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Angiopoietin-like protein 3 (ANGPTL3) is a circulating inhibitor of
lipoprotein and endothelial lipase whose physiological function has
remained obscure. Here we show that ANGPTL3 plays a major role in
promoting uptake of circulating very low density lipoprotein-triglyce-
rides (VLDL-TGs) into white adipose tissue (WAT) rather than oxida-
tive tissues (skeletal muscle, heart brown adipose tissue) in the fed
state. This conclusion emerged from studies of Angptl3−/− mice.
Whereas feeding increased VLDL-TG uptake into WAT eightfold in
wild-type mice, no increase occurred in fed Angptl3−/− animals. De-
spite the reduction in delivery to and retention of TG inWAT, fat mass
was largely preserved by a compensatory increase in de novo lipo-
genesis in Angptl3−/− mice. Glucose uptake into WAT was increased
10-fold in KO mice, and tracer studies revealed increased conversion
of glucose to fatty acids in WAT but not liver. It is likely that the
increased uptake of glucose into WAT explains the increased insulin
sensitivity associated with inactivation of ANGPTL3. The beneficial
effects of ANGPTL3 deficiency on both glucose and lipoprotein me-
tabolism make it an attractive therapeutic target.
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Energy homeostasis is maintained by a complex regulatory
network that synchronizes fuel metabolism with nutrient

availability. During fasting, hormonal and neuronal signals pro-
mote trafficking of fatty acids from white adipose tissue (WAT) to
oxidative tissues (1). Upon refeeding, the flux of fatty acids is
reversed and the reservoirs of triglyceride (TG) in WAT are
replenished, primarily from circulating lipoproteins (2). The up-
take of lipoprotein TG is mediated by lipoprotein lipase (LPL),
which hydrolyzes TG to fatty acids at capillary endothelial sur-
faces, but the mechanisms by which WAT TG flux is coordinated
with diurnal variations in food intake have not been defined.
The activity of LPL in WAT and oxidative tissues is recipro-

cally regulated in response to nutritional cues (3), primarily by
posttranscriptional mechanisms (4). In WAT, fasting induces the
expression of angiopoietin-like protein (ANGPTL) 4 (5), which
inhibits LPL activity (6) and promotes intracellular lipolysis (7),
thereby directing circulating TG to oxidative tissues. Feeding
suppresses expression of ANGPTL4, leading to increased LPL
activity and consequently increased uptake of very low density
lipoprotein (VLDL) TG into WAT (8–10). The finding that WAT
mass is decreased by 50% in mice overexpressing ANGPTL4 (10) is
consistent with this model.
The opposite pattern of LPL regulation is seen in heart, skeletal

muscle, and brown adipose tissue (BAT) (3, 11). Feeding sup-
presses LPL activity in these tissues, thereby sparing VLDL-TG for
uptake and storage by WAT (3, 9). Recently, we showed that the
postprandial partitioning of TG is mediated at least in part by
ANGPTL8, an atypical ANGPTL that is expressed at low levels in
liver and WAT of fasted animals and is strongly induced by feeding
(12–14). Mice lacking ANGPTL8 fail to increase VLDL-TG uptake
into WAT after feeding and consequently accrete substantially less
WAT than do their wild-type (WT) littermates (15). Accordingly,
we proposed that ANGPTL8 acts as a postprandial counterpart to
ANGPTL4 (15).

The N-terminal motif in ANGPTL4 and ANGPTL8 that binds
and inhibits LPL is shared by ANGPTL3 (16). In contrast to
ANGPTL4 and ANGPTL8, ANGPTL3 expression is restricted
to the liver (17), and is only modestly affected by fasting and
refeeding (15, 18). Inactivation of ANGPTL3 has well-charac-
terized effects on circulating levels of lipoproteins (19, 20), but
its physiological role remains enigmatic (8). To elucidate the role
of ANGPTL3 in energy metabolism, we compared the trafficking
of circulating TG and glucose to peripheral tissues in Angptl3
knockout (Angptl3-/−) mice and in their WT littermates. Here we
show that ANGPTL3 plays a pivotal role in determining sub-
strate delivery, storage, and utilization in WAT.

