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ABSTRACT 
Angiopoietin-like protein 4:  an unfolding chaperone regulating lipoprotein lipase activity 
Valentina Sukonina, Department of Medical Biosciences, Umeå University, SE-90 187, Sweden 

Lipoprotein lipase (LPL) is the main enzyme hydrolyzing triglyceride-rich lipoproteins in plasma. 
Proteoglycan-bound LPL on the vascular endothelium represent the functional pool of active enzyme. LPL 
is regulated in a tissue specific manner according to metabolic demands. Rapid regulation of LPL activity is 
necessary to provide free fatty acids for storage or energy production. This regulatory mechanism appears 
to be post-translational and requires synthesis of other protein/proteins. Recently it was demonstrated that 
angiopoietin-like protein 4 (ANGPTL4) is involved in the metabolism of plasma triglycerides and that it is 
able to inhibit LPL activity in vitro. These properties were linked to the N-terminal coiled-coil domain of 
ANGPTL4 (ccd-ANGPTL4), but the mechanism for the inhibition was not known.  

The aim of this thesis was to investigate the molecular mechanism for inhibition of LPL by ccd-
ANGPTL4, to characterize regions in ccd-ANGPTL4 that are important for inactivation of LPL and to 
study the role of ANGPTL4 for regulation of LPL in vivo.  

Binding of ccd-ANGPTL4 to LPL was demonstrated by several methods, including surface plasmon 
resonance. The interaction was transient and resulted in conversion of the enzyme from catalytically active 
dimers to inactive monomers with decreased affinity for heparin. We have shown that ANGPTL4 mRNA in 
rat adipose tissue turns over rapidly and that changes in the ANGPTL4 mRNA abundance were inversely 
correlated to LPL activity, both during the fed to fasted and the fasted to fed transitions. We conclude that 
ANGPTL4 is a fasting-induced controller of LPL in adipose tissue, acting extracellularly on the native 
conformation of LPL in an unusual fashion, like an unfolding molecular chaperone.  

Site directed mutagenesis was used to explore regions in ccd-ANGPTL4 important for inactivation of 
LPL, and for binding of ANGPTL4 to heparin. Others had shown that ccd-ANGPTL4 forms higher 
oligomers. Structure prediction analyses demonstrated that the coiled-coil domain of ccd-ANGPTL4 
probably forms three consecutive α-helices with strong hydrophobic faces, and that there are clusters of 
positively charged residues both on the helices and in intervening sequences. We made replacements of 
hydrophobic residues, positively charged residues, cysteine residues and negatively charged residues in ccd-
ANGPTL4. In addition, helix-breaking proline residues were introduced in all three helices. We found that 
hydrophobic residues are important for oligomer formation. The higher oligomers appeared to be stabilized 
by disulfide bonds, but cysteines are not crucial for oligomerization. Introduction of Pro-residues in the first 
and second helix prevented formation of higher oligomers and reduced the ability of ccd-ANGPTL4 to 
inactivate LPL. We found that negatively charged residues in ccd-ANGPTL4 are important for inactivation 
of LPL. A heparin binding site was localized in the C-terminal end of ccd-ANGPTL4 (amino acid residues 
114-140). 

To investigate whether LPL is differently processed in different depots of adipose tissue we measured 
the levels of LPL mRNA, protein and activity in omental and subcutaneous adipose tissue in human 
subjects undergoing elective surgery. Our results show that, although the expression level of LPL was 
higher in subcutaneous adipose tissue, the specific LPL activity (ratio of activity over the LPL protein mass) 
was higher in omental adipose tissue. Interestingly, the levels of ANGPTL4 mRNA were lower in omental 
compared to subcutaneous adipose tissue in most of the studied subjects. This difference can possibly 
explain the higher specific activity of LPL in omental adipose tissue and indicated that ANGPTL4 is 
involved in regulation of LPL activity also in humans. 

