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is mediated by LPL, a glycoprotein found in multiple tis-
sues, including adipose tissue, brain, heart, and skeletal 
muscle (1–4). LPL is produced by parenchymal cells and 
then transported to the luminal surface of capillaries by  
an endothelial cell protein, glycosylphosphatidylinositol-
anchored HDL binding protein 1 (GPIHBP1) (5).

A critical step in the maturation of LPL is asparagine-
linked glycosylation (6–8). LPL is glycosylated within the en-
doplasmic reticulum (ER) via cotranslational transfer of 
oligosaccharide chains high in mannose residues (6–9). Af-
ter being translocated to the Golgi apparatus, the high-
mannose oligosaccharides are trimmed and replaced by 
more complex oligosaccharides (6–9). Endoglycosidase H 
(EndoH) cleaves high-mannose oligosaccharides from 
proteins, but not complex oligosaccharides (6, 10), mak-
ing it possible to distinguish LPL within the ER and Golgi 
compartments.

The catalytic activity of LPL along the capillary endothe-
lium is considered rate-limiting for the lipolytic processing 
of plasma triglycerides and for the subsequent uptake of 
fatty acids by surrounding tissues (1, 4, 11). To ensure that 
supply of fatty acids to tissues matches metabolic demand, 
LPL activity is under tight regulatory control. Although it 
is possible to identify small fluctuations in Lpl mRNA  
levels, LPL activity appears to be regulated mainly at the 
posttranslational level (1, 4). An important physiologi-
cal regulator of LPL is angiopoietin-like 4 (ANGPTL4). 
ANGPTL4 potently inhibits LPL activity in multiple tissues 
and regulates LPL activity during a variety of physiological 
conditions, including fasting, cold, and exercise (12–14). For 
example, changes in the expression of ANGPTL4 (origi-
nally called fasting-induced adipose factor) allow for swift 
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Isolation and differentiation of stromal vascular fraction
Inguinal or gonadal white adipose tissue (gWAT) was re-

moved from Angptl4/ and wild-type mice and placed in 
DMEM (Lonza) supplemented with 1% penicillin/streptomy-
cin (P/S) and 1% BSA (Sigma-Aldrich, Houten, The Nether-
lands). Fat pads from 2–3 mice were pooled, minced with 
scissors, and digested for 1 h at 37°C in collagenase-containing 
medium [DMEM with 3.2 mM CaCl2, 1.5 mg/ml collagenase 
type II (C6885; Sigma-Aldrich), 10% FCS, 0.5% BSA, and 15 
mM HEPES]. Next, the cell suspension was filtered through a 
100 m cell strainer (Falcon) and centrifuged at 1,600 rpm for 
10 min. The supernatant fluid was removed, and the pellet con-
taining the stromal vascular fraction was resuspended in eryth-
rocyte lysis buffer (155 mM NH4Cl, 12 mM NaHCO3, 0.1 mM 
EDTA) and incubated for 2–3 min at room temperature. After 
neutralization, cells were centrifuged at 1,200 rpm for 5 min. 
Pelleted cells were resuspended in DMEM containing 10% FCS 
and 1% P/S and plated. After reaching confluency, cells were 
differentiated according to standard protocol for 3T3-L1 cells 
with addition of 1 M rosiglitazone (32).

Mouse studies
Tissue samples from ANGPTL4 knockout mice (Angptl4/), 

wild-type mice, and Angptl4-Tg mice from previously published 
studies were used for analyses of LPL glycosylation and mass (13, 
14, 33–35). Angptl4/ mice, wild-type mice, and Angptl4-Tg mice 
were on a C56BL/6J background for >10 generations. Wild-type 
and Angptl4-Tg mice were littermates. In Angptl4/ mice, part of 
the Angptl4 gene was deleted by homologous recombination in 
embryonic stem cells, resulting in a nonfunctional ANGPTL4 
protein (33, 34). Angptl4-Tg mice overexpress the Angptl4 gene in 
various tissues under the endogenous promoter (35). Brown adi-
pose tissue samples from Angptl4/ and wild-type mice exposed 
to cold or thermoneutral temperature for 10 days were from a 
study by Dijk et al. (14). gWAT samples from fed, fasted, and 
refed Angptl4/ and wild-type mice were from a study described 
by Kroupa et al. (13). Hearts from fed and overnight-fasted 
Angptl4/ and wild-type mice were collected and snap-frozen in 
liquid nitrogen. For “post-heparin” tissues, wild-type and 
Angptl4/ mice were fed or fasted for 16 h. The mice were then 
anesthetized with isoflurane and injected with heparin (100 IU/
kg in 0.9% NaCl) through the jugular vein. After 5 min, the mice 
were euthanized by cervical dislocation. gWAT was dissected, fro-
zen immediately in liquid nitrogen, and stored at 80°C for fur-
ther analyses.

LPL activity measurements
LPL activity levels in culture medium and cell lysates of trans-

fected cells was assessed in duplicate with a [3H]triolein substrate 
(PerkinElmer) as previously described (36).

WAT explants
gWAT was harvested from Angptl4/ and wild-type mice and 

placed in DMEM supplemented with 1% P/S and 1% BSA. Fat 
pads were minced into small pieces, which were further divided 
to make small mounds of WAT (50–100 mg of tissue). WAT 
explants were placed into wells containing medium (DMEM with 
1% P/S and 10% FCS) with or without heparin (50 IU/ml). Ex-
plants were incubated for different times (as indicated in the fig-
ure legends), after which the medium was harvested and explant 
weights were determined. Explants were immediately lysed to 
prepare protein extracts. Protein concentrations in explants 
were determined and equal amounts of protein were used for 
SDS-PAGE and Western blotting studies.

changes in adipose tissue LPL activity during fasting (13, 
15). Expression of ANGPTL4 is induced by fatty acids via 
PPARs as part of a feedback mechanism aimed at prevent-
ing lipid overload within cells (16, 17).