Results
Angptl3−/− mice (Fig. S1A) were born in expected Mendelian ratios
and developed normally despite an absence of circulating ANGPTL3
(Fig. S1B). Mice were entrained to a synchronized feeding reg-
imen of 12-h fasting (day), 12-h feeding (night) for 3 d before
each experiment, unless otherwise stated. Plasma TG and cho-
lesterol levels were lower in knockout (KO) mice, as reported
previously (20), whereas plasma levels of nonesterified free fatty
acids (NEFAs) and ketone bodies did not differ systematically
between the two strains under these conditions (Fig. S1C).

Significance

Here we show that angiopoietin-like protein 3 (ANGPTL3) plays
a major role in the trafficking of energy substrates to either
storage or oxidative tissues in response to food intake. During
fasting, adipose tissue releases fatty acids into the circulation
for uptake by oxidative tissues. After feeding, the flow of fatty
acids is reversed and the adipose tissue is replenished. In mice
lacking ANGPTL3, the uptake of fatty acids from the circulation
into adipose tissue was markedly reduced after refeeding.
Triglyceride stores were maintained by increasing glucose up-
take and converting it to fatty acids and triglycerides. Thus,
ANGPTL3 acts like a hormone that is produced by the liver to
coordinate substrate trafficking to peripheral tissues in response
to dietary intake.
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VLDL-TG Uptake by WAT Is Disrupted in Fed Angptl3−/− Mice. To
determine whether ANGPTL3 plays a role in the trafficking of
circulating VLDL-TG, we compared the uptake of i.v. adminis-
tered VLDL-[3H]palmitate by tissues of WT and KO mice. In
pilot experiments, both lines cleared more than 90% of the label
from plasma within 15 min. Therefore, we collected tissues 15 min
after VLDL-[3H]palmitate administration. After a fast, uptake of
label was similar in WT and KO mice in all tissues (expressed as a
percent of injected dose per 100 mg tissue) (Fig. 1A), but striking
differences were elicited by refeeding. In WT mice, refeeding in-
creased VLDL-[3H]palmitate uptake eightfold in WAT and de-
creased uptake by muscle and BAT by >50%. VLDL-[3H]palmitate
uptake by heart also tended to be reduced by feeding in WT ani-
mals, but the decrease did not reach statistical significance. These
responses were largely abolished in the KOmice. VLDL-TG uptake

by WAT, muscle, and BAT was unchanged by feeding, and uptake
by heart actually increased with feeding in KO animals (Fig. 1A).
These data indicate that ANGPTL3 plays an essential role in

redirecting VLDL-TG from oxidative tissues to WAT in fed
animals, either by promoting VLDL-TG uptake in WAT or by
inhibiting uptake by oxidative tissues, thereby sparing VLDL-TG
for uptake by WAT. To distinguish between these possibilities,
we acutely inactivated ANGPTL3 using an anti-ANGPTL3 an-
tibody (REGN1500) that recapitulates the hypolipidemia seen in
KO mice (21, 22). Then we administered VLDL-[3H]palmitate
and determined the distribution of labeled fatty acid.

Acute Inactivation of ANGPTL3 Increases VLDL-TG Uptake by Oxidative
Tissues. If ANGPTL3 directly promotes VLDL-TG uptake by
WAT, then acute inactivation of circulating ANGPTL3 should
decrease VLDL-[3H]palmitate uptake by WAT, followed by
increased uptake by oxidative tissues. Conversely, if ANGPTL3
inhibits VLDL-TG uptake by oxidative tissues, then increased
VLDL-[3H]palmitate by oxidative tissues would precede the re-
duction in uptake by WAT.
Mice were treated with REGN1500 for 2 h before injecting

VLDL-[3H]palmitate. Uptake of label by WAT collected 1.5 min
after VLDL-[3H]palmitate injection was similar in REGN1500-
and control antibody-treated mice (Fig. 1B). However, even at this
early time point, uptake of label into oxidative tissues was markedly
increased in the REGN1500-treated animals. Thus, the primary
effect of ANGPTL3 is to suppress VLDL-TG uptake by oxidative
tissues. When tissues were collected after 15 min, the pattern of
uptake was similar to that seen in the KO animals except that up-
take into BAT was greater in the antibody-treated animals.
Uptake of VLDL-TG by tissues requires LPL to hydrolyze

the TG. To determine whether ANGPTL3 controls tissue uptake
of VLDL-TG by regulating LPL activity, we measured heparin-
releasable LPL activity in tissues from WT and KO mice.