LPL produced by macrophages in the artery wall promotes local accumulation of lipids in these cells, 
and thereby plays an important role in development of atherosclerosis. The known association between type 
2 diabetes and atherosclerosis forwarded us to study production of LPL by THP-1 macrophages under 
hyperglycemic conditions and under treatment with a peroxisome proliferator-activated receptor delta 
(PPARδ) agonist (GW501516). We found that LPL activity (but not LPL mass) produced by macrophages 
was decreased by GW501516. The loss of LPL activity coincided with increased level of ANGPTL4 
mRNA, indicating that the agonist regulates LPL activity through expression of ANGPTL4. This effect was 
even more pronounced in cells grown under hyperglycemic conditions. Our data suggest that a suitable 
PPARδ agonist, like GW501516, may have protective effects against development of atherosclerosis in 
subjects with diabetes type 2.  

  
Keywords: Lipoprotein lipase, angiopoietin-like protein 4, protein folding, human adipose tissue, 
macrophages, peroxisome proliferator-activated receptor delta (PPARδ) 
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INTRODUCTION 
 
GENERAL INTRODUCTION 
 
Lipoprotein lipase (LPL) is the main enzyme responsible for triglyceride (TG) 

hydrolysis in plasma lipoproteins, such as chylomicrons and very low density 

lipoproteins (VLDL). By the action of LPL, fatty acids (FA) are released for storage 

in adipose tissue or for energy production in skeletal muscles and heart. The activity 

of LPL is regulated in a tissue-specific manner according to metabolic demands of 

the body to maintain adequate balance in the partitioning of free fatty acids (FFA) 

among tissues. Regulation of LPL activity is accomplished by several different 

physiological factors, mainly at the post-transcriptional level. The rapid and frequent 

nutritional regulation of LPL requires synthesis of at least one other protein, which 

acts as an LPL controller. Angiopoietin-like protein 4 (ANGPTL4), also known as a 

fasting induced adipose factor, was shown to retard clearance of TG from blood and 

to reduce LPL activity in vitro and in vivo. This thesis is focused on understanding 

the role of ANGPTL4 for the physiological regulation of LPL and in particular on 

finding out the mechanism for the inactivation of LPL by ANGPTL4. 

 

ANGIOPOIETIN-LIKE PROTEIN 4 

The family of angiopoietin-like proteins 

Angiopoietin-like protein 4 (ANGPTL4), also named PPARγ angiopoietin related, 

fasting-induced adipose factor or hepatic fibrinogen/angiopoietin related protein, 

belongs to the family of angiopoietin-like proteins, which currently consist of six 

members. Angiopoietin-like proteins have many different biological functions 

including involvement in angiogenesis and carcinogenesis (for review, see (1-3)), 

and three members of this family (ANGPTL 3, 4 and 6) were shown to have 

pronounced effects on lipid metabolism (4-6). Whereas ANGPTL6 counteracts 

insulin resistance and obesity in animal models given a high-fat diet through 
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increased energy expenditure (5), ANGPTL3 and 4 were shown to be involved in 

clearance of TG-rich lipoproteins. 

ANGPTLs have a similar structural organization as angiopoietins (ANG) and consist 

of an N-terminal coiled-coil domain (ccd) and a C-terminal fibrinogen-like domain 

(fld). However, ANGPTLs and ANG are only distantly related at the amino acid 

sequence level and high sequence similarity is observed only in their fibrinogen-like 

domains (2, 7) (Fig. 1). In contrast to angiopoietins, that perform their action 

through fld (8), ANGPTLs do not bind to the Tie 2 receptor tyrosine kinase (9). 

 

 

Fig. 1. Evolutionary relationships of angiopoietins (Ang) and angiopoietin-like 
proteins (Angptl). The length of each horizontal line is proportional to the degree of 
amino acid sequence identity (adapted from Morisada et al., (2))  
 

Murine ANGPTL4 is a 50 kDa secreted protein, predominantly expressed in white 

and brown adipose tissue, but also in liver, placenta, intestine and brain (7, 10-12). 

