-dependent signaling occurs upstream of adeny-
late cyclase and downstream of receptor activation and
is reportedly mediated by the C-terminal fibrinogen-
like domain of ANGPTL4 (52, 54). In adipose tissue,
the combined action of the N-terminal and C-terminal
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domain of ANGPTL4 importantly contributes to the
fasting-induced shift from TG storage to TG
mobilization.

PHYSIOLOGICAL ROLE OF ANGPTL4 IN BROWN
ADIPOSE TISSUE

LPL is expressed at high levels in brown adipose
tissue (BAT), where it accommodates the high
requirement of BAT for lipid fuels during cold (55). In
agreement with this notion, the activity of LPL in BAT
is markedly increased by cold exposure (34). This ef-
fect is at least partly mediated by the downregulation
of ANGPTLA4. Indeed, overexpression of ANGPTL4
leads to decreased LPL activity and uptake of plasma
TG-derived fatty acids into BAT, whereas ANGPTL4
deficiency has the exact opposite effect. The down-
regulation of ANGPTL4 in BAT by cold was found to
be mediated by the activation of 5' adenosine mono-
phosphate-activated protein kinase (34).

In contrast to BAT, ANGPTL4 is upregulated by cold
in white adipose tissue (WAT), which is likely mediated
by p-adrenergic activation. The opposite regulation of
ANGPTL4 in BAT and WAT contributes to the
repartitioning of lipid fuels toward BAT and away
from WAT during prolonged cold exposure (34).
Similar to the situation in WAT in the fed state, the
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upregulation of ANGPTLS expression in BAT by cold
may interfere with ANGPTL4 function, thereby stim-
ulating LPL activity (19, 56).

PHYSIOLOGICAL ROLE OF ANGPTL4 IN THE
LIVER

ANGPTL4 mRNA is expressed at high levels in the
human liver (12, 36, 57). Furthermore, it was found that
the levels of ANGPTL4 protein are similar in the hu-
man liver and human adipose tissue (58). Expression of
ANGPTL4 in normal and hepatocyte-humanized mouse
liver is upregulated by fasting, suggesting that the role
of hepatic ANGPTL4 in lipid metabolism may become
more prominent during fasting (7, 59). Earlier studies
indicated that the liver-specific overexpression of
ANGPTL4 raises plasma TG levels and decreases
postheparin plasma LPL activity but does not influence
hepatic VLDL secretion (24, 41, 60). More recent studies
confirm the stimulatory effect of hepatocyte-derived
ANGPTL4 on plasma TG by showing that the
hepatocyte-specific deficiency of ANGPTL4 lowers
plasma TG levels in the prolonged fasted state, but not
after a 6 h fast (57, 61). Interestingly, Spitler et al. (61) did
not find any significant effect of hepatocyte-specific
ANGPTL4 deficiency on uptake of plasma TG-
derived fatty acids by the liver and other tissues, as
well as no effect on hepatic-lipase activity in the liver
and LPL activity in muscle and adipose tissue. By
contrast, Singh et al. (57) observed that hepatocyte-
specific ANGPTL4-deficient mice exhibited higher
uptake of plasma TG-derived fatty acids by the liver
and higher post-heparin plasma hepatic lipase and LPL
activity. Besides by differences in the types of mea-
surements performed, these seemingly discrepant re-
sults might be partly reconciled by differences in the
duration of fasting, suggesting that hepatic ANGPTL4
is primarily or exclusively involved in the regulation of
plasma lipids during (prolonged) fasting. Consistent
with this notion, the silencing of ANGPTL4mRNA using
antisense oligonucleotides significantly reduced plasma
TG levels in overnight fasted mice (57). Collectively,
these data show that hepatic ANGPTL4 raises plasma
TG in the (prolonged) fasted state. Currently, it is not
fully clear whether these effects are mediated by the
inhibition of LPL in extra-hepatic tissues via an endo-
crine role of hepatocyte-derived ANGPTL4 or by in-
hibition of hepatic lipase via a local role of ANGPTL4
in the liver. In favor of the latter mechanism,
hepatocyte-specific deficiency of ANGPTL4 markedly
increased postheparin plasma hepatic lipase activity,
whereas the overexpression of ANGPTL4 decreased
postheparin hepatic lipase activity (37, 57).

The expression of LPL in human liver is very low,
whereas evidence has been presented that LPL mRNA
expression is not insignificant in the mouse liver (62).
Interestingly, hepatic LPL. was shown to significantly
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impact plasma TG levels and postheparin plasma LPL
activity using two different gene targeting approaches
(62). Accordingly, it cannot be fully excluded that the
plasma TG-raising effect of liver-derived ANGPTL4 in
mice is mediated by the inhibition of hepatic LPL.
Because of the minimal expression of LPL in the hu-
man liver, this mechanism is probably irrelevant in
humans.

PHYSIOLOGICAL ROLE OF ANGPTL4 IN OTHER
TISSUES

Role of ANGPTLA4 in the heart and skeletal muscles

ANGPTL4 expression in the heart and skeletal
muscles is highly induced by fatty acids (63-65). In both
tissues, ANGPTL4 functions as a local inhibitor of LPL
and is part of a fatty acid- and PPARG&-activated feed-
back mechanism that controls the uptake of fatty acids
to avoid lipid overload (63, 66, 67). ANGPTL4 does not
seem to influence the protein abundance of LPL in the
heart (45).

In the human skeletal muscles, ANGPTL4 likely plays
a role in plasma lipid partitioning between active and
nonactive muscles (66). During exercise, ANGPTL4 is
induced via elevated nonesterified fatty acids and
PPARS in the nonactive muscles, reducing the local
uptake of plasma TG-derived fatty acids. In the working
muscles, this mechanism is countered by 5' adenosine
monophosphate-activated  protein  kinase-mediated
suppression of ANGPTL4 expression to promote the
use of plasma TG as a fuel for active muscles (66).
Consistent with the role of muscle ANGPTL4 in local
regulation of LPL, the deficiency of ANGPTL4 in-
creases LPL activity in skeletal muscles of mice (68).

Role of ANGPTL4 in macrophages

Cultured macrophages produce and constitutively
secrete LPL. and ANGPTL4 (69, 70). The expression of
ANGPTL4 in macrophages is induced by various types
of lipids, including fatty acids, acetylated LDL (acLDL),
oxidized LDL (oxLDL), and natural and synthetic TG
emulsions (43, 69, 71, 72). The addition of recombinant
ANGPTLA4 as well as the overexpression of ANGPTL4
decrease LPL activity and impair the uptake of oxLDL/
acLDL and TG emulsions in macrophages, thereby
mitigating foam cell formation and lipid-induced cell
stress (69, 72, 73). By contrast, ANGPTL4 deficiency en-
hances the uptake of oxLDL/acLDL and TG emulsions
in macrophages and increases lipid-induced cell stress
and apoptosis (43, 71). In agreement with these data,
inactivation of ANGPTL4 in mice fed a Western-type
diet leads to foam cell formation in the mesenteric
lymph nodes and promotes atherosclerosis (40, 71,72, 74).
Taken together, by repressing LPL activity, ANGPTL4
functions as an important regulator of lipid uptake in
macrophages. Unlike in adipocytes, ANGPTL4 does not
regulate LPL mass in macrophages (43).
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PHYSIOLOGICAL ROLE OF CIRCULATING
ANGPTL4

The presence of ANGPTL4 in the human blood
plasma has been studied using ELISA and Western blot.
Two different ELISAs exist, one of which detects
full-length ANGPTL4 and the C-terminal ANGPTL4
fragment (64, 75), whereas the other ELISA detects full-
length and N-terminal ANGPTL4 (16). Western blots
performed on human plasma have specifically
measured the N-terminal ANGPTL4 fragment (58).
Integrating and extrapolating the results of various
studies that have measured ANGPTL4 in human plasma
points to the following scenario (16, 30, 58, 64, 75).

