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Elevated plasma triglyceride levels are increasingly con-
sidered as an independent risk factor for cardiovascular 
diseases (1–3). Triglycerides circulate in the blood in two 
major forms: as chylomicrons carrying the dietary triglyc-
erides and as very low density lipoproteins carrying en-
dogenously produced triglycerides (4). The clearance of 
plasma triglycerides is primarily mediated by the action of 
LPL. This secretory enzyme is produced by parenchymal 
cells of fat tissue, skeletal muscle, and heart, as well as by 
macrophages. With the help of the endothelial protein, 
glycosylphosphatidylinositol-anchored HDL binding pro-
tein 1 (GPIHBP1), LPL is transferred from the surface of 
the sub-endothelial myocytes and adipocytes to the luminal 
side of the capillary endothelium. There, LPL hydrolyzes 
the triglycerides contained in the triglyceride-rich lipopro-
teins to release fatty acids for uptake by the underlying 
tissues (5–8). The activity of LPL is regulated posttransla-
tionally by numerous factors, many of which are produced 
in the liver, including several apolipoproteins. In addition, 
LPL activity is governed by several members of the family 
of angiopoietin-like proteins (ANGPTLs): ANGPTL3 (9), 
ANGPTL4 (10–12), and ANGPTL8 (13–15).

ANGPTL3 is produced in the liver and cooperates with 
ANGPTL8 to inhibit LPL activity in peripheral tissues 
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(15–17). The role of ANGPTL3/ANGPTL8 in LPL regula-
tion is particularly important in the fed state (18). By con-
trast, ANGPTL4 mainly plays a role in LPL regulation in 
the fasted state (19). Individuals who carry an inactive vari-
ant of ANGPTL4 exhibit lower levels of circulating triglyc-
erides and have decreased odds of developing coronary 
heart disease (20, 21). In mice, overexpression of ANG-
PTL4 potently represses LPL activity and leads to hypertri-
glyceridemia, whereas deletion of ANGPTL4 stimulates 
LPL activity and drastically reduces plasma triglyceride lev-
els (18, 22). In contrast to ANGPTL3, which functions as 
an endocrine factor, ANGPTL4 likely serves as a local regu-
lator of LPL in tissues where LPL and ANGPTL4 are copro-
duced (23). Inhibition of LPL is mediated by the N-terminal 
coiled-coiled domain of ANGPTL4, causing the unfolding 
and inactivation of LPL, which may be accompanied by a 
change in the aggregation state of LPL (19, 24, 25). In adi-
pocytes, ANGPTL4 promotes the cleavage and subsequent 
degradation of LPL, thereby preventing the delivery of 
LPL to the endothelial surface (26, 27). The important 
role of ANGPTL4 in governing plasma lipid levels in hu-
mans has made ANGPTL4 an attractive therapeutic target 
for correcting dyslipidemia and associated cardiovascular 
disorders.

However, we and others have shown that disabling 
ANGPTL4, via monoclonal antibody-mediated or genetic 
inactivation, leads to a highly pro-inflammatory and ulti-
mately lethal phenotype in mice fed a high saturated fat 
diet (28, 29). This marked phenotype includes mesenteric 
lymphadenopathy, characterized by the presence of lipid-
laden Touton giant cells in the mesenteric lymph nodes, as 
well as fibrinopurulent peritonitis, chylous ascites, and 
marked elevation of acute-phase proteins in plasma, such 
as serum amyloid A (SAA) and haptoglobin (29, 30). Ac-
cumulation of lipids in mesenteric lymph nodes was also 
observed in several female monkeys treated with an anti-
ANGPTL4 antibody (21). Although there is so far no 
evidence pointing to the occurrence of abdominal lymph-
adenopathy in humans homozygous for an inactive ANG-
PTL4 variant (21), currently the therapeutic prospects of 
whole-body ANGPTL4 inactivation are not very favorable.

The deleterious effects of ANGPTL4 inactivation in mes-
enteric lymph nodes were previously attributed to the role 
of ANGPTL4 as LPL inhibitor in macrophages. Specifi-
cally, ANGPTL4 inactivation would increase LPL activity, 
leading to excessive lipid uptake in macrophages and a 
concomitant pro-inflammatory response (29). We have 
shown that recombinant ANGPTL4 represses lipid uptake 
into peritoneal macrophages incubated with chyle (29). 
However, whether endogenous ANGPTL4 suppresses lipid 
uptake into macrophages was not addressed. Accordingly, 
the first aim of this work was to examine the influence of 
endogenous ANGPTL4 on lipid uptake and utilization in 
macrophages and explore the underlying mechanisms.

The mouse model that revealed the effect of ANGPTL4 
inactivation on mesenteric lymphadenopathy and other 
pathologies is a whole-body ANGPTL4 knockout model 
characterized by the deletion of exons 2 and 3 and part of 
intron 1, leading to the absence of ANGPTL4 protein (31). 

Whether other and milder forms of genetic ANGPTL4 in-
activation in mice provoke a similar phenotype upon feed-
ing a high saturated fat diet is unclear. Accordingly, the 
second aim of this work was to further investigate the role 
of ANGPTL4 in the aforementioned pathologies using An-
gptl4-hypomorphic mice.

MATERIALS AND METHODS

Animal studies
Animal studies were performed in male purebred WT, Angptl4hyp, 

and Angptl4/ mice. All mice were on the same C57Bl/6 back-
ground strain. The Angptl4hyp mice were a kind donation from Dr. 
Nguan Soon Tan (Nanyang Technological University, Singa-
pore). The Angptl4hyp mice can also be classified as Angptl4 knock-
out first mice (32), which upon stepwise crossing with mice 
expressing flippase recombinase and Cre recombinase can be 
used to generate a tissue-specific Angptl4 knockout mouse model 
(33, 34). The sequence of the Angptl4 construct is available online 
(https://www.i-dcc.org/imits/targ_rep/alleles/5215/
escell-clone-genbank-file.)

The animal studies were all carried out at the Centre for Small 
Animals, which is part of the Centralized Facilities for Animal 
Research at Wageningen University and Research (CARUS), and 
were approved by the Local Animal Ethics Committee of  
Wageningen University (AVD104002015236: 2016.W-0093.005, 
2016.W-0093.007). Mice were maintained at 21°C and kept on a 
regular day-night cycle (lights on from 6:00 AM to 6:00 PM).

High fat diet intervention.  Eleven- to 16-week-old mice (10 WT, 
11 Angptl4hyp, and 8 Angptl4/) were fed a high fat diet contain-
ing 45 energy percent as triglycerides (D12451; Research Diets 
Inc., New Brunswick, NJ). The high fat feeding of the three 
groups of mice was not done in parallel. The Angptl4hyp mice were 
run separately from the WT and Angptl4/ mice. After weeks 2 
and 4 of the intervention, blood samples were collected to mea-
sure plasma SAA. After 20 weeks, blood was collected via orbital 
puncture under isoflurane anesthesia. Immediately thereafter, 
the mice were euthanized by cervical dislocation. Tissues were ex-
cised and immediately frozen in liquid nitrogen followed by stor-
age at 80°C.