ANGPTL4 is structurally and functionally most closely related to ANGPTL3. 

ANGPTL3 is exclusively expressed in liver. Both ANGPTL3 and 4 have been 

shown to inhibit LPL in vitro and in vivo (13, 14). This effect was linked to the N-

terminal coiled-coil domain of these proteins (15, 16). ANGPTL 3 and 4 assemble 

into oligomeric structures in a similar way as angiopoietins. The coiled-coil domain 
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of angiopoietins and ANGPTLs mediates the oligomerization (16, 17) and higher 

oligomers are stabilized by disulfide bonds (8, 18).  

In contrast to angiopoietins, ANGPTLs can be cleaved by a serum-induced 

protease/proteases to release the two domains (15, 19). Processing of ANGPTL4 is 

tissue specific and varies between animal species. In humans, unprocessed, full-

length ANGPTL4 is found in adipose tissue, while mainly truncated ANGPTL4 is 

present in the liver. Both full length and truncated forms of ANGPTL4 were 

detected in human plasma (20). In contrast, both full-size and truncated proteins 

were detected in mouse liver. Only truncated ANGPTL4 was found in mouse white 

adipose tissue, and an increase in the abundance of the truncated form was observed 

during 3T3-L1 adipocyte differentiation (20). These observations indicate that 

proteolytic processing could be important for regulation of the functional activity of 

ANGPTL4. A mutation in the classical pro-protein convertase sequence in 

ANGPTL3 (RAPR224) resulted in loss of ability of the adenovirus-derived protein to 

increase plasma TG in vivo, and in decreased efficiency of the mutated protein to 

inhibit LPL activity in vitro (15). The possible importance of a similar cleavage in 

ANGPTL4 was not studied in detail, and it is not known whether ANGPTL4 is 

cleaved by the same pro-protein convertases, as ANGPTL3 (21).  

The murine ANGPTL4 gene spans 6.6 kb and consists of seven exons, of which the 

last four encode the fibrinogen-like domain (10). The human ANGPTL4 gene is 

located on chromosome 19p in a region close to an atherosclerosis susceptibility 

locus. The human gene has an organization similar to the murine gene (7). The 

cDNAs encode proteins containing 410 and 406 amino acid residues in mouse and 

humans, respectively (7, 10). ANGPTL4 is a glycosylated protein. It was shown that 

N-glycosylation occurs in the fibrinogen-like domain of ANGPTL4 (19) and that 

glycosylation is not required for the ability of the protein to influence lipid 

metabolism. 
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Regulation of ANGPTL4  

The expression of ANGPTL4 in mice is regulated by the nutritional status and by 

nuclear hormone receptors. Under fasting conditions, transcription of ANGPTL4 is 

increased both in white adipose tissue and in liver, and the increased expression is 

accompanied by elevated levels of ANGPTL4 protein in plasma (10). In contrast, 

animals on a high-fat diet have decreased levels of ANGPTL4 in plasma. In the 

brain increased ANGPTL4 expression under food restriction was observed in the 

pituitary gland, but not in hypothalamus (12), suggesting possible roles for 

ANGPTL4 in the neuroendocrine regulation of energy homeostasis.  

In contrast to ANGPTL3, which is a target of liver X receptor (LXR), expression of 

ANGPTL4 is regulated by all three peroxisome proliferator-activated receptors 

(PPARs). Accordingly, functional PPAR response elements were identified in a 

conserved region of intron 3 of the human and mouse ANGPTL4 gene (20). 

Treatment with PPARα and PPARγ agonists activates transcription of ANGPTL4. 