Most of the ANGPTL4 in human plasma represents
the C-terminal ANGPTL4 fragment. This fragment
does not inhibit LPL, in contrast to full-length or
N-terminal LPL. The total concentration of N-terminal
ANGPTLA4 in plasma is higher than the total concen-
tration of full-length ANGPTL4 (58). There is very little
full-length and N-terminal ANGPTL4 in human
plasma in free form. Most of the circulating full-length
and N-terminal ANGPTL4 is complexed with
ANGPTLS8 (16). The origin of circulating full-length
and N-terminal ANGPTL4 is not fully understood,
but it is likely that adipose tissue and liver are the pri-
mary sources, respectively (58). Because binding of
ANGPTLS strongly disables the ability of ANGPTL4 to
inhibit LPL, and because C-terminal ANGPTL4 is un-
able to inhibit LPL, this scenario suggests that the
circulating forms of ANGPTL4 may not be involved in
LPL regulation. A counterargument that could be
raised is that intravenous injection of recombinant full-
length ANGPTL4 raises plasma TG levels (11). However,
it is unclear whether this result reflects the physiolog-
ical role of ANGPTLA4.

With respect to regulation, plasma levels of C-termi-
nal ANGPTL4 increase whenever the levels of nones-
terified fatty acids increase (65), including during
fasting, hypocaloric diets, and exercise (30, 66, 75). In
contrast, the plasma levels of C-terminal ANGPTL4 are
decreased by insulin infusion and are also lower in
E40K carriers (76). Plasma levels of N-terminal
ANGPTL4 are also increased during fasting (30).
Interestingly, the plasma levels of C- and N-terminal
ANGPTLA4 are increased by fenofibrate, which specif-
ically targets the hepatic production of ANGPTL4
(58, 77). Furthermore, fenofibrate raises plasma levels
of human C-terminal ANGPTL4 in hepatocyte-
humanized mice (78). These data suggest that a major
portion of circulating ANGPTL4 is liver-derived.

BIOCHEMICAL MECHANISM OF LPL
INHIBITION BY ANGPTL4

Inhibition of LPL. by ANGPTL4 was initially attrib-
uted to the dissociation of catalytically active LPL di-
mers into inactive LPL monomers (79). However,
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whether LPL is only active as a dimer has been called
into question (80). More recent evidence indicates that
ANGPTL4 binds to regions proximal to LPL’s catalytic
pocket (81), and that ANGPTL4 promotes the irrevers-
ible unfolding of this hydrolase domain (82-84). Such a
catalytic action of ANGPTL4 reportedly does not
require the conversion of LPL homodimers into
monomers (83) but renders LPL. more prone to cleav-
age by PCSK3 (47). The binding and inhibition of LPL
by ANGPTL4 are mediated by a stretch of amino acids
located in the N-terminal region of ANGPTL4
that contains the polar residues His46, GInb0, and
GInb53 (85, 86).

As an alternative to promoting irreversible LPL
unfolding, it has been suggested that ANGPTL4 func-
tions as a reversible, noncompetitive inhibitor of LPL
(87). By binding close to the catalytic site of LPL,
ANGPTL4 is supposedly able to prevent substrate
catalysis at the active site (81). How such a mechanism
could trigger the cleavage and degradation of LPL in
adipocytes is unclear.

In addition to promoting the intracellular cleavage
and degradation of LPL, ANGPTL4 is also able to
inhibit extracellular, endothelial-bound LPL. However,
the potency of ANGPTLA4 to inhibit and unfold LPL is
lower when LPL is bound to GPIHBPI due to the LPL-
stabilizing action of GPIHBP1 (82, 88). Stabilization of
LPL is mediated by the N-terminal domain of
GPIHBP], an intrinsically disordered region rich in
acidic residues.

IMPACT OF ANGPTL4 ON PLASMA
CHOLESTEROL

Evidence abounds indicating that ANGPTL4 impacts
plasma TG levels in mice and humans. By contrast, the
evidence linking ANGPTLA4 to the regulation of plasma
LDL-C is much more limited. The whole-body
ANGPTL4 deficiency in LDLR-deficient mice fed a
Western-type diet was associated with a marked
decrease in plasma cholesterol (71). However, these re-
sults are likely confounded by the lymphadenopathy,
ascites, and peritonitis in the ANGPTL4-deficient mice
(71). In studies in mice that were approved by the
Institutional Animal Use and Care Committee of
Wageningen University (2011063.c), we found that the
whole-body ANGPTL4 deficiency in hypercholester-
olemic APOE3Leiden mice fed a high cholesterol-high
unsaturated fat diet was associated with a significant
decrease in plasma TG and total cholesterol (Fig. 2A, B),
the latter of which was mainly explained by a marked
reduction in LDL-C levels (Fig. 2C). The ANGPTL4-
deficient APOE3Leiden mice did not show any
lymphadenopathy, ascites, and peritonitis, and exhibi-
ted decreased rather than increased serum amyloid A
levels (Fig. 2D), suggesting that the lower cholesterol
levels are not secondary to a complex pathological
phenotype. Recently, it was shown in PCSK9-induced
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Fig. 2. Lower plasma LDL-C in hypercholesterolemic ANGPTL4-deficient mice. A: Schematic description of the study. At 10—
15 weeks of age, 18 female ANGPTL4-deficient mice on an APOE3Leiden background and 18 female control APOE3Leiden mice
were fed a Western-type diet rich in cholesterol (0.4%) and sunflower oil (33 energy%) for 31 weeks. B: Plasma triglycerides and
plasma cholesterol in tail bleeds. C: FPLC-based lipoprotein profiling on pooled plasma collected at the final bleed. D: Serum-amyloid
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hypercholesterolemic mice that liver-specific defi-
ciency of ANGPTLA4 is also associated with a significant
decrease in plasma total cholesterol levels, which was
accounted for by reductions in plasma VLDL-C and
IDL/LDL-C (57). Overall, these data suggest that in
hypercholesterolemic mice, the liver or whole-body
ANGPTL4 deficiency leads to a decrease in plasma
LDL-C. Presently, the mechanism underlying the effect
of ANGPTL4 on LDL-C levels remains unclear.

Although studies in mice thus suggest a role of
ANGPTLA4 in regulating plasma LDL-C levels, human
genetic studies do not support this notion. Specifically,
LOF mutations in ANGPTL4 are associated with lower
plasma TG and higher plasma HDL-C levels but, unlike
LOF mutations in ANGPTL3 levels (89, 90), are not
associated with a significant change in plasma LDL-C
levels (20-22). How it is possible that the studies in
ANGPTL4-deficient mice and the human genetic
studies lead to different conclusions is unclear.