Fasting intervention.  Mice were fed a standard chow diet after 
weaning. Mice were either kept on chow or fasted for 24 h and 
euthanized between 9:00 and 11:00 AM. Blood was collected via 
orbital puncture under isoflurane anesthesia. Immediately there-
after, the mice were euthanized by cervical dislocation. Tissues 
were excised and immediately frozen in liquid nitrogen followed 
by storage at 80°C.

Intraperitoneal glucose tolerance test.  After 18 weeks of high fat 
diet, the mice were fasted for 5 h prior to the glucose tolerance 
test. The mice were injected intraperitoneally with glucose (1 g/kg 
body weight) (Baxter, Deerfield, IL). Blood samples from tail vein 
bleeding were tested for glucose levels at different time points 
following glucose injection using a GLUCOFIX Tech glucometer 
and glucose sensor test strips (Menarini Diagnostics, Valkenswaard, 
The Netherlands).

Histology
H&E staining was performed on the mesenteric lymph nodes. 

During the mouse sections, lymph nodes were isolated into plastic 
cassettes and immediately fixated in 4% paraformaldehyde. The 
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tissues were processed and embedded into paraffin blocks. Thin 
sections of the blocks were made at 5 m using a microtome and 
placed onto Superfrost glass slides followed by overnight incuba-
tion at 37°C. The tissues were stained in Mayer hematoxylin solu-
tion for 10 min and in eosin for 10 s at room temperature with 
intermediate washings in ethanol. The tissues were allowed to dry at 
room temperature followed by imaging using a light microscope.

Quantification of plasma parameters
Blood samples were collected into EDTA-coated tubes and cen-

trifuged at 4°C for 15 min at 12,879 g. Plasma was collected and 
stored at 80°C. ELISA kits were used to measure plasma serum 
amyloid (SAA) (Tridelta Development Ltd., Ireland) and hapto-
globin (Abcam, Cambridge, UK) according to manufacturer’s 
protocol. Measurement of plasma levels of triglycerides, NEFAs, 
and glycerol were performed using kits from HUMAN Diagnos-
tics (Wiesbaden, Germany) according to manufacturer’s proto-
col. Plasma levels of cholesterol and glucose were also measured 
using kits from Diasys Diagnostics Systems (Holzheim, Germany) 
according to manufacturer’s protocol.

LPL activity measurements
LPL activity levels in epididymal white adipose tissues were 

measured in triplicate with a [3H]triolein-labeled lipid emulsion 
as previously described (35). Protein contents in homogenates of 
adipose tissue were measured using Markwell’s modified Lowry 
method (36).

Cell culture
Bone marrow cells were isolated from femurs of WT or 

Angptl4/ mice following standard protocol and differentiated 
into macrophages [bone marrow-derived macrophages (BMDMs)] 
in 6–8 days in DMEM (Lonza, Verviers, Belgium) containing 10% 
FBS and 1% penicillin/streptomycin (PS) supplemented with 
20% L929-conditioned medium. After 6–8 days, nonadherent 
cells were removed and adherent cells were washed and plated in 
6-, 12-, or 48-well plates in DMEM/FBS/PS + 5% L929-conditioned 
medium. After 24 h, the cells were washed with PBS and treated. 
Peritoneal macrophages were obtained by infusion and subse-
quent collection of ice-cold PBS from the abdominal cavity and 
frozen directly or brought into culture in DMEM containing 10% 
FBS and 1% PS. RAW264.7 macrophages were cultured in DMEM 
containing 10% FBS and 1% PS. All cells were maintained in a 
humidified incubator at 37°C with 5% CO2.

Inguinal white adipose tissue from three or four WT, Angptl4hyp, 
and Angptl4/ mice was collected and placed in DMEM sup-
plemented with 1% PS and 1% BSA (BSA; Sigma-Aldrich).  
Material was minced with scissors and digested in collagenase-
containing medium [DMEM with 3.2 mM CaCl2, 1.5 mg/ml col-
lagenase type II (C6885; Sigma-Aldrich), 10% FBS, 0.5% BSA, and 
15 mM HEPES] for 1 h at 37°C with occasional vortexing. Cells 
were filtered through a 100 m cell strainer (Falcon) to remove 
remaining cell clumps and lymph nodes. The cell suspension sub-
sequently was centrifuged at 229 g for 10 min and the pellet was 
resuspended in erythrocyte lysis buffer (155 mM NH4Cl, 12 mM 
NaHCO3, 0.1 mM EDTA). Upon incubation for 2 min at room 
temperature, cells were centrifuged at 129 g for 5 min and the 
pelleted cells were resuspended in DMEM + 10% FBS + 1% PS 
and plated. Upon confluence, the cells were differentiated ac-
cording to the protocol as described previously (14, 15). Briefly, 
confluent cells in the stromal vascular fraction were plated in 1:1 
surface ratio, and differentiation was induced 2 days afterwards by 
switching to a differentiation induction cocktail (DMEM contain-
ing 10% FBS, 1% PS, 0.5 mM isobutylmethylxanthine, 1 M dexa-
methasone, 7 g/ml insulin, and 1 M rosiglitazone) for 3 days. 
Subsequently, cells were maintained in DMEM supplemented 

with 10% FBS, 1% PS, and 7 g/ml insulin for 3–6 days and 
switched to DMEM with 10% FBS and 1% PS for 3 days. The aver-
age rate of differentiation was at least 80% as determined by eye.

Cell culture experiments and chemical treatments
BMDMs and peritoneal macrophages were exposed to 0.5 mM 

intralipid or 0.5 mM oleic acid (Sigma-Aldrich) for 6 h in DMEM/
PS media. The oleic acid was conjugated to BSA at a ratio of 2:1 
(BSA:oleic acid). BMDMs were also treated with synthetic PPAR 
agonists (1 M Wy14643, 1 M rosiglitazone, 1 M L165041,  
1 M GW501516) or vehicle control for 6 h. All PPAR agonists 
were obtained from Sigma-Aldrich. Peritoneal macrophages and 
RAW264.7 cells were incubated for 6 h with lymph (final triglycer-
ide concentration of 2 mM, which was collected from rats pro-
vided with palm-oil based high fat diet overnight). BMDMs were 
co-incubated for 6 h with 10 M orlistat (Sigma-Aldrich) and 
0.5 mM intralipid. RAW264.7 macrophages treated with 0.5 mM 
intralipid or lymph were incubated with or without 0.5 g/ml 
recombinant ANGPTL4 (R&D Systems, Abingdon, UK). In a sepa-
rate experiment, BMDMs of WT and Angptl4/ mice were ex-
posed to the ER to Golgi transport inhibitors, monensin (10 M, 
3 h; Cayman Chemicals) and Brefeldin A (5 g/ml, 4 h; Sigma-
Aldrich), proteasomal degradation inhibitor, MG132 (40 M, 
4 h; Sigma-Aldrich), and lysosomal degradation inhibitors, e64d 
(20 M, 24 h; Sigma-Aldrich) and leupeptin (5 M, 16 h; Cayman 
Chemicals).