Genetic studies have strongly supported a role for  
ANGPTL4 in determining plasma triglyceride levels in hu-
mans and have linked inactivating variants in the ANGPTL4 
gene to a reduced risk of coronary heart disease (18–20). 
However, cross-sectional studies have not revealed a clear 
correlation between the plasma levels of ANGPTL4 and 
triglycerides (21–24). These observations suggest that the 
plasma pool of ANGPTL4 may not be primarily responsi-
ble for regulating plasma triglyceride levels and that the 
inhibitory effects of ANGPTL4 on LPL activity may not oc-
cur exclusively on the surface of capillaries. Indeed, Rob-
ciuc et al. (25) proposed that ANGPTL4 could inhibit LPL 
activity not only at the cell surface, but also intracellularly, 
partly based on microscopy studies showing colocalization 
of LPL and ANGPTL4 within cells. At the same time, re-
cent studies have raised the possibility that ANGPTL4 reg-
ulation of LPL might occur within the subendothelial 
spaces rather than along the capillary lumen (26–28). 
Studies of 3T3-L1 adipocytes suggested that inhibition of 
LPL activity by ANGPTL4 begins only after these proteins 
arrive at the cell surface (29). However, the extent to 
which the cultured cell studies are relevant to LPL activity 
in adipose tissue in vivo is uncertain. Accordingly, our ob-
jective in the current studies was to investigate the cellular 
location and mechanism for LPL inhibition by ANGPTL4 
in adipose tissue. To address this objective, we used a com-
bination of cell culture studies, and ex vivo and in vivo 
studies of adipocytes and adipose tissue from wild-type and 
Angptl4/ mice.

MATERIALS AND METHODS

All animal experiments were performed in accordance with 
Directive 2010/63/EU from the European Union. All animal 
studies were reviewed and approved by the Animal Ethics Com-
mittee of Wageningen University.

Cell culture
CHO pgsA-745 cells were cultured as described previously (30, 

31). CHO pgsA-745 cells were electroporated with an expression 
vector for Flag-tagged human ANGPTL4 (hANGPTL4) (either 
the full-length protein hANGPTL4[1–406] or the N-terminal 
domain of hANGPTL4[1–160]) or a vector for V5-tagged human 
LPL (or empty vector). After the cell transfections, the cells were 
mixed and coplated in the same well of a 24-well plate. After 24 h, 
the cell culture medium was collected for a LPL activity assay. 
After 48 h, the cell culture medium was collected and cell lysates 
were prepared for SDS-PAGE and Western blotting. ANGPTL4 
and LPL expression vectors were also cotransfected into CHO 
pgsA-745 cells. For those studies, the cells were co-electroporated 
with a vector for Flag-tagged hANGPTL4 (either hANGPTL4 
[1–406] or hANGPTL4[1–160]) and a vector for V5-tagged 
human LPL (hLPL) (or empty vector). After 24 h, the cell culture 
medium was collected for a LPL activity assay. After 48 h, the cell 
culture medium was collected and cell lysates were prepared for 
SDS-PAGE and Western blotting.
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(Bio-Rad). Equal loading of medium and plasma samples was 
verified by Coomassie blue staining, H2A, or HSP90 expression.

Proteins in culture supernatants and cell lysates from trans-
fected CHO pgsA-745 cells were separated on 12% Bis-Tris SDS-
polyacrylamide gels (Life Technologies) and transferred to a 
nitrocellulose membrane for Western blotting. The antibody di-
lutions were 1:500 for an IRdye800-conjugated mouse monoclo-
nal against the V5-tag; 1:500 for an IRdye680-conjugated mouse 
monoclonal against the Myc-tag; 1:500 for IRdye680-conjugated 
mouse monoclonal 4-1a against hLPL (38); 1:500 for a mouse 
monoclonal against the Flag-tag (Sigma-Aldrich); 1:2,000 for IR-
dye680-conjugated donkey anti-mouse IgG (LI-COR Biosci-
ences); 2 g/ml for a goat polyclonal against -actin (Santa Cruz 
Biotechnology); 1:2,000 for IRdye680-conjugated donkey anti-
goat IgG (LI-COR); 2 g/ml for a polyclonal antibody against 
human SLURP1 (Novus Biologicals); 1:2,000 for IRdye800-conju-
gated donkey anti-mouse IgG (LI-COR).

EndoH and PNGase digestions
Glycosylation of proteins was analyzed by Western blotting after 

digestion of 10–20 g of protein with EndoH or PNGase (New 
England BioLabs) according to manufacturer’s instructions.

RESULTS

Secreted ANGPTL4 inactivates LPL outside of the cell
To assess to what extent secreted ANGPTL4 affects the 

amount of LPL and LPL activity in cells and cell culture 
medium, CHO pgsA-745 cells were transfected with either 
hANGPTL4 or hLPL expression vectors. The ANGPTL4-
transfected cells were then mixed with the LPL-transfected 
cells and coplated. Coplating of hANGPTL4-expressing 
cells with hLPL-expressing cells did not change the 
amount of LPL in the cell extracts, but coplating did re-
duce the amount of LPL in cell culture medium (Fig. 1A). 
A similar reduction in the amount of LPL in cell culture 

NP40 solubilization of adipocytes
Adipocytes that had been differentiated from the stromal vas-

cular fractions of Angptl4/ and wild-type mice were prepared as 
described earlier. Upon differentiation, adipocytes were lysed in 
NP40 lysis buffer [50 mM Tris-HCl (pH 8.0), 0.5% NP40, 150 mM 
NaCl, 5 mM MgCl2] supplemented with protease and phospha-
tase inhibitors (Roche). After centrifugation, the supernatant 
fluid (NP40S) was mixed with 2× Laemmli sample buffer and 
heated at 65°C for 15 min. The pellet was resuspended in PBS 
and 2× Laemmli sample buffer and heated at 95°C for 30 min 
(NP40P). NP40S and NP40P fractions were then loaded onto 
SDS-PAGE for further analyses by Western blotting.