As alluded to above, plasma HDL-C levels are
elevated in the carriers of LOF mutations in
ANGPTL4. The higher HDL-C may be secondary to
enhanced VLDL lipolysis, thereby reducing CETP-
mediated cholesterol transfer from HDL to VLDL.
Interestingly, it was recently suggested that ANGPTL4
can inhibit endothelial lipase in vitro (91), which is
expected to translate into lower rather than higher
plasma HDL-C levels in ANGPTL4 LOF carriers.
Studies in mice have not provided uniform results on
the impact of ANGPTL4 on HDL-C. Specifically, the
whole-body ANGPTL4 deficiency was associated with
higher HDL-C levels (42), adipocyte-specific
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ANGPTL4 deficiency was not associated with any
change in HDL-C (92), and hepatocyte-specific
ANGPTL4 deficiency was associated with slightly
lower HDL-C levels (57). Plasma HDL-C levels were
minimally changed in ANGPTL4-deficient APOE3-
Leiden mice (Fig. 2C). Overall, whether ANGPTL4
directly regulates plasma HDL-C levels, possibly by
inhibiting endothelial lipase in vivo, requires further
investigation.

FUTURE PERSPECTIVES AND CONCLUSION

In the last few years, major progress has been made
in elucidating the (tissue-specific) role of ANGPTL4 in
governing plasma lipids. Currently, the important
outstanding questions on ANGPTL4 are as follows:

To what extent is the effect of liver-specific inacti-
vation of ANGPTL4 on plasma TG dependent on
fasting? Does liver-specific inactivation of ANGPTL4
on top of ANGPTLS3 inactivation provides an additional
therapeutic benefit by further lowering of plasma
lipids? Does liver-specific inactivation of ANGPTL4
impact plasma lipids in humans? Does liver-derived
ANGPTL4 form a complex with ANGPTLS8? What is
the exact mechanism by which ANGPTLS interferes
with LPL inhibition by ANGPTL4 in adipose tissue?
How does ANGPTL4 raise plasma LDL-C levels in hy-
percholesterolemic mice, and are these data of any
relevance to humans? Does ANGPTL4 produced by
tissues other than liver and adipose tissue influence
plasma TG levels? Future studies should be directed
toward answering these questions.
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In conclusion, although for many years ANGPTL4
was dismissed as a pharmacological target, the recent
mouse studies indicate that liver-specific inactivation of
ANGPTL4 may be a viable strategy for lowering
plasma TG and possibly LDL-C. Clinical trials support-
ing the lipid-lowering effects of ANGPTL4 inactivation
are eagerly awaited. In the future, anti-ANGPTL4
therapies, either as monotherapy or coupled to anti-
ANGPTLS3 therapies, may become a treatment option
for reducing plasma lipids in selected patient groups. Bl

Author contributions
S. K. is responsible for all aspects of this article.

Author ORCIDs

Sander Kersten @ https://orcid.org/0000-0003-4488-7734

Funding and additional information

The financial support of the Netherlands Heart Foun-
dation is gratefully acknowledged (CVON2014-02 ENER-
GISE, 2007B046).

Conflict of interest
The author declares that he has no conflicts of interest
with the contents of this article.

Abbreviations

acLDL, acetylated LDL; ANGPTL, angiopoietin-like pro-
tein; BAT, brown adipose tissue; LOF, loss of function;
oxLDL, oxidized LDL; PCSK3, proprotein convertase sub-
tilisin kexin-3; WAT, white adipose tissue.

Manuscript received September 24, 2021, and in revised
from October 27, 2021. Published, JLR Papers in Press,
November 18, 2021, https://doi.org/10.1016/j,jlr.2021.100150

REFERENCES

1. Young, S. G, and Zechner, R. (2013) Biochemistry and patho-
physiology of intravascular and intracellular lipolysis. Genes Dev.
27, 459-484

2. Young, S. G, Fong, L. G, Beigneux, A. P., Allan, C. M,, He, C,,
Jiang, H., Naka]lrna K, Meu appan, M., Birrane, G., and Plouq,
(2019) GPIHBPI and hpoprotem hpase partners in plasma tri-
glyceride metabolism. Cell Metab. 30, 51-65

3. Beigneux, A. P,, Davies, B. S, Gin, P., Weinstein, M. M,, Farber, E.,
Qiao, X, Peale, F., Bunting, S, Walzem, R. L., Wong, |. S, Blaner,
W. S, Ding, Z. M., Melford, K., Wongsiriroj, N., Shu, X,, et al (2007)
Glycosylphosphatidylinositol-anchored high-density lipopro-
tein-binding protein 1 plays a critical role in the lipolytic pro-
cessing of chylomicrons. Cell Metab. 5, 279-291

4. Davies, B. S, Beigneux, A. P, Barnes 2nd, R. H, Tu, Y., Gin, P.,
Weinstein, M. M., Nobumori, C,, Nyren, R., Goldberg, L, Olive-
crona, G., Bensadoun, A, Young, S. G, and Fong, L. G. (2010)
GPIHBP1 is responsible for the entry of lipoprotein lipase into
capillaries. Cell Metab. 12, 42-52

5. Basu, D, and Goldberg, 1. J. (2020) Regulation of lipoprotein
lipase-mediated lipolysis of triglycerides. Curr. Opin. Lipidol. 31,
154-160

6. Kersten, S. (2014) Physiological regulation of lipoprotein lipase.
Biochim. Biophys. Acta. 1841, 919-933

7. Kersten, S, Mandard, S, Tan, N. S, Escher, P, Metzger, D,
Chambon, P., Gonzalez, F. ]., Desvergne, B., and Wahli, W. (2000)
Characterization of the fasting-induced adipose factor FIAF, a

SASBMB

10.

1L

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

. Yoon, J. C,

novel peroxisome proliferator-activated receptor target gene. J.
Biol. Chem. 275, 28488-28493

. Kim, I, Kim, H. G., Kim, H., Kim, H. H,, Park, S. K., Uhm, C. S,,

Lee, Z. H,, and Koh, G. Y. (2000) Hepatic expression, synthesis
and secretion of a novel fibrinogen/angiopoietin-related pro-
tein that prevents endothelial-cell apoptosis. Biochem. J. 346,
603-610

Chickering, T. W,, Rosen, E. D., Dussault, B, Qin, Y.,
Soukas, A., Friedman, J. M., Holmes, W. E,, and Spiegelman, B. M.
(2000) Peroxisome proliferator-activated receptor gamma target
gene encoding a novel angiopoietin-related protein associated
with adipose differentiation. Mol. Cell. Biol. 20, 5343-5349
Shimizugawa, T., Ono, M., Shimamura, M., Yoshida, K., Ando, Y.,
Koishi, R., Ueda, K., Inaba, T., Minekura, H., Kohama, T., and
Furukawa, H. (2002) ANGPTL3 decreases very low density li-
poprotein triglyceride clearance by inhibition of lipoprotein
lipase. J. Biol. Chem. 277, 33742-33748

Yoshida, K., Shimizugawa, T., Ono, M., and Furukawa, H. (2002)
Angiopoietin-like protein 4 is a potent hyperlipidemia-inducing
factor in mice and inhibitor of lipoprotein lipase. J. Lipid Res. 43,
1770-1772