Inactivation of Angptl3 Increases LPL Activity in Tissues of Fed Mice.
In WT mice, the most significant changes in LPL activity were in
heart and BAT; in both tissues, LPL activity fell dramatically
with refeeding (Fig. 2A). The postprandial reduction in LPL
activity did not occur in Angptl3−/− mice. Interestingly, LPL ac-
tivity increased with feeding in WAT of both KO and WT mice.
Thus, the reduction in delivery of VLDL-TG to WAT after
refeeding in Angptl3−/− mice (Fig. 1A) was not caused by a re-
duction in WAT LPL activity. These results are most consistent
with the reduced delivery of postprandial lipids to WAT being
caused by a failure of Angptl3−/− mice to suppress LPL activity in
oxidative tissues (heart, BAT, and muscle), which have a larger
aggregate mass and greater perfusion than WAT.
Feeding also elicited a modest but significant increase in

heparin-releasable TG lipase activity in livers of KO mice that
was not apparent in WT mice. The molecular basis of this in-
crease in TG hydrolase activity is unclear.
These findings have implications for whole-body LPL activity

and VLDL-TG metabolism. Studies in adipose tissue-specific
knockout mice indicate that most LPL activity is located in ox-
idative tissues (23). Therefore, total LPL activity should be de-
creased by feeding in WT animals but unchanged or increased in
Angptl3−/− animals. Moreover, if ANGPTL3 acts to suppress
LPL activity and decrease VLDL-TG uptake in oxidative tissues
of fed animals, then the clearance of circulating VLDL-TG
should be reduced by feeding in WT but not in KO animals. To
test these hypotheses, we measured postheparin plasma LPL
activity and VLDL-TG clearance in WT and KO mice.

Feeding Decreases LPL Activity and VLDL-TG Clearance in WT but Not
KO Mice. Postheparin plasma LPL activity fell with refeeding in
WT mice but increased in KO animals (Fig. 2B). Hepatic lipase
(HL) activity was not increased in KO animals. Consistent with
these findings, feeding decreased the clearance of VLDL-TG in
WT mice but increased clearance in KO mice (Fig. 2C, Right)
such that more than 95% of the tracer was cleared from the
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Fig. 1. Metabolism of VLDL-[3H]palmitate inWT andAngptl3−/−mice. (A) Tissue
uptake of [3H]palmitate-labeled VLDL. Labeled VLDL was prepared as described
in SI Materials and Methods. A total of 130 μg of [3H]palmitate-labeled VLDL
(specific activity: 1.23 dpm/ng TG) was injected into the tail vein. After 15 min,
tissues were collected and counted in a scintillation counter (n = 5 females per
group, 8–11 wk). Experiments were repeated at least twice, and the results were
similar. (B) Acute effects of anti-ANGPTL3 antibody (REGN1500) treatment on
VLDL-[3H]palmitate uptake. Mice were treated with REGN1500 as described in SI
Materials and Methods. After 2 h, VLDL-[3H]palmitate was injected i.v. into the
mice (n = 5–6 males per group, 12 wk) and tissues were collected after 1.5 (Top)
or 15 min (Bottom). All experiments were repeated twice, and the results were
similar. Data are expressed as means ± SEM. *P < 0.05, **P < 0.01.
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circulation within 1 min in KO animals, whereas less than 50% of
the tracer was removed from the circulation in 1 min in fed
WT animals.
How does the reduced uptake of TG into WAT after refeeding

affect the distribution of TG in tissues of Angptl3−/− mice?