Western blots
Fat pads, explants, and differentiated adipocytes were lysed in 

a mild RIPA-like lysis buffer [25 mM Tris-HCl (pH 7.4), 150 mM 
NaCl, 1 mM EDTA, 1% NP-40, and 5% glycerol; Thermo Scien-
tific, Landsmeer, The Netherlands] containing protease and 
phosphatase inhibitors (Roche). Lysates were centrifuged 2–3 
times at 13,000 rpm for 10 min to remove fat droplets. Protein 
lysates (10–30 g protein per lane), medium (10–15 l), or 
plasma (0.75 l) samples were diluted in Laemmli sample buffer, 
cooked for 5 min at 95°C, and loaded onto precast TGX gels 
(Bio-Rad, Veenendaal, The Netherlands). For Native PAGE, pro-
tein lysates were diluted in a SDS-free and DTT-free sample buffer, 
directly loaded onto precast TGX gels, and run in a Tris-glycine 
running buffer without SDS. The separated proteins were trans-
ferred onto a polyvinylidene difluoride (PVDF) membrane with 
a Transblot Turbo system (Bio-Rad). Membranes were probed with 
a goat anti-mouse LPL antibody (37), a rabbit anti-mouse HSP90 
antibody (Cell Signaling Technology; #4874), a rabbit anti-mouse 
H2A antibody (Abcam; #ab18255), a rat anti-mouse ANGPTL4 
antibody (Adipogen; #Kairos 142-2), or a rabbit anti-mouse ADI-
POQ antibody (ThermoScientific, #PAI-054) at 1:5,000 (LPL), 
1:2,000 (HSP90, ANGPTL4), or 1:1,000 (H2A, ADIPOQ) dilu-
tion. All incubations were performed in TBS (pH 7.5), 0.1% 
Tween-20, and 5% nonfat dry milk. Membranes were washed in 
the TBS/Tween-20 solution. Antibody signals were detected with 
the ChemiDoc MP System (Bio-Rad) and Clarity ECL substrate 

Fig. 1. ANGPTL4 inactivates LPL outside of the cell. A: Western blots of cell culture media and cell lysates of 
CHO pgsA-745 cells. Cells were transfected with either a Flag-tagged ANGPTL4 expression vector or a vector 
for V5-tagged hLPL. The ANGPTL4- and LPL-transfected cells were then mixed and coplated. A full-length 
ANGPTL4 expression vector (hANGPTL4[1–406]) or a vector encoding the N-terminal domain of ANGPTL4 
(hANGPTL4[1–160]) was used. Western blots were probed with an anti-Flag antibody to detect ANGPTL4 
(red), an anti-V5 antibody to detect LPL (green), and an anti-actin antibody (red) (as a loading control). LPL-
CTD, C-terminal domain of LPL; ANGPTL4-NTD, N-terminal domain of ANGPTL4. B: Bar graph representing 
LPL activity levels in the media of CHO pgsA-745 cells that had been transfected with empty vector (C), full-
length ANGPTL4 alone (FL), the N-terminal domain of ANGPTL4 alone (NTD), hLPL alone (LPL), a mix-
ture of ANGPTL4 (full-length)-transfected cells and LPL-transfected cells (LPL+FL), or a mixture of ANGPTL4 
(N-terminal domain)-transfected cells and LPL-transfected cells (LPL+NTD).
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pgsA-745 cells were simultaneously transfected with hLPL 
and hANGPTL4 expression vectors. Cotransfection of 
hLPL and hANGPTL4 markedly reduced the amount of 
LPL in both the cell extracts and the cell culture medium 
(Fig. 2A). When we performed analogous studies with the 
N-terminal portion of hANGPTL4 (residues 1–160), a sim-
ilar reduction in the amounts of LPL in the medium and 
inside cells was found (Fig. 2B). We also observed mark-
edly reduced amounts of LPL catalytic activity, both within 
cells and in the cell culture medium (Fig. 2C). Similar to 
hLPL, cotransfection of mouse (m)LPL with hANGPTL4 
reduced the amount and activity of mLPL within cells and 
in the cell culture medium (Fig. 3A, B). The reduced 
amounts of intracellular LPL in the cotransfection studies 
could not be explained by lower levels of LPL transcripts 
(Fig. 4A). Likewise, the reduced amounts of intracellular 
LPL in the ANGPTL4 co-expression studies could not be 

medium was found when hLPL-transfected cells were co-
plated with cells expressing the N-terminal 160 residues of 
hANGPTL4 (Fig. 1A). As expected, coplating of hLPL- 
expressing cells with hANGPTL4-expressing cells resulted 
in a striking reduction in LPL activity levels in the cell cul-
ture medium (Fig. 1B). Thus, the presence of ANGPTL4 
in the cell culture medium reduces the amount of LPL pro-
tein in the medium and markedly inhibits LPL activity in 
the medium. However, coplating of hLPL- and hANGPTL4-
expressing cells had no effect on intracellular levels of LPL.

Co-expression of ANGPTL4 and LPL inactivates LPL 
within cells

ANGPTL4 and LPL are both secreted glycoproteins, 
and are expected to follow a similar route to the cell sur-
face (6, 8, 39). To determine whether ANGPTL4 expres-
sion affects the levels of LPL protein inside cells, CHO 

Fig. 2. ANGPTL4 inactivates LPL inside cells. A: Western blots of cell culture media and cell lysates of 
CHO pgsA-745 cells that had been cotransfected with an expression vector for Flag-tagged hANGPTL4 
(hANGPTL4[1–406]) and a vector for V5-tagged hLPL (or empty vector). Western blots were probed with 
an anti-Flag antibody to detect ANGPTL4 (red), an anti-V5 antibody to detect LPL (green), and an anti-actin 
antibody (red) (as a loading control). LPL-CTD, C-terminal domain of LPL; ANGPTL4-CTD, C-terminal 
domain of ANGPTL4. B: Western blots of cell culture media and cell lysates of CHO pgsA-745 cells cotrans-
fected with an expression vector for myc-tagged hANGPTL4 (hANGPTL4[1–160]) and a vector for V5-
tagged hLPL (or empty vector). Western blots were probed with an anti-Myc antibody to detect ANGPTL4 
(red), an anti-V5 tag antibody (green), or Mab 4-1a (red) to detect LPL, and an anti-actin antibody (red) (as 
a loading control). LPL-CTD, C-terminal domain of LPL; LPL-NTD, N-terminal domain of LPL; ANGPTL4-
NTD, N-terminal domain of ANGPTL4. C: LPL activity levels in the culture media and cell lysates of CHO 
pgsA-745 cells that had been transfected with an empty vector alone (C), full-length hANGPTL4 alone (FL), 
N-terminal domain of hANGPTL4 alone (NTD), full-length ANGPTL4 and LPL (LPL+FL), the N-terminal 
domain of ANGPTL4 and LPL (LPL+NTD).
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and adipocytes (Fig. 6A, B). Treatment with heparin mag-
nified these differences; significantly higher amounts of 
heparin-releasable LPL were detected in the medium of 
gWAT explants and adipocytes from Angptl4/ mice as 
compared with wild-type mice (Fig. 6A, B). By contrast, 
secretion of ADIPOQ was not altered in Angptl4/ adipo-
cytes, implying that a deficiency of ANGPTL4 did not have 
a general effect on the secretion of adipocyte proteins 
(Fig. 6A, B).