Zandbergen, F., van Dijk, S, Muller, M., and Kersten, S. (2006)
Fasting-induced adipose factor/angiopoietin-like protein 4: a
potential target for dyslipidemia. Future Lipidol. 1, 227-236
Quagliarini, F., Wang, Y., Kozlitina, J., Grishin, N. V., Hyde, R,,
Boerwinkle, E,, Valenzuela, D. M,, Murphy, A. ], Cohen, J. C., and
Hobbs, H. H. (2012) Atypical angiopoietin-like protein that reg-
ulates ANGPTLS. Proc. Natl. Acad. Sci. U. S. A. 109, 19751-19756
Ren, G, Kim, ]. Y., and Smas, C. M. (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
Zhang, R. (2012) Lipasin, a novel nutritionally-regulated liver-
enriched factor that regulates serum triglyceride levels. Biochem.
Biophys. Res. Commun. 424, 786-792

Chen, Y. Q, Pottanat, T. G, Siegel, R. W, Ehsani, M,, Qian, Y. W,
Zhen, E. Y., Regmi, A, Roell, W. C,, Guo, H,, Luo, M. ], Gimeno,
R. E, Van't Hooft, F., and Konrad, R. J. (2020) Angiopoietin-like
protein 8 differentially regulates ANGPTL3 and ANGPTL4
during postprandial partitioning of fatty acids. J. Lipid Res. 61,
1203-1220

Chi, X, Britt, E. C, Shows, H. W,, Hjelmaas, A. J., Shetty, S. K.,
(ushmg E. M, Li, W, Dou, A. Zhdng,R and Davies, B. S. ] (2017)
ANGPTLS promotes the ablhty of ANGPTL3 to bind and
inhibit lipoprotein lipase. Mol. Metab. 6, 1137-1149

Haller, J. F., Mintah, L J., Shihanian, L. M,, Stevis, P., Buckler, D.,
Alexa-Braun, C. A, Kleiner, S, Banfi, S, Cohen, J. C, Hobbs, H
H., Yancopoulos, G. D,, Murphy, A. J,, Gusarova, V., and Gro-
mada, J. (2017) ANGPTLS8 requires ANGPTLS3 to inhibit lipo-
protein lipase and plasma triglyceride clearance. J. Lipid Res. 58,
1166-1173

Kovrov, O,, Kristensen, K. K., Larsson, E., Ploug, M., and Oli-
vecrona, G. (2019) On the mechanism of angiopoietin-like
protein 8 for control of lipoprotein lipase activity. J. Lipid Res.
60, 783-793

Dewey, F. E., Gusarova, V., ODushlaine, C,, Gottesman, O., Tre-
jos, J., Hunt, C,, Van Hout, C. V., Habegger, L., Buckler, D., Lai, K.
M., Leader, J. B, Murray, M. F., Ritchie, M. D., Kirchner, H. L.,
Ledbetter, D. H., et al (2016) Inactivating variants in ANGPTL4
and risk of coronary artery disease. N. Engl. J. Med. 374, 11231133
Myocardial Infarction Genetics and CARDIoGRAM Exome
Consortia Investigators, Stitziel, N. O,, Stirrups, K. E, Masca, N. G.,
Erdmann, ., Ferrario, P. G., Konig, I. R,, Weeke, P. E, Webb, T.R,,
Auer, P. L, Schick, U. M,, Lu, Y., Zhang, H., Dube, M. P, Goel, A,
et al. (2016) Coding variation in ANGPTL4, LPL, and SVEP1 and
the risk of coronary disease. N. Engl. J. Med. 374, 1134-1144
Romeo, S., Pennacchio, L. A., Fu, Y., Boerwinkle, E, Tybjaerg-
Hansen, A, Hobbs, H. H.,, and Cohen, J. C. (2007) Population-
based resequencing of ANGPTL4 uncovers variations that
reduce triglycerides and increase HDL. Nat. Genet. 39, 513-516
Helkkula, P. Kiiskinen, T., Havulinna, A. S, Karjalainen, J,
Koskinen, S, Salomaa, V., Dalv M. ], Palotle A, Surakka, I,
Ripatti, S, and FinnGen. (2021) ANGPTLS8 protein-truncating
variant associated with lower serum triglycerides and risk of
coronary disease. PLoS Genet. 17, €1009501

Yin, W, Romeo, S., Chang, S., Grishin, N. V., Hobbs, H. H,, and
Cohen, J. C. (2009) Genetic variation in ANGPTL4 provides

Role of ANGPTL4 in plasma lipid metabolism 7


https://orcid.org/0000-0003-4488-7734
http://doi.org/https://doi.org/10.1016/j.jlr.2021.100150
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref1
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref1
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref1
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref1
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref2
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref2
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref2
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref2
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref2
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref3
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref3
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref3
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref3
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref3
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref3
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref3
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref4
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref4
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref4
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref4
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref4
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref4
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref5
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref5
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref5
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref5
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref6
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref6
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref6
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref7
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref7
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref7
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref7
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref7
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref7
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref8
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref8
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref8
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref8
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref8
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref8
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref9
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref9
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref9
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref9
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref9
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref9
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref10
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref10
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref10
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref10
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref10
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref10
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref11
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref11
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref11
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref11
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref11
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref12
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref12
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref12
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref12
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref13
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref13
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref13
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref13
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref13
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref14
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref14
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref14
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref14
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref15
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref15
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref15
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref15
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref16
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref16
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref16
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref16
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref16
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref16
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref16
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref17
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref17
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref17
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref17
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref17
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref18
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref18
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref18
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref18
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref18
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref18
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref18
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref19
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref19
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref19
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref19
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref19
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref20
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref20
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref20
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref20
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref20
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref20
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref21
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref21
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref21
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref21
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref21
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref21
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref21
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref22
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref22
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref22
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref22
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref22
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref23
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref23
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref23
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref23
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref23
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref24
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref24

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

8

insights into protein processing and function. J. Biol. Chem. 284,
13213-13222

Abid, K., Trimeche, T., Mili, D., Msolli, M. A, Trabelsi, 1., Nouira,
S., and Kenani, A. (2016) ANGPTL4 variants E40K and T266M
are associated with lower fasting triglyceride levels and predicts
cardiovascular disease risk in type 2 diabetic Tunisian popula-
tion. Lipids Health Dis. 15, 63

Smart-Halajko, M. C,, Kelley-Hedgepeth, A., Montefusco, M. C,
Cooper, J. A., Kopin, A, McCaffrey, J. M,, Balasubramanyam, A.,
Pownall, H. J., Nathan, D. M,, Peter, L, Talmud, P. ], Huggins, G. S.,
and Look, A. S. (2011) ANGPTL4 variants E40K and T266M are
associated with lower fasting triglyceride levels in Non-Hispanic
White Americans from the Look AHEAD Clinical Trial. BMC
Med. Genet. 12, 89