Oil Red O staining
Oil Red O staining was performed in RAW264.7 cells incubated 

with intralipid or lymph in the presence or absence of recombi-
nant ANGPTL4. A stock of Oil Red O (Sigma) was prepared by 
dissolving 0.5 g in 500 ml of isopropanol. Working concentrations 
were made by dissolving stock concentrations with water (3 stock:2 
water) and filtered. Treated cells were washed twice with PBS fol-
lowed by fixation with 4% formalin for 30 min. The cells were 
then washed twice with PBS and incubated with Oil Red O dye for 
20 min. The stained cells were washed three times with ddH2O 
after which cells were visualized under a light microscope and 
pictures taken.

Bodipy staining
For visualization of lipid droplets, BMDMs of WT and Angptl4/ 

mice were washed with PBS, fixated in 4% formalin, and subse-
quently stained with 1 ng/ml Bodipy 493/503 (Thermo Fisher 
Scientific, Landsmeer, The Netherlands).

RNA isolation and quantitative real-time PCR
Total RNA was isolated from tissues and cells by homogenizing 

in TRIzol (Thermo Fisher Scientific) either with a QIagen Tissue 
Lyser II (Qiagen, Venlo, The Netherlands) or by pipetting up and 
down. Reverse transcription was performed using the iScript™ 
cDNA synthesis kit (Bio-Rad) according to the manufacturer’s 
protocol. Quantitative PCR amplifications were done on a CFX384 
real-time PCR platform (Bio-Rad) with the SensiMix PCR mix 
from Bioline (GC Biotech, Alphen aan de Rijn, The Netherlands). 
Primer sequences of genes are provided in supplemental Table 
S1. Gene expression values were normalized to the housekeeping 
gene, 36b4 (Rplp0, ribosomal protein lateral stalk subunit P0).

Microarray analysis
RNeasy mini columns (Qiagen) were used to isolate RNA 

from mouse peritoneal macrophages that were incubated for 6 h 
with 0.5 mM intralipid in the presence or absence of 2.5 g/ml 
recombinant ANGPTL4. RNA quality was verified on an Agi-
lent 2100 bioanalyzer (Agilent Technologies, Amsterdam, The 
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Netherlands) using 6000 Nano chips according to the manufac-
turer’s instructions. RNA was considered suitable for array hy-
bridization only if the RNA integrity number exceeded 8.0. RNA 
from three samples per group was pooled for microarray analysis. 
One hundred nanograms of RNA were used for Whole Transcript 
cDNA synthesis (Affymetrix, Santa Clara, CA). Hybridization, 
washing, and scanning of Affymetrix GeneChip Mouse Gene 1.0 
ST arrays were carried out according to standard Affymetrix pro-
tocols. Scans of the Affymetrix arrays were processed using pack-
ages from the Bioconductor project. Arrays were normalized 
using the Robust Multi-array Average method (37, 38). Probe 
sets were defined by assigning probes to unique gene identifiers, 
e.g., Entrez ID (39). Changes in gene expression were calculated 
as signal log ratios between treatment and control. These ratios 
were used to create heat maps within Excel. The CEL files were 
deposited in Gene Expression Omnibus (accession number 
GSE136240).

Affymetrix GeneChip analysis was carried out on WT mouse 
BMDMs incubated with oleate (250 M) for 5 h (40). CEL files 
were downloaded from the internet via Gene Expression Omni-
bus (GSE77104) and processed as described above.

Extracellular flux analysis
Real-time oxygen consumption rates (OCRs) of BMDMs from 

WT and Angptl4/ mice were assessed using XF-96 extracellular 
flux analyzer (Seahorse Bioscience, Santa Clara, CA). Basal meta-
bolic rates of BMDMs seeded in quintuplicate were determined 
during three consecutive measurements in unbuffered Seahorse 
medium [8.3 g DMEM powder, 0.016 g phenol red, and 1.85 g 
NaCl in 1 liter milli-Q (pH 7.4) at 37°C, sterile-filtered] contain-
ing 25 mM glucose and 2 mM L-glutamine. Measurements were 
performed after 6 h treatment with intralipid (0.5 mM) in the 
presence or absence of recombinant ANGPTL4 (0.5 ug/ml). 
After basal measurements, three consecutive measurements were 
made following addition of 1.5 M oligomycin, 1.5 M carbonyl 
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), and com-
bination of 2 M antimycin A and 1 M rotenone. Pyruvate (1 mM) 
was added together with FCCP to fuel maximal respiration. All 
compounds used during the Seahorse runs were acquired from 
Merck. Signals were normalized to relative DNA content in the 
wells using the Quanti-iT™ dsDNA assay kit (Thermo Fisher 
Scientific).

Western immunoblotting
To isolate protein, mouse fat pads, differentiated primary adi-

pocytes, primary macrophages, and whole adipose tissues were 
lysed in RIPA lysis and extraction buffer [25 mM Tris-HCl (pH 
7.6), 150 mM NaCl, 1% Nonidet P-40, and 0.1% SDS; Thermo 
Fisher Scientific] supplemented with protease and phosphatase 
inhibitors (Roche Diagnostics, Almere, The Netherlands). Fol-
lowing homogenization, lysates were placed on ice for 30 min and 
centrifuged two or three times at 12,879 g for 10 min at 4°C to 
remove fat and cell debris. Concentration of protein lysates was 
determined using a bicinchoninic acid assay (Thermo Fisher Sci-
entific). For assessment of LPL release, BMDMs were treated for 
20 min with 10 IU/ml heparin (#012866-08; LEO Pharma). For 
assessment of glycosylation of LPL, 2–30 g of proteins were di-
gested with endoglycosidase H (EndoH) (New England BioLabs) 
according to manufacturer’s protocol. Protein lysates (10–30 g 
of protein per lane) were loaded onto 8–16% or 10% Criterion 
gels (Bio-Rad, Veenendaal, The Netherlands). Next, proteins were 
transferred onto a polyvinylidene difluoride membrane using the 
Transblot Turbo system (Bio-Rad). Membranes were probed with 
a goat anti-mouse LPL antibody (41), a rabbit anti-mouse HSP90 
antibody (#4874S; Cell Signaling), a rat anti-mouse ANGPTL4 
antibody (Kairos 142-2; Adipogen), and a rabbit anti-mouse 

ANGPTL4 antibody (#742, home made) (42) at 1:5,000 (LPL), 
1:2,000 (HSP90), or 1:1,000 (ANGPTL4) dilutions. Blocking 
and incubation of primary and secondary antibodies were done 
in TBS (pH 7.5) plus 0.1% Tween 20 (TBS-T) and 5% (w/v) 
skimmed milk at 1:5,000. In between, membranes were washed 
in TBS-T. Quantification was performed with the ChemiDoc 
MP system (Bio-Rad) and Clarity ECL substrate (Bio-Rad). Equal 
loading of medium samples was verified with HSP90.