Tissue Distribution and Accumulation of TG Are Preserved in Angptl3−/−

Mice. Despite marked differences in disposition of VLDL-TG
among tissues in Angptl3−/− and WT mice, the TG content of
tissues (Fig. S2A) and growth rates (Fig. S2B) were similar in the
two groups of mice. Metabolic studies revealed no significant
differences between KO and WT mice in respiratory exchange
ratio (RER), oxygen uptake (VO2), CO2 production (VCO2),
activity levels, food/water intake (Fig. S2C), body temperature (Fig.
S3A), or fecal fat content (Fig. S3B). Moreover, the appearance and
size of the gonadal adipocytes was similar in the two strains (Fig. S3
C and D). These data imply that the Angptl3−/− mice compensate

for reduced postprandial delivery of TG to WAT by reducing li-
polysis and/or increasing synthesis of TG. To elucidate which of
these processes is responsible for maintenance of body fat, we first
measured and compared the rate of lipolysis in WAT of WT and
Angptl3−/− mice.

Suppression of Adipose Tissue Lipolysis Is Impaired in Fed Angptl3−/−

Mice. Lipolysis was assessed by measuring release of NEFA and
glycerol from explants of WAT (Fig. 3A), which were similar in
fasting WT and KO mice. Feeding reduced NEFA release by
60% in WT explants, but failed to suppress NEFA release in
those from KO animals. Postprandial glycerol release was sig-
nificantly higher in the WAT from KO mice compared with WT
mice. These differences in lipolysis were not affected by i.v. infusion
of heparin (Fig. S4A), and were apparent within 2 h following
administration of an anti-ANGPTL3 antibody to fed WT mice
(Fig. S4B). These data are not compatible with the hypothesis
that Angptl3−/− mice compensate for reduced postprandial de-
livery of TG to WAT by reducing lipolysis.
The failure to inhibit lipolysis in the WAT of Angptl3−/− mice

was not caused by impaired insulin signaling. Levels of cAMP
(Fig. 3B) and the mRNAs encoding three canonical insulin-
responsive genes (Insig1, Pnpla3, Pck1) (24–26) were similar in
WAT explants from WT and KO mice (Fig. 3C and Fig. S5A),
indicating that insulin-mediated responses to feeding were pre-
served in the KO animals. Moreover, the level of AKT phos-
phorylation in response to insulin in WAT was similar in WT and
KO mice (Fig. S5B). Thus, feeding-induced suppression of li-
polysis was selectively impaired in the KO animals.

Altered Fatty Acid Composition of WAT-TG in Angptl3−/− Mice. To
determine whether endogenous NEFA synthesis compensates
for the reduced VLDL-TG delivery to WAT, we compared the
levels of linoleic acid (C18:2), which is entirely diet-derived, and
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Fig. 2. Lipoprotein lipase activity in WT and Angptl3−/− mice. (A) Heparin-
releasable LPL activity was measured in tissues of WT and Angptl3−/− mice
(n = 2 females and 2 males per group, 9–11 wk) as described in SI Materials
and Methods. The experiment was repeated in males and in females, and
the results were similar. FFA, free fatty acid. (B) Postheparin plasma hepatic
lipase and LPL activity in fasted and refed Angptl3−/− and WT littermates
(n = 4 females per group, 7–9 wk). Postheparin plasma was fractionated
by heparin column, and HL and LPL activity was measured as described in
SI Materials and Methods. The experiment was repeated with similar results.
(C) VLDL-[3H]palmitate clearance from plasma. VLDL labeled with [3H]palmitate
(25 μg VLDL-TG, specific activity: 1.9 dpm/ng TG) was prepared in donor mice as
described in SI Materials and Methods and injected into fasted or refed
Angptl3−/− and WT littermates (n = 5 females per group, 7–12 wk). Blood
was collected at the indicated times, with time 0 set to 100%. Statistical
comparisons are between KO and WT mice under the same conditions. Data are
expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 3. ANGPTL3 suppresses release of FFA from WAT during refeeding.
Mice were placed on a synchronized feeding regimen for 3 d before each
experiment. (A) Lipolysis in WAT of Angptl3−/− mice during fasting and
refeeding. On day 4, WAT was collected at the end of the fasting cycle or 4 h
after refeeding (n = 5 N6 C57BL/6J female mice per group, 27–30 wk).
Nonesterified free fatty acid and glycerol release were calculated as de-
scribed in SI Materials and Methods. (B) cAMP levels in WAT of Angptl3−/−