PPARα agonists effectively induce ANGPTL4 expression in liver, epididymal fat 

and skeletal muscles (16), as well as in hepatoma cell lines (20). Treatment with 

PPARγ agonist leads to increased ANGPTL4 expression in white adipose tissue and 

in cultured adipocytes (7, 20). Regulation of ANGPTL4 expression by PPARδ is 

more complex. An increase of ANGPTL4 mRNA was observed in adipose tissue, 

hepatoma cells and in cultured keratinocytes upon PPARδ agonist treatment (16, 20, 

22). In PPARδ knockout mice fed a high-fat diet, ANGPTL4 expression was 

increased compared to control animals, suggesting that PPARδ can suppress 

transcription of ANGPTL4 (23).  

In addition to regulation by PPARs, a variety of physiological stimuli can influence 

ANGPTL4 expression through other mechanisms. It was shown, that hypoxia causes 

an increase in the expression of ANGPTL4 in endothelial cells and in human 

adipocytes (24, 25). This process is probably regulated by hypoxia-inducible factor 

1α. While no effect of glucose on ANGPTL4 expression was found in 3T3-L1 

adipocytes (26), a significant up-regulation of the ANGPTL4 mRNA was observed 
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in immortalized adult mouse Schwann cells grown under high glucose (30 mM) 

conditions (27). Moreover, it was shown that insulin down-regulates the level of 

ANGPTL4 mRNA in 3T3-L1 adipocytes via the phosphoinositide 3-kinase 

(PI3K)/forkhead transcription factor Foxo1 pathway (26). The expression of 

ANGPTL4 was shown to be affected in animal models with insulin resistance. 

Elevated levels of ANGPTL4 mRNA were found in white and brown adipose tissue 

of obese (ob/ob) or diabetic (db/db) mice (7). Taken together, these data suggest that 

ANGPTL4 might be involved in development of the dyslipidemia which often 

accompanies type 2 diabetes and the metabolic syndrome. 

 

ANGPTL4 and lipid metabolism 

The first description of a role of ANGPTLs in lipid metabolism came from studies 

on the KK/Snk mice, which exhibited very low levels of plasma TG. Positional 

cloning identified a frameshift mutation in the ANGPTL3 gene of the affected mice 

(28). Overexpression of ANGPTL3 in mice, or intravenous injection of the 

recombinant protein, caused increased levels of plasma TG. Further studies 

demonstrated that ANGPTL3 decreases VLDL clearance by inhibiting LPL (13). 

Similar effects were later observed with ANGPTL4 (14). Several transgenic mouse 

models with over-expression of ANGPTL4 in different tissues, as well as ANGPTL3 

and 4 knockout mice, were recently generated. Transgenic animals with over-

expression of ANGPTL4 in the heart exhibited reduced LPL activity in the heart and 

impaired cardiac function (29). No changes in LPL activities in other tissues, 

including post-heparin plasma, were observed, suggesting a local paracrine, rather 

than an endocrine, function of ANGPTL4 in this model. Over-expression of 

ANGPTL4 in liver, or in adipose tissue, caused hypertriglyceridemia and impaired 

clearance of VLDL from the blood (30, 31). These animals had reduced LPL activity 

in post-heparin plasma (31).  

Disruption (knock-out) of either of the genes for ANGPTL3 or ANGPTL4 resulted 

in activation of the LPL system, as evidenced by increased levels of LPL in post-
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heparin plasma and decreased plasma TG levels (31, 32). The effects of elimination 

of ANGPTL3 were pronounced only in the fed state, indicating a main role for this 

protein in regulation of LPL activity in the postprandial period (31). Lipid lowering 

effects were also observed in mice models on treatment with anti-ANGPTL4 

antibodies (33).  

Taken together, data from the different animal models demonstrate the important 

role of ANGPTL4 and 3 for regulation of TG-rich lipoprotein metabolism. This is 

accomplished, at least in part, by inhibition of LPL. Whether LPL is the only lipase 

targeted by the ANGPTLs is not yet fully resolved. An increase in hepatic lipase 

activity was found in post-heparin plasma of ANGPTL3–null mice (32). 