Statistical analysis
Statistical analyses were performed using one-way ANOVA fol-

lowed by Tukey HSD test or by Student’s t-test. Data are presented 
as mean ± SEM (animal experiments) or mean ± SD (cell culture 
studies). P < 0.05 was considered statistically significant.

RESULTS

Angptl4 expression is sensitive to lipids and regulates lipid 
uptake in macrophages

We previously suggested that enhanced LPL-mediated 
lipid uptake in macrophages may be at the basis of the 
mesenteric lymphadenopathy in Angptl4/ mice fed a 
high fat diet (29). To better understand the role of endog-
enous ANGPTL4 in lipid uptake in macrophages, we first 
studied the regulation of Angptl4 expression by lipids in 
macrophages. Treatment of peritoneal macrophages with 
oleic acid markedly increased Angptl4 mRNA (Fig. 1A). 
Similarly, treatment of peritoneal macrophages and 
BMDMs with intralipid markedly induced Angptl4 mRNA 
(Fig. 1B). Interestingly, analysis of a publicly available tran-
scriptomics dataset indicated that Angptl4 is the most 
highly induced gene in BMDMs upon treatment with oleic 
acid (Fig. 1C) (40). Treatment of BMDMs with the synthetic 
PPAR agonist, rosiglitazone, and the synthetic PPAR 
agonists, L165041 and GW501516, markedly increased 
Angptl4 mRNA (Fig. 1D). By contrast, the PPAR agonist, 
Wy14643, had no effect on Angptl4 expression. These data 
suggest that the effect of lipid treatment on Angptl4 ex-
pression in BMDMs might be mediated by PPAR and/or 
PPAR.

To study the effect of exogenous ANGPTL4 on lipid up-
take in macrophages, RAW264.7 macrophages were treated 
with intralipid in the presence or absence of recombinant 
ANGPTL4. ANGPTL4 clearly reduced lipid accumulation, 
as shown by decreased Oil Red O staining (Fig. 2A). Simi-
lar results were obtained in peritoneal macrophages incu-
bated with lymph, an endogenous lipid source (Fig. 2B). 
Transcriptomics analysis of peritoneal macrophages treated 
with intralipid showed that the induction of lipid-sensitive 
genes by intralipid was almost completely abolished in the 
presence of recombinant ANGPTL4 (Fig. 2C).

To study the effect of endogenous ANGPTL4 on lipid 
uptake in macrophages, WT and Angptl4/ BMDMs were 
treated with intralipid. Lipid accumulation was distinctly 
higher in Angptl4/ macrophages than in WT macrophages, 
as shown by Bodipy staining (Fig. 2D). This effect could be 
abolished by treatment with orlistat, a general serine hy-
drolase inhibitor that targets LPL (Fig. 2D). Consistent 
with enhanced lipid uptake in Angptl4/ macrophages, 
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the effect of intralipid on the expression of lipid-sensitive 
genes was much more pronounced in Angptl4/ BMDMs 
than in WT BMDMs (Fig. 2E). Similar results were ob-
tained in peritoneal WT and Angptl4/ macrophages 
upon loading with lymph (Fig. 2F). Together, these data 
strongly suggest that ANGPTL4 controls lipid uptake in 
macrophages via regulation of LPL.

ANGPTL4 deficiency increases respiration in BMDMs but 
does not influence LPL levels

To determine whether differences in lipid uptake be-
tween the genotypes are reflected in fuel utilization, we 
measured real-time metabolic fluxes in BMDMs using the 
Seahorse machine (Fig. 3A). Interestingly, after intralipid 
treatment, basal and maximal respiration was significantly 
higher in Angptl4/ than in WT macrophages (Fig. 3B). 
Treatment with exogenous ANGPTL4, despite leading to 
slightly lower values, did not significantly influence basal 
and maximal respiration in Angptl4/ BMDMs. These data 
suggest that the inhibitory effect of endogenous ANGPTL4 
on LPL-mediated lipid uptake in macrophages is accompa-
nied by a decrease in fuel utilization.

We previously showed in primary adipocytes that  
ANGPTL4 deficiency is paralleled by elevated LPL protein 
levels (26). To study the influence of ANGPTL4 deficiency 
on LPL protein in macrophages, we performed Western blot 
for LPL in BMDMs from WT and Angptl4/ mice, with and 
without intralipid treatment. In contrast to what was observed 
in adipocytes, ANGPTL4 deficiency did not have any effect 
on LPL protein in macrophages and did not alter the ratio 
between the active endonuclease H-resistant form and the 
inactive endonuclease-sensitive form of LPL (Fig. 3C). In 
addition, the amount of LPL that could be released into 
the medium by treatment of the macrophages with hepa-
rin did not differ between the two genotypes (Fig. 3D).

Additional experiments showed that inhibition of ER to 
Golgi transport by monensin and Brefeldin A increased in-
tracellular LPL levels, as did inhibition of proteasomal deg-
radation by MG132, albeit to a lesser extent (Fig. 3E). By 
contrast, inhibition of lysosomal proteases using leupeptin 
and e64d did not alter intracellular LPL accumulation in 

BMDMs (Fig. 3E). These data suggest that unlike LPL in 
adipocytes, LPL in macrophages is not subject to lysosomal 
degradation but instead is broken down, at least partly, via 
proteasomal degradation. Interestingly, none of these ef-
fects were influenced by ANGPTL4 deficiency (Fig. 3E). 
These data indicate that in macrophages, inhibition of LPL 
activity by ANGPTL4 is not accompanied by a decrease in 
LPL protein levels.

Angptl4-hypomorphic mice show partial expression of 
N-terminal exons and truncated ANGPTL4 protein in 
adipocytes

The second objective of this work was to investigate 
whether, in addition to the Angptl4/ model, an alterna-
tive model of genetic Angptl4 inactivation also leads to a 
deleterious phenotype in mice fed a high saturated fat 
diet. To that end, we used Angptl4 knockout first mice. The 
Angptl4 knockout first allele contains in intron 3 a reading 
frame-independent LacZ gene trap cassette followed by a 
promoter-driven selection cassette (Fig. 4A). The Angptl4 
knockout first allele was designed to create tissue-specific 
Angptl4/ mice by subsequent crossing with mice express-
ing the FLP and Cre recombinase enzymes. Interestingly, 
based on sequence analysis, it can be predicted that when 
omitting the FLP and Cre recombinase reaction steps, the 
Angptl4 knockout first allele might lead to the production 
of a whole-body mutant 32 kDa ANGPTL4 protein cover-
ing amino acid residues 1–186, followed by 102 amino 
acids originating from the EN2a splice acceptor site and 
the internal ribosome entry site (Fig. 4B). Accordingly, we 
hypothesized that the Angptl4 knockout first allele may 
give rise to a truncated ANGPTL4 protein that contains 
the N-terminal domain responsible for LPL inhibition. 
Below, we will refer to the ANGPTL4 knockout first mice 
as Angptl4hyp mice, as explained below.