and WT mice. Cyclic AMP levels in WAT were measured using an ELISA kit as
described in SI Materials and Methods (n = 4–5 N6 C57BL/6J females per
group, 23–27 wk). (C) Messenger RNA levels in WAT of Angptl3−/− and WT
littermates. WAT was collected at the end of the fasting or refeeding cycle.
Samples were pooled from each group (n = 5 male mice per group, 6–9 wk),
and mRNA levels were determined by RNA sequencing as described in Materials
and Methods. All experiments were repeated twice with similar results. Data are
expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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palmitoleic acid (C16:1), which is obtained from endogenous
synthesis, in tissue TGs of WT and KO mice. Linoleic acid was
reduced by 66% and palmitoleic acid was increased 4.2-fold in
WAT of KO mice (Fig. 4A). The levels of these fatty acids were
not altered in BAT (Fig. 4A) or liver (Fig. S6) of KO mice, which
is consistent with the finding that VLDL-[3H]palmitate uptake
was preserved in these tissues (Fig. 1A). The ratio of exogenous
(C18:2, C18:3) to endogenous (C16:1) fatty acids was dramati-
cally reduced in the WAT of KO mice compared with WT mice
but not in the liver, plasma, or circulating free fatty acids (Fig.
4A, Right). These data suggested that WAT mass is maintained
in Angptl3−/− mice by increased endogenous synthesis of fatty
acids and that the changes are not secondary to alterations in
circulating lipid levels.

Expression of Fatty Acid Biosynthetic Genes Is Increased in WAT of
Angptl3−/− Mice. To assess the mechanism and site of increased
fatty acid synthesis in Angptl3−/−mice, we used RT-PCR (Table S1)
to assay the levels of mRNAs encoding proteins that mediate de
novo lipogenesis. Levels of mRNAs encoding key enzymes that
catalyze fatty acid synthesis, and of SREBP-1c, the transcription
factor that coordinates expression of these enzymes (27), were ele-
vated in WAT from Angptl3−/− mice (Fig. 4B). Transcriptional reg-
ulation of de novo lipogenesis is also mediated by the carbohydrate-
responsive transcription factor ChREBP (28), which is expressed in
two forms (ChREBPα and ChREBPβ) in adipose tissue (29). Ex-
pression of ChREBPα and two of its target genes, Rgs16 and Txnip,
was not increased in KO animals (Fig. 4B). Expression of ChREBPβ
was increased 3.5-fold in WAT of KO animals. Messenger RNA
levels of Glut4, which mediates insulin-stimulated uptake of glucose
by adipose tissue and induces transcription of Chrebpβ (29), were
also higher in KO animals. The increased levels of mRNAs encoding
ChREBPβ and GLUT4 are consistent with an increase in GLUT4
activity and hence an increase in insulin-stimulated glucose uptake
into theWAT of KOmice. This glucose could potentially furnish the
carbon and energy required for de novo lipogenesis.
In contrast to WAT, no changes in mRNAs encoding genes

involved in fatty acid metabolism were observed in the liver,
heart, muscle, or BAT of Angptl3−/− mice (Fig. S7).

Increased Uptake of Glucose and de Novo Lipogenesis in WAT of
Angptl3−/− Mice. To assess glucose uptake in Angptl3−/− mice,
we used the nonmetabolizable glucose analog [14C]2-deoxy-D-
glucose ([14C]deoxyglucose) (Fig. 4C). In fed mice, postprandial
uptake of deoxyglucose into WAT was much greater in KO than
in WT animals, whereas no differences were observed between
the two strains in heart, skeletal muscle, or BAT. These data are
consistent with the hypothesis that increased postprandial uptake
of glucose by WAT fuels de novo lipogenesis to compensate for
decreased uptake of VLDL-TG in Angptl3−/− mice.
To directly assess de novo lipogenesis from glucose, we mea-

sured incorporation of [14C]glucose into fatty acids in the WAT
of WT and KO mice (30). In fed animals, lipid-soluble counts in
WAT were approximately threefold higher in KO mice than in
WT littermates (Fig. 4D). In contrast, incorporation of glucose
into hepatic lipids did not differ between strains. These data
indicate that de novo lipogenesis from glucose is specifically
increased in the WAT of Angptl3−/− mice.
To determine whether inactivation of ANGPTL3 directly in-

creases de novo lipogenesis, we performed a time course ex-
periment. Although VLDL-[3H]palmitate uptake in WAT was
reduced within 2 h of inactivating circulating ANGPTL3 in fed
WT mice (Fig. 1B), mRNA levels of enzymes involved in fatty
acid biosynthesis were unchanged until 2 wk after antibody ad-
ministration, when a small increase in SCD1 was observed (Fig.
S8). These data suggest that the increase in fatty acid bio-
synthesis in WAT is an adaptation to the chronic reduction in
fatty acid uptake in Angptl3−/− mice.