Furthermore, inhibition of endothelial lipase by ANGPTL3 was found in vitro (21, 

34). These studies suggest that other lipases than LPL can be regulated by 

ANGPTL4 and 3.  

Recent studies indicate a role of ANGPTL4 in fuel partitioning in the body. Analysis 

of germ-free and conventionalized, normal and ANGPTL4 knockout mice 

established that suppression of ANGPTL4 is essential for the microbiota-induced 

deposition of triglycerides in adipocytes (35). Of great interest is that adenovirus-

mediated expression of ANGPTL4 caused decreased fasting blood glucose levels 

and improved glucose tolerance, even though hyperlipidemia and fatty liver was 

induced in the animals. This indicates that the effects of ANGPTL4 may be overall 

beneficial for glucose homeostasis (36).  

In summary, ANGPTL4 is important for regulation of lipid metabolism, and may 

have positive implications for glucose metabolism. The control of LPL activity in 

adipose tissue, and stimulation of intracellular lipolysis through increased activity of 

adipose triglyceride lipase in ANGPTL4 transgenic animals (30), demonstrates that 

ANGPTL4 is in position to control the flow of FFA in adipose tissue. 
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LIPOPROTEIN LIPASE 

Physiological functions 

Lipoprotein lipase is the main lipolytic enzyme involved in metabolism of TG-rich 

lipoproteins. Through hydrolysis of TG in chylomicrons and VLDL, LPL provides 

non-esterified fatty acids and 2-monoacylglycerols for tissue utilization (37-39).  

LPL is produced by parenchymal cells, mainly in adipose tissue, heart and skeletal 

muscles, and to a lesser extent in macrophages (40) and a number of other cells and 

tissues (for review, see (37, 41)). After synthesis and processing, active LPL is 

transported to the luminal side of the vessel wall, where it is retained through 

interaction with cell surface heparan-sulphate proteoglycans (HSPG) (38, 39). The 

extracellular LPL, which is thought to be mostly bound to HSPG, can act on plasma 

lipoproteins and represents the physiologically active pool of the enzyme in the body 

(37, 39). 

Structure and interactions of LPL 

LPL is a member of the mammalian TG lipase family, together with pancreatic 

lipase, endothelial lipase and hepatic lipase (42, 43). Active LPL is a dimer of two 

identical 55 kDa subunits (44, 45), which are arranged in a head to tail fashion (46). 

The subunits in the LPL dimer are non-covalently bound to each other. A rapid 

exchange of partners in dimeric LPL was demonstrated by fluorescence energy 

transfer experiments (47). Monomerization of LPL leads to irreversible loss of 

enzyme activity (48). This property of the enzyme molecule has proven to be crucial 

for regulation of LPL activity in vivo, as will be discussed below. 

According to homology modeling, based on the crystal structure of human 

pancreatic lipase (49), LPL has a larger N-terminal folding domain (amino acid 

residues 1-312) and a smaller C-terminal domain (residues 313 to 418). The catalytic 

site, consisting of the triad Ser132, Asp156, and His241, is localized in the N-terminal 
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folding domain and is covered by a surface loop (lid). The lid region was 

demonstrated to influence the substrate specificity of the enzyme (50, 51).   

N-linked glycosylation of LPL is vital for its secretion and catalytical activity (37, 

52). For activity against lipoproteins LPL requires interaction with an activator, 

apolipoprotein CII (53-55), which is a surface constituent of the substrate 

lipoproteins. 

Interaction with heparin and heparan-sulphate proteoglycans 

LPL has high affinity for heparin and heparan-sulphate (HS) proteoglycans. Binding 

to heparin and HS proteoglycans stabilizes the active dimeric enzyme, probably by 

preventing unfolding of dissociated monomers (56). There are several heparin-

binding sites on the LPL molecule, located both on the N- and C-terminal domains. 