To carefully characterize the Angptl4hyp mice, we per-
formed quantitative (q)PCR for Angptl4 using cDNA ob-
tained from adipose tissue and primary adipocytes of WT, 
Angptl4hyp, and Angptl4/ mice. Primers were designed 
to amplify parts of the cDNA encoded by specific exons. 
Remarkably, whereas no Angptl4 expression using any of 

Fig.  1.  Angptl4 expression is induced in primary 
macrophages by lipid stimulation or PPAR agonists. A: 
Angptl4 expression in peritoneal macrophages treated 
with 0.5 mM oleic acid for 6 h. B: Angptl4 expression in 
peritoneal macrophages (left) and BMDMs (right) 
treated for 6 h with 0.5 mM intralipid. C: Heat map of 
top 10 most upregulated and top 10 most downregu-
lated genes in BMDMs treated for 5 h with 250 uM 
oleic acid or BSA (vehicle control). Data are from  
a previously published dataset (GSE77104) (43). D: 
Angptl4 expression in BMDMs treated for 6 h with  
1 M of PPAR agonists, Wy14643 (PPAR), GW501516 
(PPAR), L165041 (PPAR), and rosiglitazone (PPAR), 
or vehicle (DMSO). mRNA expression was normalized 
to 36b4. Data are mean ± SD from three biological rep-
licates; *P < 0.05, **P < 0.01, and ***P < 0.001 relative 
to vehicle control.
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the primers could be detected in adipose tissue and adipo-
cytes of Angptl4/ mice, substantial Angptl4 expression 
(approximately 30–50% of WT level) for exons 1–3 was 
found in the Angptl4hyp mice (Fig. 4C, D). By contrast, no 
amplification was observed in the Angptl4hyp mice using 
primers directed against the cDNA encoded by exons 4–7 

(Fig. 4C, D). A similar expression profile of the Angptl4 
exons was observed in the liver of Angptl4hyp mice (supple-
mental Fig. S1A). Further PCR analysis of the cDNA  
suggested the presence of a mRNA comprising Angptl4 ex-
ons 1–3, the EN2a splice acceptor site, and more than 50% 
of the IRES site, but without the LacZ gene (supplemental 

Fig.  2.  ANGPTL4 deficiency promotes macrophage lipid uptake and magnifies the induction of lipid-sensitive genes. A: Oil Red O staining 
of lipid droplets in RAW264.7 macrophages treated with 0.5 mM intralipid for 6 h in the presence or absence of 0.5 g/ml recombinant 
ANGPTL4. B: Oil Red O staining of lipid droplets in peritoneal macrophages treated for 6 h with lymph (final triglyceride concentration of 
2 mM) in the presence or absence of 0.5 g/ml recombinant ANGPTL4. C: Microarray heat map showing expression profile of lipid-sensitive 
genes in peritoneal macrophages treated for 6 h with 0.5 mM intralipid in the presence or absence of recombinant ANGPTL4. D: Bodipy 
staining of Angptl4+/+ and Angptl4/ BMDMs cultured with regular culture medium (Cntl) or for 6 h with 0.5 mM intralipid with or without 
orlistat. E, F: mRNA expression of lipid-sensitive genes in Angptl4+/+ and Angptl4/ BMDMs treated for 6 h with 0.5 mM intralipid (E) or 
peritoneal macrophages treated for 6 h with lymph (final triglyceride concentration of 2 mM) (F). mRNA expression was normalized to 
36b4. Data are mean ± SD from three biological replicates; *P < 0.05, **P < 0.01, and ***P < 0.001 relative to untreated WT; and #P < 0.05, 
##P < 0.01, and ###P < 0.001 relative to WT + intralipid/lymph.
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Table S2). These data indicate that the Angptl4hyp mice pro-
duce a mutated cDNA that may lead to the production of a 
truncated ANGPTL4 protein.

To verify this notion, we performed Western blot on adi-
pose tissue of the three types of mice using a monoclonal 
antibody directed against mouse ANGPTL4. A strong 
ANGPTL4 band at 50 kDa was observed in the WT mice 
(Fig. 4E). At this position, a weak band was observed in the 
Angptl4hyp and Angptl4/ mice, which is likely nonspecific. 
Interestingly, a band of around 32 kDa corresponding to 

the predicted size for the truncated ANGPTL4 protein was 
observed in the Angptl4hyp mice but not in the Angptl4/ 
mice (Fig. 4E). To verify that the designated bands indeed 
represent ANGPTL4, we used the same samples to per-
form Western blot using a polyclonal antibody directed 
against an epitope close to the N terminus of ANGPTL4. 
Similar results were obtained (Fig. 4E). These analyses 
confirm that the Angptl4hyp mice produce a truncated 
ANGPTL4 protein containing the LPL inhibitory domain at 
levels that are far below the levels in WT mice. Accordingly, 

Fig.  3.  ANGPTL4 deficiency increases respiration in BMDMs but does not influence LPL abundance. A: Real-time changes in OCR in 
BMDMs from Angptl4+/+ and Angptl4/ mice in the presence or absence of recombinant ANGPTL4, treated with 0.5 mM intralipid for 6 h, 
and assessed in unbuffered medium during sequential injections with oligomycin, FCCP, and antimycin A + rotenone. B: Basal (left) and 
maximal (right) OCR in BMDMs from Angptl4+/+ and Angptl4/ mice in the presence or absence of recombinant ANGPTL4 (0.5 g/ml) 
incubated with 0.5 mM intralipid for 6 h. Measurements were done in quintuplicates in unbuffered medium. Data are mean ± SD; ***P < 
0.001. C: Immunoblot of LPL in Angptl4+/+ and Angptl4/ BMDMs treated for 6 h with or without 0.5 mM intralipid in the presence or ab-
sence of endonuclease-H. D: Immunoblot of LPL from culture medium of Angptl4+/+ and Angptl4/ BMDMs treated with or without hepa-
rin. E: Immunoblot of LPL in Angptl4+/+ and Angptl4/ BMDMs treated with or without ER to Golgi transport inhibitors monensin 
(Mon; 10 M for 3 h) and Brefeldin A (BFA; 5 g/ml for 4 h), proteasomal degradation inhibitor MG132 (40 M for 4 h), and lysosomal 
degradation inhibitors, e64d (20 M for 24 h) and leupeptin (Leup; 5 M for 16 h). HSP90 or Coomassie staining serve as loading control.
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the Angptl4hyp mice represent a hypomorph. In line with 
previous studies, LPL protein levels were increased in 
adipose tissue of Angptl4/ mice (Fig. 4E) (26, 27). LPL 

protein levels were also increased in Angptl4hyp mice com-
pared with WT mice (Fig. 4E, supplemental Fig. S1B). 
Similarly, primary adipocytes of Angptl4hyp mice expressed 