Increased Insulin Sensitivity in Angptl3−/− Mice. Increased de novo
lipogenesis in WAT has been correlated with insulin sensitivity in

rodents (31) and in humans (32, 33). To assess insulin sensitivity
in Angptl3−/− mice, we performed euglycemic–hyperinsulinemic
clamp studies. Plasma levels of glucose and insulin were similar
in Angptl3−/− mice compared with WT animals (Fig. S9), but
rates of whole-body glucose disposal (Fig. 5B) and deoxyglucose
uptake (Fig. 5C) were slightly but significantly higher in KO mice.
Insulin-mediated suppression of hepatic glucose output was similar
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synchronized feeding regimen for 3 d before each experiment. (A) Fatty acid
composition in WAT and BAT (Left) and ratios of diet-derived (C18:2+C18:3)
to endogenously synthesized (C16:1) fatty acids in WAT, liver, and plasma
(Right) of Angptl3−/− and WT mice at refeeding (n = 5 male mice per group,
6–9 wk). Fatty acids were assayed by GC as described in SI Materials
and Methods. (B) Messenger RNA levels in WAT of Angptl3−/− and WT mice
at refeeding. Mice (n = 6 N6 C57BL6/6J male mice per group, 23–26 wk) were
refed for 4 h, and WAT samples were collected. mRNA levels were measured
using real-time PCR (Table S1). Cyclophilin was used as internal control, and
mean values in control mice were set to 1. (C) [14C]Deoxyglucose uptake in
Angptl3−/− and WT littermates during fasting and refeeding. A total of 2 μCi
was injected into the tail vein of each mouse [n = 5 female mice matched for
age and body weight (BW) per group, 7–14 wk]. Tissues were collected 1 h
after injection and processed as described in SI Materials and Methods.
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synthesis was measured in Angptl3−/− and WT littermates using [U-14C]glucose
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least once, with similar results. Data are expressed as means ± SEM. *P < 0.05,
**P < 0.01.
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in the two groups (Fig. 5D), but uptake of deoxyglucose by
WAT, heart, and BAT was higher in KO animals (Fig. 5E).
Thus, KO mice had increased insulin sensitivity that was specific
to peripheral tissues.

Discussion
The major finding of this study is that ANGPTL3, which is made
exclusively in the liver, promotes the flux of fatty acids to WAT
in fed animals to replenish TG stores that are depleted during
fasting. Disruption of ANGPTL3 abolished the postprandial
increase in VLDL-TG uptake by WAT and impaired the sup-
pression of lipolysis that occurs in WAT with refeeding. Despite
the failure to promote delivery and retention of TG in WAT, the
mass of the tissue was almost completely preserved in the KO
mice by a compensatory increase in de novo lipogenesis from
glucose. Postprandial glucose uptake, expression of enzymes that
catalyze fatty acid synthesis, and incorporation of 14C from glu-
cose into lipids were markedly increased in WAT, but not liver,
of Angptl3−/− mice. These data reveal that ANGPTL3 enables
the liver to direct substrate trafficking and energy metabolism in
peripheral tissues.
Whereas nutritional regulation of LPL activity in WAT was

preserved in Angptl3−/− mice (Fig. 2A), VLDL-TG uptake into
WAT was not increased by feeding in these animals (Fig. 1A).
Thus, the rise in LPL activity that occurs in WAT following
feeding is not mediated by ANGPTL3 and is not sufficient to
redirect VLDL-TG to WAT. Rather, failure to suppress LPL
activity in oxidative tissues (Fig. 2A) resulted in unabated uptake
of VLDL-TG by oxidative tissues in Angptl3−/− mice (Fig. 1A),
which precluded redistribution of circulating TG to WAT. These
findings indicate that a major function of ANGPTL3 is to suppress
LPL in oxidative tissues, and that this suppression is required to
route VLDL-TG to WAT for storage in response to food intake.
How does ANGPTL3 mediate a reduction in LPL activity in