Both subunits of LPL are most probably simultaneously engaged in the interaction 

with heparin, so that the full heparin-binding site is formed by the sum of positively 

charged clusters of the individual monomers facing the same side of the dimer (57). 

While amino acid residues Lys403, Arg405 and Lys407 in the C-terminal domain of 

LPL were shown to be involved in heparin-binding, the affinity of the isolated C-

terminal domain for heparin was much lower than that of full-length LPL (58). LPL 

is not firmly bound to HSPG-covered surfaces, but there is rapid association and 

dissociation of enzyme molecules from the surface. This property allows the enzyme 

to move along the endothelium without dissociation into blood (56). Monomeric 

LPL has considerably lower affinity for heparin and HS than the dimeric form. This 

probably explains why LPL monomers dissociates more easily from the 

endothelium, and appear at higher levels in the circulating blood, than active LPL 

dimers (56, 59).  

Bridging function of LPL 

LPL has affinity for lipoprotein receptors of the LDL receptor family (60). Due to 

this property, and due to the affinity of LPL for lipoproteins, LPL can act as a 

bridging molecule which mediates binding of lipoproteins to receptors (60), to 
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HSPG-coated surfaces (61), as well as to components of the extracellular matrix (62-

64). The bridging function is independent of the catalytic activity of LPL, but 

depends on the intact dimeric structure of the lipase which is needed for proper  

receptor interaction (60, 65, 66). 

Regulation of LPL  

Many physiological and pathological factors influence the activity and function of 

LPL. The regulation may occur on the transcriptional, translational or post-

translational levels (for review see (37)). 

LPL activity is regulated in a tissue-specific manner according to metabolic 

demands of the body to balance the partitioning of fatty acids among peripheral 

tissues. Modulation of adipose tissue LPL by the nutritional state is mainly post-

translational (67, 68) and reflects changes in the proportion of active to inactive 

enzyme without much changes in the total LPL protein mass (69). Synthesis of at 

least one other gene product was shown to be required for fasting-induced down-

regulation of LPL activity in adipose tissue (70). The nature of this controller 

protein(s) has hereto not been known.  

LPL activity in heart and skeletal muscles is regulated in a direction opposite to that 

in adipose tissue (71, 72). While the fasting-induced changes in total LPL activity in 

homogenates of the heart are minor (73), the amounts of endothelial-bound, heparin-

releasable (functional) lipase are considerably higher in the fasted state (74-76).  

Recent data indicate, that the nutritional transition of the endothelial-bound pool of 

LPL in the heart occurs by mechanisms that are similar to those observed in adipose 

tissue (77).  

Lipoprotein lipase in atherosclerosis 

Atherosclerosis is considered to be a chronic inflammation resulting from 

interactions between modified lipoproteins, monocyte-derived macrophages, T cells, 

and the normal elements of the arterial wall (78, 79). The inflammatory process can 
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ultimately lead to the development of complex lesions, or plaques, that protrude into 

the arterial lumen. Recruitment of monocytes and differentiation of monocytes into 

macrophages, accompanied by accumulation of lipids inside the cells, are the major 

cellular events contributing to fatty streak formation, which is an early stage in 

plaque development.  

It was proposed long ago that LPL located in the arterial wall may be an important 

player in development of atherosclerosis (80). This was not immediately accepted, 

but has more recently been proven experimentally. It is well-known that LPL 

expressed in adipose tissue and muscles has a protective role against development of 

atherosclerosis by promoting changes in the plasma lipoprotein profile in an anti-

atherogenic direction towards decreased VLDL and LDL levels and increased HDL 

(62, 81, 82). Conversely, LPL produced by smooth muscles cells and macrophages 

in the artery wall may promote atherosclerosis. An association between expression 

of LPL in macrophages and susceptibility to atherosclerosis was demonstrated in 

several different animal models. While macrophage-specific over-expression of LPL 

caused acceleration of atherosclerosis in apoE-knock-out mice (83), a marked 

decrease in formation of atherosclerotic lesions was observed in mice deficient in 

macrophage LPL (84). Production of LPL was found to be higher in macrophages 

isolated from mice with increased susceptibility to diet-induced atherosclerosis than 

in macrophages from control animals (85). In human arteries, macrophage-derived 

foam cells were found to be the primary source of LPL in the atherosclerotic plaques 

(86, 87).  