Fig.  4.  Hypomorphic ANGPTL4 mice show reduced ANGPTL4 expression and reduced regulation on LPL. A: Schematic map of the 
Angptl4 locus by knockout first-allele strategy. B: Full ANGPTL4 protein (upper scheme) and predicted sequence of truncated ANGPTL4 
(lower scheme) based on sequence analysis of the knockout first-allele mice. mRNA expression of all seven exons of Angptl4 in epididymal 
adipose tissue (C) and primary adipocytes (D) of Angptl4/ and Angptl4hyp mice relative to WT mice. Western blot showing full-length and 
N-terminal ANGPTL4, and LPL in adipose tissue (E) and primary adipocytes (F) of the Angptl4/, Angptl4hyp, and WT mice. mRNA expres-
sion was normalized to 36b4. Data are mean ± SEM. N = 7–11 mice per group. s.e., short exposure; l.e., long exposure.



Characterization of Angptl4-hypomorphic mice 1749

low levels of a truncated N-terminal ANGPTL4 protein 
(Fig. 4F, supplemental Fig. S1C). Consistent with an effect 
of truncated ANGPTL4 on LPL abundance, LPL protein 
levels in Angptl4hyp adipocytes were markedly lower than in 
Angptl4/ adipocytes, yet higher than in WT adipocytes 
(Fig. 4F).

Angptl4hyp and Angptl4/ mice have similar plasma 
triglycerides and adipose LPL protein levels after a 24 h 
fast

In line with the alternative name, fasting-induced adi-
pose factor, the effects of Angptl4 inactivation or overex-
pression on lipid metabolism are most prominent in the 
fasted state. Accordingly, we measured basic plasma param-
eters in the three types of mice in the fasted and fed state. 
Fasting plasma levels of triglycerides, cholesterol, and NEFAs 
were very similar between the Angptl4hyp and Angptl4/ 
mice, and were significantly lower compared with the WT 
mice (Fig. 5A). These data suggest that Angptl4hyp and 
Angptl4/ mice are highly similar and that the low levels of 
N-terminal ANGPTL4 protein in the Angptl4hyp mice have 
no discernible impact on plasma lipid parameters in the 
fasted state.

Consistent with previous studies (11, 35), Angptl4 
mRNA in adipose tissue was significantly increased by 
fasting (Fig. 5B). Interestingly, fasting did not influence 
Angptl4 mRNA in the Angptl4hyp mice. In line with these 

data and fitting with previous studies (27, 43), ANGPTL4 
protein levels in WT adipose tissue were increased by fast-
ing, concomitant with a decrease in LPL protein levels 
(Fig. 5C, supplemental Fig. S1D). By contrast, levels of 
truncated ANGPTL4 protein remained unchanged or 
tended to decrease during fasting in the Angptl4hyp mice, 
while LPL protein levels went up (Fig. 5C, supplemental 
Fig. S1D, E).

As previously shown (27), LPL protein was higher in 
Angptl4/ mice compared with WT mice (Fig. 5C). Impor-
tantly, the decrease in LPL protein upon fasting was abro-
gated in Angptl4/ mice, indicating that the increase in 
ANGPTL4 mediates the reduction in LPL protein upon 
fasting. Interestingly, in the fed state, LPL protein levels 
were lower in Angptl4hyp than Angptl4/ mice, whereas in 
the fasted state, LPL protein levels were similar in Angptl4hyp 
and Angptl4/ mice (Fig. 5C, supplemental Fig. S1D). 
These data suggest that small amounts of N-terminal 
ANGPTL4 in adipose tissue can decrease LPL protein lev-
els, presumably by promoting LPL degradation, specifi-
cally in the fed and not the fasted state.

Angptl4hyp mice show attenuated chylous ascites and acute 
inflammation but similar levels of lymphadenopathy as 
Angptl4/ mice

We have previously shown that Angptl4/ mice respond 
poorly to a high-saturated fat diet showing the formation of 

Fig.  5.  Similar regulation on plasma metabolites and LPL between Angptl4hyp and Angptl4/ mice after 24 h fast. A: Plasma levels of triglyc-
erides, glucose, cholesterol, NEFAs, and -hydroxybutyrate in fed (closed bars) and fasted (opened bars) mice. B: mRNA expression from 
N-terminal (left column) and C-terminal (right column) regions of Angptl4 in epididymal adipose tissues of fed (closed bars) and fasted 
(opened) mice. C: Western blot of LPL and ANGPTL4 in epididymal adipose tissues from the three groups of mice in fed and fasted state. 
mRNA expression was normalized to 36b4. Data are mean ± SEM. N = 7–11 mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001 represent 
significance in fasted group relative to WT fasted mice; #P < 0.05 represents significance in fed group relative to WT fed mice; and §§P < 0.01 
relative to WT fed mice. s.e., short exposure; l.e., long exposure.
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lipid-laden Touton giant cells in mesenteric lymph nodes, 
chylous ascites, and acute inflammation (30). To deter-
mine the influence of low levels of N-terminal ANGPTL4 

on the development of mesenteric lymphadenopathy, chy-
lous ascites, and other pathologies, the three groups of 
mice were fed a standard high fat diet rich in saturated fat 

Fig.  6.  Angptl4hyp mice have less severe pathological phenotypes in response to 20 weeks of high fat diet compared with Angptl4/ mice. 
A: Plasma levels of SAA after 2, 4, and 20 weeks of high fat diet. B: Relative hepatic expression of pro-inflammatory markers in three groups 
of mice. C: Pictures showing levels of ascites formation in the peritoneum of Angptl4hyp mice. Arrows pointing toward ascites. D: H&E staining 
depicting mesenteric panniculitis in Angptl4hyp mice. E: Images showing Touton giant cells in the mesenteric lymph nodes of Angptl4hyp and 
Angptl4/ mice but not WT mice. Images are 200× magnification; insert is 400× magnification. mRNA expression was normalized to 36b4. 
Data are mean ± SEM. N = 7–11 mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001 relative to WT.
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for 20 weeks. Whereas the Angptl4/ mice showed a rapid 
and marked increase in SAA levels upon high fat feeding, 
SAA levels in the Angptl4hyp mice only went up after 20 
weeks of high fat feeding (Fig. 6A). At this time point, he-
patic expression of several acute-phase proteins in Angptl4hyp 
mice was significantly lower than or approximating the 
levels in Angptl4/ mice (Fig. 6B). Besides a delayed in-
crease in SAA, the development of chylous ascites was 
much reduced in the Angptl4hyp mice compared with the 
Angptl4/ mice. Whereas seven out of eight Angptl4/ 
mice showed very pronounced ascites several weeks after 
starting the high fat diet, leading to premature death in 6 
Angptl4/ mice (30), at the end of the 20 weeks of high fat 
feeding, all Angptl4hyp mice survived, with only two out of 
eleven Angptl4hyp mice showing ascites, which was also very 
mild (Fig. 6C) (29, 30). The mesenteric adipose tissue of 
the Angptl4hyp mice with ascites showed the characteristic 
mesenteric panniculitis, but this was less severe than in the 
Angptl4/ mice (Fig. 6D). Of note, the frequency rate, se-
verity of ascites, and full survival in the Angptl4hyp mice re-
mained unchanged when extending the high fat feeding to 
36 weeks in seven Angptl4hyp mice (data not shown). Despite 
the much milder ascites and slower progression of the in-
flammatory phenotype, after 20 weeks of high fat feeding, 
nearly all mesenteric lymph nodes in the Angptl4hyp mice 
contained multiple lipid-laden Touton giant cells (Fig. 
6E). Specifically, Touton giant cells were present in the 
mesenteric lymph nodes of 10 out of 11 Angptl4hyp mice 
and 7 out of 8 Angptl4/ mice but in none of the WT mice. 