Klarin, D., Damrauer, S. M,, Cho, K., Sun, Y. V., Teslovich, T. M,,
Honerlaw, J., Gagnon, D. R, DuVall, S. L, Li, J., Peloso, G. M,,
Chaffin, M., Small, A. M,, Huang, J., Tang, H,, Lynch, J. A,, et al.
(2018) Genetics of blood lipids among ~300,000 multi-ethnic
participants of the Million Veteran Program. Nat. Genet. 50,
15141523

Lotta, L. A, Stewart, I. D,, Sharp, S. J,, Day, F. R, Burgess, S., Luan,
J., Bowker, N,, Cai, L, Li, C, Wittemans, L. B. L., Kerrison, N. D.,
Khaw, K. T, McCarthy, M. I, ORahilly, S,, Scott, R. A, et al (2018)
Association of genetically enhanced lipoprotein lipase-mediated
lipolysis and low-density lipoprotein cholesterol-lowering alleles
with risk of coronary disease and type 2 diabetes. JAMA Cardiol. 3,
957-966

Hollenberg, C. H. (1959) Effect of nutrition on activity and
release of lipase from rat adipose tissue. Am. J. Physiol. 197,
667-670

Ruppert, P. M. M,, Michielsen, C,, Hazebroek, E. ], Pirayesh, A.,
Olivecrona, G., Afman, L. A, and Kersten, S. (2020) Fasting in-
duces ANGPTL4 and reduces LPL activity in human adipose
tissue. Mol. Metab. 40, 101033

Bergo, M., Olivecrona, G., and Olivecrona, T. (1996) Forms of li-
poprotein lipase in rat tissues: in adipose tissue the proportion of
inactive lipase increases on fasting. Biochem. J. 313, 893-898
Doolittle, M. H., Ben-Zeev, O., Elovson, |., Martin, D., and Kirch-
gessner, T. G. (1990) The response of lipoprotein lipase to
feeding and fasting. Evidence for posttranslational regulation. J.
Biol. Chem. 265, 4570-4577

Bergo, M., Wu, G., Ruge, T., and Olivecrona, T. (2002) Down-
regulation of adipose tissue lipoprotein lipase during fasting
requires that a gene, separate from the lipase gene, is switched
on. J. Biol. Chem. 2717, 11927-11932

Dijk, W., Heine, M., Vergnes, L., Boon, M. R,, Schaart, G., Hesse-
link, M. K., Reue, K., van Marken Lichtenbelt, W. D., Olivecrona,
G., Rensen, P. C, Heeren, ], and Kersten, S. (2015) ANGPTL4
mediates shuttling of lipid fuel to brown adipose tissue during
sustained cold exposure. Elife. 4, 08428

Dijk, W, Schutte, S., Aarts, E. O,, Janssen, I. M. C, Afman, L., and
Kersten, S. (2018) Regulation of angiopoietin-like 4 and lipo-
protein lipase in human adipose tissue. J. Clin. Lipidol. 12,773-783
Romeo, S, Yin, W., Kozlitina, J., Pennacchio, L. A., Boerwinkle, E.,
Hobbs, H. H., and Cohen, J. C. (2009) Rare loss-of-function mu-
tations in ANGPTL family members contribute to plasma tri-
glyceride levels in humans. J. Clin. Invest. 119, 70-79
Lichtenstein, L., Berbée, ]. F, van Dijk, S. J., van Dijk, K. W,
Bensadoun, A, Kema, I. P, Voshol, P. J., Miiller, M., Rensen, P. C,
and Kersten, S. (2007) Angptl4 upregulates cholesterol synthesis
in liver via inhibition of LPL-and HL-dependent hepatic
cholesterol uptake. Arterioscler. Thromb. Vasc. Biol. 27, 2420-2427
Mandard, S., Zandbergen, F., van Straten, E, Wahli, W., Kuipers,
F., Muller, M., and Kersten, S. (2006) The fasting-induced adipose
factor/angiopoietin-like protein 4 is physically associated with
lipoproteins and governs plasma lipid levels and adiposity. J. Biol.
Chem. 281, 934-944

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

Desai, U, Lee, E. C, Chung, K., Gao, C, Gay, ]., Key, B, Hansen, G.,
Machajewski, D., Platt, K. A, Sands, A. T., Schneider, M., Van
Sligtenhorst, I, Suwanichkul, A., Vogel, P., Wilganowski, N., ¢t al
(2007) Lipid-lowering effects of anti-angiopoietin-like 4 anti-
body recapitulate the lipid phenotype found in angiopoietin-
like 4 knockout mice. Proc. Natl. Acad. Sci. U. S. A. 104, 11766-11771

J. Lipid Res. (2021) 62 100150

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Koster, A., Chao, Y. B, Mosior, M., Ford, A., Gonzalez-DeWhitt, P.
A, Hale, J. E, Li, D, Qiu, Y., Fraser, C. C, Yang, D. D., Heuer, J. G.,
]dskunas S. R, and Eacho, P. (2005) Transgenic ang10po1et1n-hke
(angptl)4 overexpression and targeted disruption of angptl4 and
angptl3: regulation of triglyceride metabolism. Endocrinology. 146,
4943-4950

Kroupa, O, Vorrsjo, E, Stienstra, R., Mattijssen, F., Nilsson, S. K.,
Sukonina, V., Kersten, S., Olivecrona, G., and Olivecrona, T.
(2012) Linking nutritional regulation of Angptl4, Gpihbpl, and
Lmf1 to lipoprotein lipase activity in rodent adipose tissue. BMC
Physiol. 12,13

Oteng, A. B, Ruppert, P. M. M,, Boutens, L., Dijk, W,, van Dier-
endonck, X, Olivecrona, G, Stienstra, R, and Kersten, S. (2019)
Characterization of ANGPTL4 function in macrophages and
adipocytes using Angptl4-knockout and Angptl4-hypomorphic
mice. J. Lipid Res. 60, 1741-1754

Spitler, K. M,, Shetty, S. K., Cushing, E. M., Sylvers-Davie, K. L.,
and Davies, B. S. J (2021) Regulation of plasma trlglycerlde
partitioning by adipose-derived ANGPTL4 in mice. Sci. Rep. 11,
7873

Dijk, W., Beigneux, A. P, Larsson, M., Bensadoun, A., Young, S
G., and Kersten, S. (2016) Angiopoietin-like 4 promotes intra-
cellular degradation of lipoprotein lipase in adipocytes. J. Lipid
Res. 57, 1670-1683

Dijk, W., Ruppert, P. M. M,, Oost, L. ], and Kersten, S. (2018)
Angiopoietin-like 4 promotes the intracellular cleavage of li-
poprotein lipase by PCSK3/furin in adipocytes. J. Biol. Chem. 293,
14134-14145

Lund Winther, A. M,, Kumari, A, Young, S. G,, and Ploug, M.
(2021) ANGPTLA4 sensitizes lipoprotein lipase to PCSK3 cleavage
by catalyzing its unfolding. J. Lipid Res. 62, 100071

Ruge, T,, Svensson, M., Eriksson, J. W,, and Olivecrona, G. (2005)
Tissue-specific regulation of lipoprotein lipase in humans: ef-
fects of fasting. Eur. J. Clin. Invest. 35, 194-200