Mechanism of ANGPTL4-mediated loss of LPL
To assess whether ANGPTL4 affects LPL present on the 

cell surface and/or intracellularly, we treated differenti-
ated adipocytes from Angptl4/ and wild-type mice with 
heparin to remove cell-surface LPL. The cells were then 
washed and incubated for up to 180 min in the presence 
of heparin, followed by measurement of LPL levels in me-
dium and cells. Heparin was included to prevent the se-
questration of LPL on cell-surface HSPGs and to prevent 
its degradation in the medium (42). The accumulation of 
LPL in the medium was much greater in Angptl4/ adipo-
cytes than in wild-type adipocytes, implying increased 
LPL secretion from Angptl4/ adipocytes (Fig. 6C). These 
data suggest that ANGPTL4 promotes intracellular LPL 
degradation in adipocytes, leading to reduced LPL 
secretion.

We next explored the mechanism accounting for the 
effect of ANGPTL4 on specifically EndoH-resistant LPL in 
adipocytes. Earlier studies revealed an accumulation of 
EndoH-sensitive LPL in cld/cld (Lmf1/) and Sel1L/ 
mice, characterized by aggregated LPL in the ER that was 
targeted for ER-associated degradation (6, 10, 43–45). To 
determine whether LPL in ANGPTL4-expressing cells is 
targeted for degradation in the ER, we incubated primary 

explained by a global decrease in secreted proteins inside 
cells; co-expression of ANGPTL4 with SLURP1, another 
secreted protein, did not result in reduced amounts of in-
tracellular SLURP1 (Fig. 4B).

Deletion of ANGPTL4 causes accumulation of EndoH-
resistant LPL in adipocytes

Adipose tissue displays robust expression of both  
ANGPTL4 and LPL (14). To determine whether ANGPTL4 
expression affects intracellular LPL levels in adipose tis-
sue, we studied the effects of ANGPTL4 deficiency on LPL 
protein levels in mouse adipose tissue. A deficiency of 
ANGPTL4 resulted in a marked accumulation of full-
length LPL in adipose tissue explants and adipocytes 
from Angptl4/ mice (Fig. 5A, B). The accumulation of 
LPL could not be attributed to higher Lpl expression levels 
because Lpl mRNA levels were similar in the explants and 
adipocytes of wild-type and Angptl4/ mice (Fig. 5C, D).

To determine the location of LPL accumulation in adi-
pose tissue from Angptl4/ mice, adipose tissue lysates 
were treated with EndoH. These studies revealed that the 
accumulation of LPL in Angptl4/ explants and adipo-
cytes was mainly EndoH-resistant LPL (LPL in the Golgi or 
on the cell surface) rather than EndoH-sensitive LPL (LPL 
within the ER) (Fig. 5A, B). Further studies revealed that 
the EndoH-resistant LPL could be removed from cells by 
heparin, suggesting that the EndoH-resistant LPL in 
Angptl4/ adipose tissue explants and Angptl4/ adipo-
cytes represented LPL attached to the cell surface by 
heparan-sulfate proteoglycans (HSPGs) or LPL present in 
rapidly-releasable secretory vesicles (40, 41) (Fig. 5A, B).

The accumulation of heparin-releasable EndoH-resis-
tant LPL in Angptl4/ adipose tissue was accompanied by 
a constitutively higher release of LPL from gWAT explants 

Fig. 3. hANGPTL4 inactivates mouse LPL inside cells. A: CHO pgsA-745 cells were cotransfected with an 
expression vector for Flag-tagged hANGPTL4 (hANGPTL4[1–406]) or the amino-terminus domain of 
hANGPTL4 (hANGPTL4[1–160] and a vector for V5-tagged hLPL or mLPL, or empty vector. Forty-eight 
hours later, cell culture media and cell lysates were examined by SDS-PAGE and Western blotting. Western 
blots were probed with an anti-Flag antibody to detect ANGPTL4 (red); an anti-V5 tag antibody was used to 
detect hLPL and mLPL (green). Actin (red) was used as a loading control. LPL-CTD, C-terminal domain of 
LPL; ANGPTL4-CTD, C-terminal domain of ANGPTL4; ANGPTL4-NTD, N-terminal domain of ANGPTL4. 
B: Bar graph representing LPL activity levels in cell culture media of CHO pgsA-745 cells that were cotrans-
fected with an expression vector for Flag-tagged hANGPTL4 (hANGPTL4[1–406]) and a vector for V5-
tagged hLPL or mLPL, or empty vector. C, empty vector control; FL, full-length ANGPTL4.
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but did not eliminate the differences in the amounts of 
EndoH-resistant LPL between Angptl4/ and wild-type 
adipocytes (Fig. 7D–F). Of note, 3MA consistently af-
fected levels of the loading control HSP90 specifically in 
Angptl4/ adipocytes, despite equal protein loading (data 
not shown). These data suggest that LPL is degraded by 
lysosomes, but that inhibition of lysosomal degradation 
with e64D, 3MA, or leupeptin cannot prevent ANGPTL4-
mediated reduction in EndoH-resistant LPL.