A summary of the clinical outcomes in the three groups of 
mice is presented in supplemental Table S3.

Angptl4hyp mice show increased LPL activity and improved 
glucose tolerance compared with WT mice

Consistent with the role of ANGPTL4 as LPL inhibitor, 
after 20 weeks of high fat feeding, adipose tissue LPL activ-
ity was significantly higher in Angptl4hyp mice than in WT 
mice (Fig. 7A). By contrast, adipose tissue LPL activity was 
not increased in Angptl4/ mice, which is likely related to 
the steatitis in these animals (29). Interestingly, whereas 
plasma levels of triglycerides and cholesterol were signifi-
cantly lower in both Angptl4hyp and Angptl4/ mice than 
in WT mice, plasma glycerol and NEFAs were only lower in 
the Angptl4hyp mice, which again may be related to the ste-
atitic phenotype of the Angptl4/ adipose tissue (Fig. 7B). 
To study the impact of ANGPTL4 deficiency on glucose 
homeostasis, we measured plasma glucose and per-
formed a glucose tolerance test. Plasma glucose levels 
were significantly lower in Angptl4/ mice than in WT 
and Angptl4hyp mice (Fig. 7C), while glucose tolerance was 
dramatically or modestly improved in Angptl4/ and 
Angptl4hyp mice, respectively, compared with WT mice 
(Fig. 7D). Overall, the LPL activity and plasma metabolite 
levels in Angptl4hyp mice are consistent with the known role 
of ANGPTL4 in intra- and extracellular lipolysis (44). By 
contrast, LPL activity and plasma metabolite levels in 
Angptl4/ mice fed a high fat diet likely partly reflect the 
severe inflammatory phenotype in these animals (29, 30).

Fig.  7.  Increased LPL activity and improved glucose tolerance in Angptl4hyp mice after 20 weeks of high fat diet. A: LPL activity in epididy-
mal adipose tissue of Angptl4hyp, Angptl4/, and WT mice. B: Plasma concentrations of triglycerides, cholesterol, glycerol, and NEFAs in the 
three groups of mice. Plasma glucose levels (C) and glucose tolerance test (D) in the three groups of mice. Data are mean ± SEM. N = 7–11 
mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001 relative to WT. No statistical analysis could be done on glucose tolerance in Angptl4/ 
mice due to the use of different time points.
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DISCUSSION

In this work, we addressed two independent questions 
relevant to the mesenteric lymphadenopathy phenotype in 
Angptl4/ mice fed a high fat diet: 1) what is the influence 
of endogenous ANGPTL4 on lipid uptake and utilization 
in macrophages; and 2) what is the role of N-terminal 
ANGPTL4 in the development of mesenteric lymphade-
nopathy, inflammation, and ascites?

Our study confirms previous data indicating that Angptl4 
expression in macrophages is highly induced by lipids (29, 
45, 46). This induction is likely mediated by PPAR and/or 
PPAR, as shown by the marked upregulation of Angptl4 
mRNA by PPAR and PPAR agonists in BMDMs. Impor-
tantly, the present study shows that not only external 
ANGPTL4 but also endogenously produced ANGPTL4 
inhibits lipid uptake in macrophages. The elevated lipid 
uptake in Angptl4/ macrophages increases the expression 
of various lipid-sensitive genes involved in inflammation 
and ER stress, such as Hilpda, Ddit3, Ptgs2, and Cxcl2. 
Interestingly, the elevated lipid uptake in Angptl4/ mac-
rophages was accompanied by increased mitochondrial 
respiration, suggesting that enhanced lipid uptake may 
stimulate cellular respiration. As the effect on cellular res-
piration was observed for endogenous and not exogenous 
ANGPTL4, it might reflect an intracellular mechanism of 
action of ANGPTL4. Together, our findings demonstrate 
an important role of ANGPTL4 in regulating lipid uptake 
and utilization in macrophages.

It is well-established that ANGPTL4 inactivates LPL by 
promoting LPL unfolding (24, 25). Recently, we found 
that ANGPTL4 has a local role in adipocytes by promoting 
the intracellular cleavage and subsequent degradation of 
LPL (26, 27). In stark contrast to adipocytes, ANGPTL4 de-
ficiency in macrophages did not lead to the accumulation 
of full-length rapidly releasable LPL, while the cleaved 
N-terminal LPL portion was not detectable in our hands. 
The lack of effect of ANGPTL4 on LPL protein levels in mac-
rophages may be because macrophage LPL is not degraded 
via the lysosomal pathway but via the proteasomal pathway. 
The difference in the LPL degradation pathway and in the 
effect of ANGPTL4 on LPL levels between adipocytes and 
macrophages could be connected to how LPL is presented 
on the cell surface. Specifically, it is conceivable that LPL 
on the surface of macrophages is not internalized for deg-
radation, unlike LPL in adipocytes, and that ANGPTL4 only 
causes the unfolding and inactivation of LPL after both pro-
teins have been secreted (47, 48). Overall, these findings 
suggest that the location and cellular mechanism of LPL 
inactivation by ANGPTL4 may be different in different cells.

Previously, we showed that Angptl4/ mice fed a diet 
rich in saturated fat develop an inflammatory and ulti-
mately lethal phenotype characterized by the formation of 
Touton giant cells in mesenteric lymph nodes, chylous asci-
tes, and fibrinopurulent peritonitis (29, 30). By comparing 
Angptl4/ mice with an Angptl4-hypomorphic model, here 
we show that a low-level expression of a truncated N-terminal 
ANGPTL4 does not prevent Touton giant cell formation, 
yet drastically mitigates the acute-phase response and the 

development of chylous ascites upon high fat feeding. Im-
portantly, the development of fibrinopurulent peritonitis 
and the death of the animals is completely prevented  
by the expression of the truncated N-terminal ANGPTL4. 
Although the severity of the clinical phenotype was at-
tenuated, activation of the acute-phase response and chy-
lous ascites were still observed in a substantial number of 
Angptl4hyp mice.