oxidative tissues while sparing LPL activity in WAT? One pos-
sibility is that ANGPTL3 is only active in oxidative tissues. The
observation that LPL activity in WAT was higher in Angptl3−/−

mice than in WT animals in both the fasted and fed states is not
consistent with this hypothesis (Fig. 2A). Thus, ANGPTL3 ton-
ically suppresses LPL activity in WAT as well as oxidative tissues

(Fig. 2B). An alternative possibility is that ANGPTL3 may act
directly on adipose tissue to promote VLDL-TG uptake, but we
are not aware of any data to support this notion. The finding that
inactivation of ANGPTL3 did not reduce VLDL-TG uptake by
WAT measured shortly (1.5 min) after VLDL administration
also argues against a direct effect of ANGPTL3 on VLDL-TG
uptake by this tissue (Fig. 1B). Rather, when considered together
with earlier studies (9, 10, 15), our data support a model in which
the relative activity of LPL in WAT and oxidative tissues reflects
a balance between the systemic effects of circulating, liver-derived
ANGPTL3 and ANGPTL8 and the local effects of ANGPTL4
expression in WAT (Fig. S10).
This model incorporates the temporal regulation and expres-

sion patterns of ANGPTL3, 4, and 8. In fasting mice, ANGPTL8,
which appears to be required for ANGPTL3 function, is virtually
absent (12), whereas ANGPTL4 is highly expressed in WAT,
where it strongly inhibits LPL activity (34). The net result is
that LPL activity is lower in WAT than in oxidative tissues.
These patterns are reversed by refeeding: Circulating levels of
ANGPTL3 (Fig. S1B) and ANGPTL8 (12–14) are both increased,
thus reducing LPL activity in oxidative tissues. As a consequence,
VLDL-TG is available for uptake by WAT. Circulating ANGPTL3
and ANGPTL8 also inhibit postprandial LPL activity in WAT, but
the effect is countered by the marked decrease in ANGPTL4 ex-
pression that occurs with refeeding in this tissue (5).
The compensatory increases in glucose uptake and expression

of fatty acid biosynthetic enzymes that preserve WAT mass in
Angptl3−/− mice (Fig. 4) were also observed in mice in which
VLDL-TGs were diverted away from WAT by overexpressing
LPL in skeletal muscle (35) or by extinguishing expression of
SCAP in the liver (36). These findings imply a robust homeostat
that calibrates fatty acid uptake, synthesis, and release in WAT
to maintain a specific TG content. The signal(s) that prompts
increased glucose uptake and fatty acid synthesis in WAT in
response to decreased availability of VLDL-TG–derived fatty
acids is not known. Messenger RNA levels of SREBP-1c were
increased in WAT from Angptl3−/− mice (Fig. 4B), but whether
this increase is due to increased insulin action or to other factors,
such as the reduced uptake of polyunsaturated fatty acids, which
suppress SREBP-1c expression (37), is not known. ChREBPβ, an
isoform of ChREBP that is highly regulated in adipose tissue in
response to carbohydrates (29), also was increased in the fat of
Angptl3−/− mice, but mRNA levels of the putative ChREBP-
specific target genes Rgs16 and Txnip (29) were not elevated.
Therefore, the role of ChREBPβ in the maintenance of WAT
TG stores remains to be determined.
The preservation of WAT in Angptl3−/− mice indicates that

animals with adequate caloric intake are remarkably robust to
chronic disruption of the normal partitioning of glucose and fatty
acids between adipose and oxidative tissues. Whereas the WAT
in KO mice compensates for reduced fatty acid uptake by in-
creasing glucose uptake and de novo lipogenesis, we do not know
how the oxidative tissues accommodate to the increased influx of
fatty acids from VLDL-TG. Presumably the excess fatty acids are
oxidized, because TG did not accumulate in these tissues, but
further studies will be required to elucidate the mechanisms by
which energy balance is maintained in Angptl3−/− mice.
De novo lipogenesis in WAT has been correlated with insulin