Koliwad, S. K., Kuo, T,, Shipp, L. E., Gray, N. E,, Backhed, F., So,
A. Y, Farese, R. V., Jr, and Wang, J. C. (2009) Angiopoietin-like 4
(ANGPTLA, fasting-induced adipose factor) is a direct gluco-
corticoid receptor target and participates in glucocorticoid-
regulated triglyceride metabolism. J. Biol. Chem. 284, 25593-25601
Yamada, T., Ozaki, N., Kato, Y., Miura, Y., and Oiso, Y. (2006)
Insulin downregulates angiopoietin-like protein 4 mRNA in
3T3-L1 adipocytes. Biochem. Biophys. Res. Commun. 347, 1138-1144
Oldoni, F., Cheng, H,, Banfi, S, Gusarova, V., Cohen, J. C, and
Hobbs, H. H. (2020) ANGPTLS has both endocrine and autocrine
effects on substrate utilization. JCI Insight. 5, €138777

Gray, N. E, Lam, L. N,, Yang, K., Zhou, A. Y,, Koliwad, S, and
Wang, J. C. (2012) Angiopoietin-like 4 (Angptl4) protein is a
physiological mediator of intracellular lipolysis in murine adi-
pocytes. J. Biol. Chem. 287, 8444-8456

Sanderson, L. M., Degenhardt, T.,, Koppen, A, Kalkhoven, E,
Desvergne, B, Muller, M., and Kersten, S. (2009) Peroxisome
proliferator-activated receptor beta/delta (PPARbeta/delta) but
not PPARalpha serves as a plasma free fatty acid sensor in liver.
Mol. Cell. Biol. 29, 6257-6267

McQueen, A. E, Kanamaluru, D, Yan, K., Gray, N. E, Wu, L, Li,
M. L, Chang, A, Hasan, A, Stifler, D., Koliwad, S. K., and Wang,
J. C. (2017) The C-terminal fibrinogen-like domain of
angiopoietin-like 4 stimulates adipose tissue lipolysis and pro-
motes energy expenditure. J. Biol. Chem. 292, 16122-16134
Bartelt, A, Bruns, O. T., Reimer, R., Hohenberg, H,, Ittrich, H,,
Peldschus, K., Kaul, M. G, Tromsdorf, U. I, Weller, H.,, Waurisch,
C., Eychmuller, A, Gordts, P. L., Rinninger, F.,, Bruegelmann, K.,
Freund, B., ¢ al (2011) Brown adipose tissue activity controls
triglyceride clearance. Nat. Med. 17, 200-205

Fu, Z., Yao, F., Abou-Samra, A. B, and Zhang, R. (2013) Lipasin,
thermoregulated in brown fat, is a novel but atypical member of
the angiopoietin-like protein family. Biochem. Biophys. Res. Com-
mun. 430, 1126-1131

Singh, A. K., Chaube, B,, Zhang, X., Sun, ., Citrin, K. M., Canfran-
Duque, A, Aryal, B, Rotllan, N,, Varela, L, Lee, R. G., Horvath, T.
L., Price, N, Suarez, Y., and Fernandez-Hernando, C. (2021) He-
patocyte-specific suppression of ANGPTL4 improves obesity-
associated diabetes and mitigates atherosclerosis in mice. J.
Clin. Invest. 131, €140989

Mandard, S., Zandbergen, F., Tan, N. S,, Escher, P., Patsouris, D,
Koenig, W., Kleemann, R,, Bakker, A, Veenman, F., Wahli, W.,
Muller, M., and Kersten, S. (2004) The direct peroxisome

SBMB


http://refhub.elsevier.com/S0022-2275(21)00133-4/sref24
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref24
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref24
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref25
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref25
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref25
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref25
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref25
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref26
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref26
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref26
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref26
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref26
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref26
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref26
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref27
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref27
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref27
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref27
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref27
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref27
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref27
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref27
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref28
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref28
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref28
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref28
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref28
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref28
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref28
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref28
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref29
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref29
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref29
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref29
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref30
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref30
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref30
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref30
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref31
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref31
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref31
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref31
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref32
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref32
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref32
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref32
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref32
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref33
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref33
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref33
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref33
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref33
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref34
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref34
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref34
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref34
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref34
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref35
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref35
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref35
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref35
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref36
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref36
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref36
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref36
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref36
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref37
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref37
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref37
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref37
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref37
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref37
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref37
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref38
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref38
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref38
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref38
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref38
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref38
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref39
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref39
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref39
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref39
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref39
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref40
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref40
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref40
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref40
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref40
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref40
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref40
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref41
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref41
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref41
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref41
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref41
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref41
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref41
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref42
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref42
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref42
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref42
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref42
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref43
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref43
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref43
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref43
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref43
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref43
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref44
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref44
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref44
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref44
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref45
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref45
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref45
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref45
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref45
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref46
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref46
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref46
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref46
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref46
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref47
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref47
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref47
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref48
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref48
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref48
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref48
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref49
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref49
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref49
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref49
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref49
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref49
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref50
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref50
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref50
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref50
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref51
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref51
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref51
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref52
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref52
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref52
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref52
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref52
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref53
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref53
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref53
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref53
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref53
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref53
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref54
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref54
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref54
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref54
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref54
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref54
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref55
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref55
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref55
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref55
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref55
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref55
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref56
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref56
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref56
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref56
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref56
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref57
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref57
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref57
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref57
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref57
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref57
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref58
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref58
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref58

59.

60.

61

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

proliferator-activated receptor target fasting-induced adipose
factor (FIAF/PGAR/ANGPTL4) is present in blood plasma as a
truncated protein that is increased by fenofibrate treatment. J.
Biol. Chem. 279, 34411-34420

Defour, M., Hooiveld, G., van Weeghel, M., and Kersten, S. (2020)
Probing metabolic memory in the hepatic response to fasting.
Physiol. Genomics. 52, 602-617

Ge, H, Yang, G, Yu, X, Pourbahrami, T, and Li, C. (2004)
Oligomerization state-dependent hyperlipidemic effect of
angiopoietin-like protein 4. J. Lipid Res. 45, 2071-2079

Spitler, K. M., Shetty, S. K., Cushing, E. M,, Sylvers-Davie, K. L.,
and Davies, B. S. J. (2021) Chronic high-fat feeding and pro-
longed fasting in liver-specific ANGPTL4 knockout mice. Am. J.
Physiol. Endocrinol. Metab. 321, E464-E478

Liu, G, Xu, J. N, Liu, D,, Ding, Q., Liu, M. N,, Chen, R,, Fan, M,,
Zhang, Y., Zheng, C, Zou, D. |, Lyu, ], and Zhang, W. ]J. (2016)
Regulation of plasma lipid homeostasis by hepatic lipoprotein
lipase in adult mice. J. Lipid Res. 57, 1155-1161

Georgiadi, A, Lichtenstein, L., Degenhardt, T., Boekschoten, M.
V., van Bilsen, M., Desvergne, B, Muller, M., and Kersten, S. (2010)
Induction of cardiac Angptl4 by dietary fatty acids is mediated
by peroxisome proliferator-activated receptor beta/delta and
protects against fatty acid-induced oxidative stress. Circ. Res. 106,
1712-1721