Strictly, we cannot fully exclude that N-terminal ANGPTL4 
influences ascites independently of LPL inhibition. How-
ever, two lines of reasoning support an action of N-terminal 
ANGPTL4 on ascites via LPL. First, LPL protein levels in 
Angptl4hyp adipocytes were lower than in Angptl4/ adipo-
cytes, paralleled by a marked reduction in ascites severity. 
These data suggest that a low level of N-terminal ANGPTL4 
decreases LPL abundance. Second, chronic injection of a 
monoclonal antibody that is directed against N-terminal 
ANGPTL4 and abolishes its ability to inhibit LPL causes 
ascites in mice fed a HFD (28). Collectively, we favor the 
notion that the attenuation of the ascites phenotype in 
Angptl4hyp mice compared with Angptl4/ mice is related 
to reduced LPL activity via N-terminal ANGPTL4 and, 
accordingly, that the ascites in Angptl4/ mice fed a high 
fat diet is directly connected to enhanced LPL activity.

Our observation that partial deficiency of ANGPTL4 
leads to undesirable clinical consequences in mice suggests 
that therapeutic approaches that only partially inactivate 
ANGPTL4 and/or are aimed at whole-body inactivation of 
ANGPTL4 may still carry the risk of major side effects in 
humans. By contrast, tissue-specific inactivation, in particu-
lar adipose tissue-specific and possibly liver-specific inacti-
vation, of ANGPTL4 holds considerably more promise for 
improving dyslipidemia and reducing coronary artery dis-
ease risk without leading to deleterious side-effects (34).

In line with a predominant role of ANGPTL4 in lipid 
metabolism during fasting, plasma levels of triglycerides, 
cholesterol, and NEFAs were lower in Angptl4/ mice 
compared with WT mice specifically in the fasted but not 
the fed state. Interestingly, in the fasted state, plasma tri-
glyceride, cholesterol, and NEFA levels were similar in 
Angptl4hyp and Angptl4/ mice, which was accompanied by 
similar levels of LPL protein in the adipose tissue. Accord-
ingly, the expression of low levels of N-terminal ANGPTL4 
does not influence LPL protein levels in the fasted state. By 
contrast, in the fed state, LPL protein levels in adipose tis-
sue were lower in Angptl4hyp mice than in Angptl4/ mice, 
suggesting that a low level of N-terminal ANGPTL4 de-
creases LPL protein, likely by promoting LPL degradation. 
The reason why N-terminal ANGPTL4 in Angptl4hyp mice 
has a more pronounced effect on LPL in the fed state than 
in the fasted state is unclear. Why fasting fails to alter 
Angptl4 mRNA in Angptl4hyp mice is also unclear. It can be 
hypothesized that it is due to a disrupted transcriptional 
regulation by the glucocorticoid receptor via exon 7, as this 
mechanism is responsible for the induction of Angptl4 ex-
pression by fasting in WT adipose tissue (49, 50). Despite the 
minimal effect of fasting on levels of N-terminal ANGPTL4 
in Angptl4hyp mice, LPL protein levels increased, suggesting 
an additional regulatory mechanism of LPL protein.
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In addition to regulating plasma lipid levels, recent re-
ports also suggest a role of ANGPTL4 in glucose homeosta-
sis (51). Using different models, ANGPTL4 deficiency in 
mice was found to lead to improved glucose tolerance. 
Consistent with the study by Gusarova et al. (52), we found 
that Angptl4/ mice chronically fed a high fat diet have 
drastically lower basal plasma glucose levels and improved 
glucose tolerance. However, these mice have numerous 
clinical abnormalities, which prohibit any conclusion on 
the direct effect of ANGPTL4 deficiency on glucose ho-
meostasis. Angptl4hyp mice fed a high fat diet showed a 
much milder clinical phenotype, concomitant with a more 
modest yet statistically significant improvement in glucose 
tolerance; yet acute-phase protein levels were still elevated 
compared with WT mice. This observation again makes it 
difficult to derive a solid conclusion on the direct effect of 
ANGPTL4 deficiency on glucose homeostasis. We previ-
ously found that Angptl4/ mice fed a diet high in unsatu-
rated fat, which does not exhibit any clinical complications, 
were more glucose tolerant than WT mice fed the same 
diet (53). In addition, it was shown that adipocyte-specific 
ANGPTL4-deficient mice have markedly improved glucose 
and insulin tolerance after 1 month and to a lesser extent 
after five months of high fat feeding, which was suggested 
to be due to LPL-mediated redistribution of ectopic fat 
stores to adipose tissue (34). While growing evidence thus 
connects ANGPTL4 with glucose homeostasis, further 
studies are necessary to delineate potential mechanisms.

Another interesting question concerns the significance 
of the lipid-laden Touton giant cells for the onset of the 
debilitating side effects after high fat feeding. A causal role 
had been previously questioned by the observation that 
Angptl4/ mice fed a diet high in trans fatty acids develop 
Touton cells but do not show elevated systemic inflamma-
tion or ascites and survive the intervention (30). Here, we 
found that Angptl4hyp mice fed a regular high fat diet, de-
spite showing a much milder inflammation and ascites 
than Angptl4/ mice, carried similar numbers of Touton 
giant cells in their mesenteric lymph nodes. These data 
reinforce the notion that the formation of lipid-laden Tou-
ton giant cells is uncoupled from activation of an acute-
phase response and chylous ascites (30).

Two previous publications have used the Angptl4hyp mice 
to generate floxed Angptl4 mice, which in turn were used to 
generate adipocyte- or brown fat-specific ANGPTL4- 
deficient mice (33, 34). Deficiency of ANGPTL4 was shown 
by dramatically reduced qPCR-based amplification of in-
trons 4–5, which covers the region removed by Cre-medi-
ated excision. No information was presented on ANGPTL4 
protein levels. Based on our results and calculations, it is 
possible that in both mouse models there is still significant 
expression of a truncated N-terminal ANGPTL4 protein 
derived from exons 1–3 containing the LPL-inhibitory do-
main. It can be argued that this truncated ANGPTL4 might 
influence the metabolic phenotype.

In conclusion, we found that ANGPTL4 deficiency in-
creased lipid uptake and respiration in macrophages 
without affecting LPL protein levels. Furthermore, in com-
parison to Angptl4/ mice, mice expressing low levels of 

N-terminal ANGPTL4 showed a reduced acute-phase re-
sponse and markedly attenuated chylous ascites following 
high fat feeding. These findings have significant clinical 
implications inasmuch as any therapeutic strategy would 
likely reduce but not completely inactivate ANGPTL4.
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