Physiological regulation of ANGPTL4 affects LPL 
quantity and glycosylation in vivo

To determine whether the physiological regulation of 
Angptl4 expression affects intracellular degradation of 
LPL in vivo, we examined LPL quantity and LPL glycosyl-
ation in adipose tissue of fed and fasted wild-type and 
Angptl4/ mice. Consistent with the ex vivo experimental 
data, the total LPL protein levels and levels of EndoH-re-
sistant LPL were noticeably higher in Angptl4/ adipose 
tissue than in wild-type adipose tissue (Fig. 8A, B). Accu-
mulation of LPL in Angptl4/ adipose tissue was observed 
for dimeric LPL (110 kDa) and multimeric LPL (220 
kDa), as determined by native PAGE (Fig. 8A). Interest-
ingly, while total LPL protein in WAT of wild-type mice 
mirrored previously published Lpl mRNA levels during 

adipocytes with brefeldin A, a fungal lactone antibiotic 
that is known to block protein transport from the ER and 
induce translocation of Golgi proteins to the ER. Brefeldin 
A-mediated inhibition of ER-Golgi transport abolished dif-
ferences in the amounts of total LPL and EndoH-resistant 
LPL between wild-type and Angptl4/ adipocytes, suggest-
ing that ANGPTL4-mediated LPL degradation occurs in a 
post-ER compartment (Fig. 7A). In support of this notion, 
no differences in ER-associated degradation-associated 
LPL aggregation (NP40P) were observed between adipo-
cytes of wild-type and Angptl4/ mice (Fig. 7B). Also, incu-
bation of adipocytes with monensin, an inhibitor of medial 
to trans-Golgi protein transport, abolished differences be-
tween wild-type and Angptl4/ adipocytes (Fig. 7C).

A potential explanation for the effect of ANGPTL4 on 
EndoH-resistant LPL is that ANGPTL4 targets LPL from 
the trans-Golgi toward lysosomal degradation, which has 
been postulated to account for the removal of up to 80% 
of basal LPL production (41, 42). Accordingly, we treated 
differentiated adipocytes from Angptl4/ and wild-type 
mice with different inhibitors of autophagosomal and lyso-
somal degradation. Treatment of cells with 3-methyladenine 
(3MA), a PI3K inhibitor that blocks autophagy, as well as 
with the inhibitors of the lysosomal proteases, leupeptin 
and e64D, resulted in a pronounced accumulation of LPL, 

Fig. 4. ANGPTL4 does not affect transcription of LPL or secretion of SLURP1. A: Transcript levels for LPL 
and ANGPTL4 in CHO pgsA-745 cells that had been transfected with empty control vector (C), an expres-
sion vector for the Flag-tagged N-terminal domain of hANGPTL4 (NTD), a vector for V5-tagged hLPL 
(LPL), or N-terminal hANGPTL4 and V5-tagged hLPL (LPL+NTD). B: Western blots of cell lysates of CHO 
pgsA-745 cells that had been cotransfected with an expression vector for Flag-tagged full-length hANGPTL4 
and either a vector for V5-tagged hLPL or a vector for hSLURP1. Western blots were probed with an anti-Flag 
antibody to detect ANGPTL4 (red), an anti-SLURP1 antiserum (green), an anti-V5 tag antibody to detect 
LPL (green), and an anti-actin antibody (red) (as a loading control).
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EndoH-resistant LPL in WAT lysates, but did not eliminate 
the differences in EndoH-resistant LPL between wild-type 
and Angptl4/ mice (Fig. 8E, F). Together, these data sug-
gest that EndoH-resistant LPL was inside cells or was 
within the interstitial spaces (possibly on the surface of 
adipocytes). Interestingly, the levels of LPL in the prehep-
arin plasma were higher in Angptl4/ mice than in wild-type 
mice, suggesting that some of the LPL that accumulates  
in the setting of Angptl4 deficiency ends up in plasma 
(Fig. 9A).

To exclude the possibility that the regulation of LPL by 
ANGPTL4 in adipocytes is an artifact related to the use of 
Angptl4/ adipocytes (where ANGPTL4 is completely ab-
sent), we assessed total and EndoH-resistant LPL levels in 
mouse adipose tissue from Angptl4/, Angptl4+/, wild-type, 
and Angptl4-Tg mice. A clear dose-dependent reduction  
of EndoH-resistant LPL was observed with increasing 

fasting and refeeding (13), the amount of EndoH-resistant 
LPL decreased with fasting and increased with refeeding 
(Fig. 8C). These changes are in accordance with increased 
ANGPTL4 mRNA and protein levels upon fasting and  
decreased ANGPTL4 mRNA and protein levels upon 
refeeding (Fig. 8D) (13). By contrast, the amount of  
EndoH-resistant LPL in WAT of Angptl4/ mice was not 
regulated by fasting and slightly increased by refeeding 
(Fig. 8C). Together, these data imply that the reciprocal 
regulation of EndoH-resistant LPL levels upon fasting and 
feeding in wild-type mice is likely mediated by ANGPTL4.

To determine whether the increased amount of EndoH-
resistant LPL in adipose tissue of Angptl4/ mice reflects 
the absence of ANGPTL4-mediated inhibition of LPL  
in capillaries, we detached LPL from the endothelium  
by perfusing tissues with heparin and injecting heparin 
intravenously. As expected, heparin reduced amounts of 

Fig. 5. ANGPTL4 lowers the amount of LPL on the adipocyte cell surface. A: Western blot of cell lysates of 
gWAT explants from Angptl4/ and wild-type mice incubated in the absence or presence of heparin (50 IU/
ml) for 3 h. Western blots were probed with antibodies against LPL and HSP90 (as loading control). B: West-
ern blot of cell lysates of adipocytes that had been differentiated from stromal vascular fractions of WAT 
from Angptl4/ and wild-type mice and incubated in the absence or presence of heparin (10 IU/ml) for 
20 min. Western blots were probed with antibodies against LPL and HSP90 (as loading control). C: Angptl4 
and Lpl mRNA levels in gWAT explants from Angptl4/ and wild-type mice. D: Angptl4 and Lpl mRNA levels 
in adipocytes that had been differentiated from stromal vascular fractions of WAT from Angptl4/ and wild-
type mice. EndoH-resistant LPL (high-mannose oligosaccharides, ER LPL) is indicated with R; EndoH-sensitive 
LPL (complex oligosaccharides; Golgi and cell surface LPL) is indicated with S.
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DISCUSSION