Kersten, S., Lichtenstein, L., Steenbergen, E, Mudde, K., Hen-
driks, H. F., Hesselink, M. K., Schrauwen, P., and Muller, M. (2009)
Caloric restriction and exercise increase plasma ANGPTL4
levels in humans via elevated free fatty acids. Arterioscler. Thromb.
Vasc. Biol. 29, 969-974

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

Catoire, M,, Alex, S., Paraskevopulos, N., Mattijssen, F.,, Evers-van
Gogh, I, Schaart, G, Jeppesen, J., Kneppers, A, Mensink, M.,
Voshol, P. J., Olivecrona, G., Tan, N. S, Hesselink, M. K., Berbee, ].
F., Rensen, P. C, e al (2014) Fatty acid-inducible ANGPTL4
governs lipid metabolic response to exercise. Proc. Natl. Acad. Sci.
U. S. A. 111, E1043-E1052

Robciuc, M. R, Skrobuk, P., Anisimov, A., Olkkonen, V. M., Ali-
talo, K., Eckel, R. H,, Koistinen, H. A,, Jauhiainen, M., and Ehn-
holm, C. (2012) Angiopoietin-like 4 mediates PPAR delta effect
on lipoprotein lipase-dependent fatty acid uptake but not on
beta-oxidation in myotubes. PLoS One. 7, €46212

Vienberg, S. G, Kleinridders, A., Suzuki, R, and Kahn, C. R.
(2015) Differential effects of angiopoietin-like 4 in brain and
muscle on regulation of lipoprotein lipase activity. Mol. Metab. 4,
144-150

Georgiadi, A, Wang, Y, Stienstra, R,, Tjeerdema, N,, Janssen, A,
Stalenhoef, A, van der Vliet, J. A, de Roos, A, Tamsma, J. T,
Smit, J. W, Tan, N. S, Muller, M, Rensen, P. C, and Kersten, S.
(2018) Overexpression of angiopoietin-like protein 4 protects
against atherosclerosis development. Arterioscler. Thromb. Vasc. Biol.
33, 1529-1537

Khoo, ]. C, Mahoney, E. M., and Witztum, J. L. (1981) Secretion of
lipoprotein lipase by macrophages in culture. J. Biol. Chem. 256,
7105-7108

Aryal, B, Rotllan, N, Araldi, E, Ramirez, C. M., He, S., Chous-
terman, B. G, Fenn, A. M,, Wanschel, A., Madrigal-Matute, J.,
Warrier, N.,, Martin-Ventura, J. L., Swirski, F. K., Suarez, Y., and
Fernandez-Hernando, C. (2016) ANGPTL4 deficiency in hae-
matopoietic cells promotes monocyte expansion and athero-
sclerosis progression. Nat. Commun. 7, 12313

Lichtenstein, L., Mattijssen, F., de Wit, N. J., Georgiadi, A., Hooi-
veld, G. ], van der Meer, R, He, Y., Qj, L., Koster, A., Tamsma, ].
T, Tan, N. S, Muller, M., and Kersten, S. (2010) Angptl4 protects
against severe proinflammatory effects of saturated fat by
inhibiting fatty acid uptake into mesenteric lymph node mac-
rophages. Cell Metab. 12, 580-592

Makoveichuk, E., Sukonina, V., Kroupa, O, Thulin, P., Ehren-
borg, E.,, Olivecrona, T., and Olivecrona, G. (2012) Inactivation of
lipoprotein lipase occurs on the surface of THP-1 macrophages
where oligomers of angiopoietin-like protein 4 are formed.
Biochem. Biophys. Res. Commun. 425, 138-143

SASBMB

74.

75.

76.

77.

78.

79.

80.

8L

82.

83.

84.

85.

86.

87.

88.

89.

Oteng, A. B., Bhattacharya, A, Brodesser, S., Qi, L., Tan, N. S., and
Kersten, S. (2017) Feeding Angptl4-/- mice trans fat promotes
foam cell formation in mesenteric lymph nodes without leading
to ascites. J. Lipid Res. 58, 1100-1113

Jonker, J. T., Smit, J. W, Hammer, S., Snel, M., van der Meer, R.
W., Lamb, H. J., Mattijssen, F,, Mudde, K., Jazet, I. M., Dekkers, O.
M., de Roos, A, Romijn, J. A, Kersten, S, and Rensen, P. C. (2013)
Dietary modulation of plasma angiopoietin-like protein 4 con-
centrations in healthy volunteers and in patients with type 2
diabetes. Am. J. Clin. Nutr. 97, 255-260

van Raalte, D. H,, Brands, M,, Serlie, M. J., Mudde, K., Stienstra, R.,
Sauerwein, H. P, Kersten, S, and Diamant, M. (2012) Angio-
poietin-like protein 4 is differentially regulated by glucocorti-
coids and insulin in vitro and in vivo in healthy humans. Exp.
Clin. Endocrinol. Diabetes. 120, 598-603

Rakhshandehroo, M., Stienstra, R., de Wit, N. J,, Bragt, M. C,
Haluzik, M., Mensink, R. P, Muller, M., and Kersten, S. (2012)
Plasma mannose-binding lectin is stimulated by PPARalpha in
humans. Am. J. Physiol. Endocrinol. Metab. 302, E595-E602

de la Rosa Rodriguez, M. A, Sugahara, G., Hooiveld, G., Ishida,
Y., Tateno, C, and Kersten, S. (2018) The whole transcriptome
effects of the PPARalpha agonist fenofibrate on livers of he-
patocyte humanized mice. BMC Genomics. 19, 443

Sukonina, V., Lookene, A., Olivecrona, T. and Olivecrona, G.
(2006) Angiopoietin-like protein 4 converts lipoprotein lipase to
inactive monomers and modulates lipase activity in adipose
tissue. Proc. Natl. Acad. Sci. U. S. A. 103, 17450-17455

Beigneux, A. P, Allan, C. M,, Sandoval, N. P,, Cho, G. W,, Heizer,
P. J., Jung, R. S, Stanhope, K. L, Havel, P. J, Birrane, G,
Meiyappan, M,, Gill, J. Et, Murakami, M., Miyashita, K., Naka-
jima, K., Ploug, M., et al (2019) Lipoprotein lipase is active as a
monomer. Proc. Natl. Acad. Sci. U. S. A. 116, 6319-6328

Gutgsell, A. R, Ghodge, S. V., Bowers, A. A, and Neher, S. B.
(2019) Mapping the sites of the lipoprotein lipase (LPL)-angio-
poietin-like protein 4 (ANGPTL4) interaction provides mecha-
nistic insight into LPL inhibition. J. Biol. Chem. 294, 2678-2689
Mysling, S., Kristensen, K. K., Larsson, M., Kovrov, O., Bensa-
douen, A, Jorgensen, T. ], Olivecrona, G., Young, S. G, and
Ploug, M. (2016) The angiopoietin-like protein ANGPTL4 cata-
lyzes unfolding of the hydrolase domain in lipoprotein lipase
and the endothelial membrane protein GPIHBPI counteracts
this unfolding. Elife. 5, €20958