sensitivity in rodents (31). Therefore, increased de novo lipo-
genesis in WAT may contribute to the improved insulin sensi-
tivity associated with ANGPTL3 deficiency (38). The favorable
metabolic effects associated with ANGPTL3 deficiency in mice
are also observed in humans: Loss-of-function mutations in
ANGPTL3 are associated with reductions in TG (39) and LDL-C
(40) and improved insulin sensitivity (38), with no apparent
adverse sequelae. These findings indicate that inactivation of
ANGPTL3 is associated with favorable effects on glucose and
lipid metabolism, and make ANGPTL3 an attractive therapeutic
target for inactivation in humans.
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Fig. 5. Euglycemic–hyperinsulinemic clamps in Angptl3−/− mice and WT
littermates. Glucose infusion (A), glucose disposal (B), and whole-body
deoxyglucose uptake rates (C) as well as hepatic glucose output (D) and
tissue deoxyglucose uptake (E) were measured with euglycemic–hyper-
insulinemic clamps as described in Materials and Methods (n = 6 male mice
per group, 10–14 wk). Mean BW: WT mice, 31.9 ± 1.7 g vs. Angptl3−/− mice,
29.8 ± 1.1 g (not significant). Data are expressed as means ± SEM. *P < 0.05,
**P < 0.01.
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Materials and Methods
Reagents and Mice. Angptl3−/− mice were generated by homologous re-
combination (SI Materials and Methods) and backcrossed with C57BL/6J mice
to produce N6 mice. Experiments in which these mice were used are in-
dicated in the figure legends. All protocols were approved by the In-
stitutional Animal Care and Use Committee (IACUC) of the University of
Texas Southwestern Medical Center. Reagents were obtained from Sigma
unless otherwise stated.

Clearance and Uptake of Tritiated Palmitate-VLDL. [3H]Palmitate-labeled VLDL
was generated in donor mice and injected into the tail veins of WT and KO
mice as described in SI Materials and Methods.

In Vitro LPL Assay in Postheparin Plasma and Tissues. Postheparin plasma and
tissue heparin-releasable LPL activity was measured as described in SI Ma-
terials and Methods. All data for WAT in this paper were obtained from
gonadal fat.

Cyclic Adenosine Monophosphate Assay. cAMP levels were measured using a
commercial ELISA kit (Enzo Life Sciences) as described by the manufacturer.

Whole-Transcriptome Sequencing. Liver or WAT total RNA was prepared and
subjected to RNA sequencing exactly as described (15). Transcript levels were
expressed as fragments per kilobase per million fragments mapped (FPKMs).

Triglyceride-FA Analysis. Lipids were extracted (41) and separated by TLC
(40:10:1 hexane:diethyl ether:acetic acid). Fatty acids from the TG fraction

were methyl-esterified and separated by gas/liquid chromatography (GLC)
using a Hewlett Packard 6890 Series GC system as described in SI Materials
and Methods.

[14C]Deoxyglucose Uptake. Mouse food intake was synchronized for 3 d, and
2 μCi of 2-[1-14C]deoxy-D-glucose (PerkinElmer) was injected via the tail vein.
Sixty minutes after injection, mice were killed and perfused with 10 mL of
cold saline before tissue collection. Tissues were solubilized with SOLVABLE
solution (PerkinElmer) and subjected to scintillation counting (42).

Euglycemic–Hyperinsulinemic Clamps. Euglycemic–hyperinsulinemic clamps
were performed on conscious unrestrained mice as described previously (43).
Hyperinsulinemia was initiated by a primed continuous infusion of insulin
(3 mU·kg−1·min−1), and euglycemia was maintained by variable infusion of
50% dextrose (wt/vol). Briefly, [3H]glucose kinetics were evaluated via a
primed (1-μCi) continuous infusion (0.05 μCi/min) of glucose 90 min before
initiating hyperinsulinemia and maintained throughout the clamp. Follow-
ing 2-h clamps, [14C]2-deoxyglucose uptake (13 μCi bolus, i.v.) was evaluated
in the clamped state.

Statistics. Data are expressed as means ± SEM. Mean values were compared
using unpaired t tests implemented in GraphPad Prism.
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