ANGPTL4 is known to inhibit LPL catalytic activity in a 
variety of tissues, including skeletal muscle and adipose tis-
sue (17, 46). Here we show that ANGPTL4 reduces LPL 
protein in adipocytes by promoting intracellular degrada-
tion. Cotransfecting CHO pgsA-745 cells with ANGPTL4 
and LPL expression vectors, but not coplating of indepen-
dently transfected cells, markedly reduced the amount of 
LPL within cells. Conversely, the absence of ANGPTL4 
expression in adipocytes led to an accumulation of hepa-
rin-releasable EndoH-resistant LPL. The suppressive effect 
of ANGPTL4 on total and EndoH-resistant LPL in adipose 
tissue was confirmed in adipose tissue in vivo. Together, 
our findings demonstrate that ANGPTL4 reduces the 
amount of LPL protein within adipocytes by promoting 
LPL degradation after its posttranslational processing in 
the ER (see Fig. 11 for a schematic model).

Inactivating variants in the human ANGPTL4 gene have 
been repeatedly linked to low plasma triglycerides and ele-
vated HDL cholesterol, and have been associated with a re-
duced risk of coronary heart disease (18–20). Given the 
marked impact of ANGPTL4-inactivating mutants on 
plasma triglycerides, it is somewhat surprising that no clear 
correlation between plasma ANGPTL4 and plasma triglyc-
eride levels has been observed (21–24, 47–49). A possible 

ANGPTL4 levels (Fig. 9B, C). In addition, we tested whether 
inducing ANGPTL4 expression in 3T3-F442a and 3T3-L1 
adipocytes with rosiglitazone leads to reduced amounts of 
EndoH-resistant LPL. In rosiglitazone-treated adipocytes, 
ANGPTL4 expression was increased concomitant with a re-
duction in levels of EndoH-resistant LPL (Fig. 9D, E).

A final question was whether physiological regulation of 
ANGPTL4 expression affects LPL abundance and LPL gly-
cosylation in other tissues. Prolonged cold exposure mark-
edly increases LPL activity in brown adipose tissue (BAT) as 
a result of reduced ANGPTL4 expression (14). As in WAT, 
the amount of EndoH-resistant LPL in BAT was noticeably 
higher in Angptl4/ mice than in wild-type mice, both at 
thermoneutral and cold temperatures (Fig. 10A). Cold ex-
posure mildly affected levels of multiple loading controls, 
despite an equal loading of protein (Fig. 10A; data not 
shown). Consistent with reduced ANGPTL4 expression af-
ter prolonged cold exposure, the amount of EndoH-resistant 
LPL in BAT was markedly increased in wild-type mice, but 
less so in Angptl4/ mice (Fig. 10B). In contrast, the 
amounts of total and EndoH-sensitive LPL in hearts of 
Angptl4/ and wild-type mice during basal and fasting con-
ditions were not different (Fig. 10B). Thus, it appears that 
ANGPTL4-mediated loss of EndoH-resistant LPL in vivo re-
quires a high basal level of ANGPTL4 expression, which is 
characteristic of BAT and WAT, but not heart (14).

Fig. 6. ANGPTL4 lowers LPL secretion. A: Western blot of media of gWAT explants from Angptl4/ and 
wild-type mice treated in the absence or presence of heparin (50 IU/ml) for 3 h. Western blots were probed 
with antibodies against LPL and ADIPOQ. Coomassie blue staining was used to assess loading. B: Western 
blot of media of adipocytes that had been differentiated from stromal vascular fractions of WAT from 
Angptl4/ and wild-type mice and incubated in the absence or presence of heparin (Hep.) (10 IU/ml) for 
20 min. Western blots were probed with antibodies against LPL and ADIPOQ. Coomassie blue staining was 
used to assess loading. C: Western blot of media of adipocytes that had been differentiated from stromal 
vascular fractions of WAT from Angptl4/ and wild-type mice. Cells were pretreated for 20 min with heparin 
(10 IU/ml), washed with PBS, and incubated with heparin (10 IU/ml) for the indicated times. Western blots 
were probed with antibodies against LPL and ADIPOQ. EndoH-resistant LPL (high-mannose oligosaccha-
rides, ER LPL) is indicated with R; EndoH-sensitive LPL (complex oligosaccharides; Golgi and cell surface 
LPL) is indicated with S.
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An important action of ANGPTL4 inside the cell and in the 
subendothelial space, rather than intravascularly, is consis-
tent with the observation that both circulating triglyceride-
rich lipoproteins and GPIHBP1 protect LPL from inhibition 
by ANGPTL4 (27, 28). It should be noted that our findings 
per se do not argue against the ability of ANGPTL4 to act 

explanation for this apparent discrepancy is that ANGPTL4 
regulates LPL via a local mechanism rather than via an en-
docrine mechanism, so as to match the uptake of fatty acids 
to the metabolic needs of underlying tissue. Our data 
strongly suggest that ANGPTL4 impacts LPL locally by act-
ing on LPL intracellularly along the secretory pathway (25). 