Kristensen, K. K., Leth-Espensen, K. Z., Mertens, H. D. T., Bir-
rane, G., Meiyappan, M., Olivecrona, G., Jorgensen, T. J. D,
Young, S. G., and Ploug, M. (2020) Unfolding of monomeric li-
poprotein lipase by ANGPTL4: insight into the regulation of
plasma triglyceride metabolism. Proc. Natl. Acad. Sci. U. S. A. 117,
4337-4346

Kristensen, K. K., Leth-Espensen, K. Z,, Young, S. G., and Ploug,
M. (2020) ANGPTL4 inactivates lipoprotein lipase by catalyzing
the irreversible unfolding of LPL's hydrolase domain. J. Lipid
Res. 61, 1253

Lee, E-C, Desai, U., Gololobov, G., Hong, S, Feng, X, Yu, X-C,
Gay, J., Wilganowski, N., Gao, C, and Du, L-L. (2009) Identifica-
tion 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

Yau, M. H, Wang, Y., Lam, K. S, Zhang, J., Wu, D, and Xu, A.
(2009) A highly conserved motif within the NH2-terminal
coiled-coil domain of angiopoietin-like protein 4 confers its
inhibitory effects on lipoprotein lipase by disrupting the
enzyme dimerization. J. Biol. Chem. 284, 11942-11952

Lafferty, M. ]., Bradford, K. C, Erie, D. A, and Neher, S. B. (2013)
Angiopoietin-like protein 4 inhibition of lipoprotein lipase: ev-
idence for reversible complex formation. J. Biol. Chem. 288,
28524-28534

Leth-Espensen, K. Z., Kristensen, K. K., Kumari, A., Winther, A.
L, Young, S. G, Jorgensen, T. J. D, and Ploug, M. (2021) The
intrinsic instability of the hydrolase domain of lipoprotein
lipase facilitates its inactivation by ANGPTL4-catalyzed
unfolding. Proc. Natl. Acad. Sci. U. S. A. 118, €2026650118

Dewey, F. E, Gusarova, V., Dunbar, R. L, O'Dushlaine, C,
Schurmann, C, Gottesman, O., McCarthy, S, Van Hout, C. V.,
Bruse, S, Dansky, H. M., Leader, ]. B, Murray, M. F.,, Ritchie, M. D.,
Kirchner, H. L., Habegger, L, e al (2017) Genetic and

Role of ANGPTL4 in plasma lipid metabolism 9


http://refhub.elsevier.com/S0022-2275(21)00133-4/sref58
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref58
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref58
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref58
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref58
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref59
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref59
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref59
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref59
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref60
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref60
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref60
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref60
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref61
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref61
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref61
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref61
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref61
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref62
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref62
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref62
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref62
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref62
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref63
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref63
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref63
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref63
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref63
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref63
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref63
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref64
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref64
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref64
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref64
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref64
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref64
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref65
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref65
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref65
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref65
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref65
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref65
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref65
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref66
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref66
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref66
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref66
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref66
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref66
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref66
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref67
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref67
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref67
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref67
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref67
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref68
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref68
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref68
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref68
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref68
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref69
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref69
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref69
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref69
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref69
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref69
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref69
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref70
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref70
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref70
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref70
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref71
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref71
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref71
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref71
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref71
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref71
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref72
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref72
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref72
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref72
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref72
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref72
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref72
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref73
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref73
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref73
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref73
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref73
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref73
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref74
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref74
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref74
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref74
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref74
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref75
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref75
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref75
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref75
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref75
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref75
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref75
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref76
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref76
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref76
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref76
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref76
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref76
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref77
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref77
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref77
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref77
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref77
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref78
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref78
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref78
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref78
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref79
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref79
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref79
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref79
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref79
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref80
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref80
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref80
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref80
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref80
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref80
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref81
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref81
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref81
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref81
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref81
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref82
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref82
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref82
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref82
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref82
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref82
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref83
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref83
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref83
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref83
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref83
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref83
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref83
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref84
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref84
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref84
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref84
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref85
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref85
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref85
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref85
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref85
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref85
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref85
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref86
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref86
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref86
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref86
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref86
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref86
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref87
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref87
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref87
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref87
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref87
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref88
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref88
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref88
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref88
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref88
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref89
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref89
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref89
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref89

90.

10

pharmacologic inactivation of ANGPTL3 and cardiovascular
disease. N. Engl. J. Med. 377, 211-221

Helgadottir, A., Gretarsdottir, S., Thorleifsson, G. Hjartarson,
E, Sigurdsson, A., Magnusdottir, A., Jonasdottir, A., Kristjans-
son, H, Sulem, P, Oddsson, A, Sveinbjornsson, G. Stein-
thorsdottir, V., Rafnar, T, Masson, G., Jonsdottir, L, e al (2016)
Variants with large effects on blood lipids and the role of
cholesterol and triglycerides in coronary disease. Nat. Genet. 48,
634-639

J. Lipid Res. (2021) 62 100150

9L

92.

Chen, Y. Q, Pottanat, T. G., Siegel, R. W,, Ehsani, M., Qian, Y. W,,
and Konrad, R. J. (2021) Angiopoietin-like protein 4 (ANGPTL4)
is an inhibitor of endothelial lipase (EL) while the ANGPTL4/8
complex has reduced EL-inhibitory activity. Heliyon. 7, 07898
Aryal, B, Singh, A. K., Zhang, X., Varela, L., Rotllan, N.,, Goedeke,
L., Chaube, B, Camporez, J. P, Vatner, D. F,, Horvath, T. L.,
Shulman, G. I, Suarez, Y., and Fernandez-Hernando, C. (2018)
Absence of ANGPTL4 in adipose tissue improves glucose
tolerance and attenuates atherogenesis. JCI Insight. 3, €97918



http://refhub.elsevier.com/S0022-2275(21)00133-4/sref89
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref89
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref89
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref90
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref90
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref90
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref90
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref90
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref90
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref90
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref90
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref91
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref91
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref91
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref91
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref92
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref92
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref92
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref92
http://refhub.elsevier.com/S0022-2275(21)00133-4/sref92

	Role and mechanism of the action of angiopoietin-like protein ANGPTL4 in plasma lipid metabolism
	Physiological role of ANGPTL4 in WAT
	Role of ANGPTL4 in LPL regulation during feeding and fasting
	ANGPTL4 function is antagonized by ANGPTL8
	ANGPTL4 stimulates lipolysis in adipocytes

	Physiological role of ANGPTL4 in brown adipose tissue
	Physiological role of ANGPTL4 in the liver
	Physiological role of ANGPTL4 in other tissues
	Role of ANGPTL4 in the heart and skeletal muscles
	Role of ANGPTL4 in macrophages

	Physiological role of circulating ANGPTL4
	Biochemical mechanism of LPL inhibition by ANGPTL4
	Impact of ANGPTL4 on plasma cholesterol
	Future perspectives and conclusion
	Author contributions
	Funding and additional information
	References