Fig. 7. ANGPTL4-mediated loss of LPL protein occurs in a post-ER compartment. A: Western blot of EndoH-treated cell lysates of adipo-
cytes that had been differentiated from stromal vascular fractions of WAT from Angptl4/ and wild-type mice. Cells were treated with 5 g/
ml brefeldin A for 2 h. Western blots were probed with antibodies against LPL and HSP90 (as a loading control). B: Western blot of cell 
lysates of adipocytes that had been differentiated from stromal vascular fractions from WAT of Angptl4/ and wild-type mice. Cells were 
lysed in NP-40 lysis buffer. Western blots were probed with antibodies against LPL, HSP90 (as a loading control), and H2A (as a loading 
control). NP40S, NP40-soluble LPL; NP40P, NP40-precipitated LPL; s.e., short exposure; l.e., long exposure. C: Western blot of EndoH-
treated cell lysates of adipocytes that had been differentiated from the stromal vascular fractions of WAT from Angptl4/ and wild-type 
mice. Cells were treated with 10 M monensin (Mon.) for 3 h. Western blots were probed with antibodies against LPL and HSP90 (as a 
loading control). D: Western blot of EndoH-treated cell lysates from adipocytes that had been differentiated from stromal vascular fractions 
of WAT from Angptl4/ and wild-type mice. The cells were treated with 20 M E64D for 24 h. Western blots were probed with antibodies 
against LPL and HSP90 (as a loading control). E: Western blot of EndoH-treated cell lysates of adipocytes that had been differentiated from 
stromal vascular fractions of WAT from Angptl4/ and wild-type mice. Cells were treated with 5 mM 3MA for 10 h. Western blots were 
probed with antibodies against LPL and HSP90 (as a loading control). F: Western blot of EndoH-treated cell lysates of adipocytes that had 
been differentiated from stromal vascular fractions from WAT of Angptl4/ and wild-type mice. The cells had been treated with 10 mM leu-
peptin (Leup.) for 10 h. Western blots were probed with antibodies against LPL and HSP90 (as a loading control). EndoH-resistant LPL 
(high-mannose oligosaccharides, ER LPL) is indicated with R; EndoH-sensitive LPL (complex oligosaccharides; Golgi and cell surface 
LPL) is indicated with S.
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on extracellular and intravascular LPL. Indeed, secreted 
ANGPTL4, recombinant ANGPTL4, and anti-ANGPTL4 
antibodies have all been shown to be able to impact extra-
cellular LPL activity (25, 28, 50). In addition, liver-specific 
Angptl4 overexpression and injection of mice with recom-
binant ANGPTL4 effectively lower plasma triglycerides  
and plasma LPL activity levels, implying that circulating 
ANGPTL4 is able to target and inhibit intravascular LPL (33, 

Fig. 8. Physiological regulation of ANGPTL4 expression affects levels of EndoH-resistant LPL in vivo. A: Western blot of gWAT lysates of 
Angptl4/ and wild-type mice, as analyzed by SDS-PAGE and native PAGE. Western blots were probed with antibodies against LPL and 
HSP90. Coomassie blue staining was used to assess loading. B: Western blot of EndoH-treated and PNGase-treated gWAT lysates of 
Angptl4/ and wild-type mice. Western blots were probed with antibodies against LPL and HSP90 (as a loading control). C: Western blot 
of EndoH-treated gWAT lysates prepared from ad libitum-fed, overnight-fasted, or refed Angptl4/ and wild-type mice. The tissue samples 
were taken from an experiment described earlier (13). Western blots were probed with an antibody against LPL; Coomassie blue staining 
was used to assess loading. D: Western blot of gWAT lysates prepared from ad libitum fed, overnight-fasted, or refed wild-type mice. The 
tissue samples were taken from an experiment described earlier (13). Western blots were probed with an antibody against ANGPTL4; Coo-
massie blue staining was used to assess loading. E: Western blot of EndoH-treated gWAT lysates from Angptl4/ and wild-type mice that 
were either not perfused or perfused with PBS containing heparin (50 IU/ml). Western blots were probed with antibodies against LPL and 
HSP90 (as a loading control). F: Western blot of EndoH-treated gWAT lysates prepared from fed and overnight-fasted Angptl4/ and wild-
type mice that had been given an intravenous injection of heparin (100 IU/kg). Western blots were probed with antibodies against LPL 
and HSP90 (as a loading control). EndoH-resistant LPL (high-mannose oligosaccharides, ER LPL) is indicated with R, EndoH-sensitive 
LPL (complex oligosaccharides; Golgi and cell surface LPL) is indicated with S.

51). Similarly, monoclonal antibodies against ANGPTL4, 
which are expected to primarily affect intravascular ANGPTL4 
and to a lesser extent subendothelial ANGPTL4, have been 
shown to potently lower plasma triglyceride levels in hyper-
lipidemic mice and monkeys (19, 52, 53). Future studies 
are necessary to assess the relative importance of intracel-
lular, subendothelial, and intravascular inhibition of LPL by 
ANGPTL4. It can be speculated that the importance of the 
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EndoH-resistant LPL in Angptl4/ mice is either bound 
to HSPGs on the cell surface or located in rapidly-releasable 
secretory vesicles (40, 41). The precise location for the 
inter action of ANGPTL4 and LPL within cells remains 

three routes may differ between tissues and may depend  
on the physiological state of the organism.

Our experiments show that EndoH-resistant LPL could be 
rapidly released by heparin, suggesting that the accumulated 

Fig. 9. Levels of EndoH-resistant LPL are inversely related to Angptl4 expression. A: Western blot on 0.75 l of plasma from Angptl4/ 
and wild-type mice. Western blots were probed with an antibody against LPL; Coomassie blue staining was used to assess loading. B: Western 
blot of EndoH-treated WAT lysates prepared from Angptl4/, Angptl4+/, and wild-type mice. Western blots were probed with an antibody 
against LPL; Coomassie blue staining was used to assess loading. C: Western blot of EndoH-treated WAT lysates prepared from Angptl4/, 
wild-type, and Angptl4-Tg mice. Western blots were probed with an antibody against LPL; Coomassie blue staining was used to assess load-
ing. D: Western blot of EndoH-treated lysates of 3T3-F442a adipocytes that had been treated with rosiglitazone (10 M) or DMSO control 
for 6 h. Western blots were probed with antibodies against LPL, ANGPTL4, and HSP90 (as a loading control). E: Western blot of EndoH-
treated lysates of 3T3-L1 adipocytes that had been treated with rosiglitazone (10 M) or DMSO control for 6 h. Western blots were probed 
with antibodies against LPL, ANGPTL4, and HSP90 (as a loading control). EndoH-resistant LPL (high-mannose oligosaccharides, ER LPL) 
is indicated with R, EndoH-sensitive LPL (complex oligosaccharides; Golgi and cell surface LPL) is indicated with S.

Fig. 10. ANGPTL4 regulates levels of EndoH-resistant LPL in adipose tissue, but not heart. A: Western blot 
of EndoH-treated BAT lysates from Angptl4/ and wild-type mice exposed to cold (4°C) or thermoneutral 
temperature (28°C) for 10 days. The tissue samples were taken from an experiment described earlier (14). 
Western blots were probed with antibodies against LPL and HSP90 (as a loading control). B: Western blot 
on EndoH-treated heart lysates from Angptl4/ and wild-type mice fed ad libitum or fasted overnight. West-
ern blots were probed with antibodies against LPL and HSP90 (as a loading control). EndoH-resistant LPL 
(high-mannose oligosaccharides, ER LPL) is indicated with R, EndoH-sensitive LPL (complex oligosaccha-
rides; Golgi and cell surface LPL) is indicated with S.
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permit us to detect the effect of ANGPTL4 on lysosomal 
degradation of LPL or that ANGPTL4-induced removal of 
EndoH-resistant LPL occurs, at least in part, in a compart-
ment other than the lysosomes. One possibility is that AN-
GPTL4 alters LPL protein conformation and stability or 
interferes with the addition of complex oligosaccharides. 
Biochemical studies have indicated that ANGPTL4 inacti-
vates LPL by converting the catalytically active LPL dimers 
into catalytically inactive monomers (59). Accordingly, the 
degradation of LPL could be secondary to an effect of AN-
GPTL4 on dimer-monomer conversion and/or LPL pro-
tein stability. The exact mechanism by which ANGPTL4 
promotes intracellular LPL degradation will be the subject 
of further investigation.

The fact that LPL might be regulated before secretion is 
not surprising given that other key players in lipid metabo-
lism, illustrated by apolipoprotein B and the LDL receptor, 
are regulated along the secretory pathway (60–65). We pro-
pose that a multilevel regulation of LPL by ANGPTL4, along 
with tight regulation of ANGPTL4 expression, permits for 
rapid adjustments in local LPL activity in accordance with the 
requirements of the tissue. To assure the appropriate distri-
bution of lipid nutrients, ANGPTL4 may collaborate with its 
family members ANGPTL3 and ANGPTL8 to regulate LPL 
activity levels during different physiological conditions (66). 
Although ANGPTL3 and ANGPTL8 have been proposed 
to mainly exert their actions via an endocrine mechanism, it 
would be of interest to study whether ANGPTL3 and ANG-
PTL8 may also regulate LPL intracellularly and promote LPL 
degradation (66). In this context, it is interesting to mention 
that homozygous carriers of an inactivating mutation in the 
ANGPTL3 gene have markedly higher levels of postheparin 
LPL mass and activity as compared with noncarriers (67).

to be determined. However, both ANGPTL4 and LPL are 
secreted proteins that consequently are expected to be 
found at similar locations within the cell, which limits the 
applicability of immunofluorescence studies. Makovei-
chuk and coworkers found that ANGPTL4-producing cells 
have lower LPL activity in cell culture medium, but con-
cluded that the inhibition of LPL by ANGPTL4 occurred 
after both proteins arrived at the cell surface (29, 50). Our 
data suggest that ANGPTL4-mediated removal of LPL 
starts within cells, before LPL is secreted. In the presence 
of heparin, which is known to stabilize LPL (42), the secre-
tion of LPL by Angptl4/ adipocytes is higher than by 
wild-type adipocytes. Similarly, co-expression of ANGPTL4 
and LPL in CHO pgsA-745 cells, which are deficient in 
cell-surface HSPGs (54), markedly reduced amounts of 
LPL within cells. Presently, we cannot fully exclude the 
possibility that the elimination of LPL occurs (partly) on 
the cell surface, as secreted LPL may be inactivated by AN-
GPTL4 on the cell surface and directly taken up by the cell 
for degradation. However, our data strongly suggest that 
ANGPTL4 eliminates the majority of LPL before the en-
zyme reaches the cell surface. ANGPTL4 could mediate 
intracellular degradation of LPL by stimulating endo-
somal transport of LPL from the (trans-)Golgi or cell sur-
face to lysosomes (42, 55–58). Pulse-chase experiments 
have shown that 80% of newly synthesized LPL in adipo-
cytes is degraded intracellularly, primarily by lysosomes 
(41, 42). Our data confirmed that inhibition of the lyso-
somal pathway reduces intracellular degradation of LPL. 
However, inhibition of autophagosomal or lysosomal deg-
radation did not abolish differences in the intracellular 
LPL levels between Angptl4/ and wild-type adipocytes. 
It is possible that the use of chemical inhibitors may not 

Fig. 11. Schematic model. Within the ER, LPL acquires oligosaccharide side chains via cotranslational transfer of oligosaccharides high in 
mannose residues. Upon translocation to the Golgi apparatus, the high-mannose oligosaccharides are trimmed and replaced by more com-
plex oligosaccharides. In the absence of ANGPTL4 (i.e., Angptl4/ adipocytes), LPL with complex oligosaccharide side chains is packaged in 
secretory vesicles and secreted. Secreted LPL accumulates on the cell surface of adipocytes, mostly bound to HSPGs. In ANGPTL4-expressing 
adipocytes (i.e., wild-type adipocytes), ANGPTL4 interacts with LPL in a post-ER compartment. This interaction leads, potentially via convert-
ing LPL homodimers to monomers, to degradation of LPL. This results in a specific reduction of LPL with complex oligosaccharide side 
chains in wild-type adipocytes versus Angptl4/ adipocytes. Once secreted, ANGPTL4 also reduces levels and activity of secreted LPL.
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In conclusion, our data indicate that ANGPTL4 inter-
acts with LPL inside cells, both in CHO pgsA-745 cells and 
in adipocytes ex vivo and in vivo. ANGPTL4 promotes in-
tracellular degradation of LPL within adipocytes after LPL 
processing within the ER. Together, our studies reveal a 
novel site and mechanism for ANGPTL4-mediated regula-
tion of LPL activity.
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