A model for the pro-atherogenic role of macrophage-derived LPL was proposed by 

J. Mead et al., (88). According to this model (Fig. 2) arterial damage leads to an 

increase in macrophage LPL activity due to differentiation of monocytes into 

macrophages in the artery wall (86, 89, 90). LPL in this location may then promote 

foam cell formation both by lipolysis (catalytic function) and by bridging.  
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Role of the catalytical function of LPL in atherosclerosis 

LPL-mediated lipolysis of VLDL produces remnant particles and ultimately LDL, 

which are major contributors to the development of atherosclerotic lesions. The 

locally generated FFA may increase the permeability of the arteries to LDL (91). 

Furthermore, FFA may promote synthesis by smooth muscles cells of proteoglycans 

with increased affinity to lipoproteins (92, 93), induce synthesis of LPL by 

monocytes (94) and increase monocyte adhesion to aortic endothelial cells (95). 

Thus, FFA, and possibly other lipolysis products which are generated in the artery 

wall, are potentially harmful and may aggravate the inflammatory response.  

 

 

Fig. 2. Model for the pro-atherogenic action of LPL in the arterial wall (modified 
from Mead J. et al., (88)) 
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Role of the bridging function of LPL in atherosclerosis 

By bridging of lipoproteins to cells, LPL promotes and enhances the lipoprotein 

internalization through receptor-dependent and receptor-independent pathways (65, 

96-99), and thereby promotes accumulation of lipids inside the cells in the intima 

(Fig. 2).  Moreover, LPL contributes to the retention of LDL in the artery wall by 

bridging the lipoproteins to the extracellular matrix (100-102). This increases the 

risk for lipoprotein modification by oxidation, proteolysis and lipolysis, which are 

all pro-atherogenic events. Thus, LPL produced by macrophages may therefore in 

several ways contribute to the development of atherosclerotic lesions (82, 88, 103, 

104).  

PEROXISOME PROLIFERATOR-ACTIVATED RECEPTORS 

The subfamily of peroxisome proliferator-activated receptors  

Peroxisome proliferator-activated receptors (PPAR) are transcription factors that 

belong to the family of nuclear hormone receptors (105).  

Three members of this subfamily (PPARα, PPARγ and PPARβ/δ) have been 

identified. They are encoded by separate genes and have different patterns of 

expression. PPARα is mainly expressed in tissues characterized by a high metabolic 

activity, such as liver, muscles, heart and kidney (106, 107). PPARγ is 

predominantly found in adipose tissue, but is also detectable in mammary gland and 

a number of other tissues (108). In addition, PPARα and PPARγ are expressed in 

primary cultures of endothelial cells and smooth muscles cells (109, 110) and in 

monocytes/macrophages (111). PPARβ/δ is ubiquitously expressed and was found in 

a wide range of tissues including adipose tissue, brain, intestine, muscle and heart 

(108). 

PPARs are ligand activated transcription factors, which after heterodimerization 

with the retinoic X receptor (RXR) bind to PPAR response elements (PPRE), 

located in promoters of target genes (112). In addition, the PPARs inhibit the 
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activation of a number of inflammatory response genes through interference with 

pro-inflammatory transcription factor pathways (113). FFA and fatty acid-derived 

molecules are the natural ligands for PPARs. Similar to other nuclear receptors, 

PPARs are phosphoproteins and their transcription activity is affected by 

phosphorylation (114).  

Functional roles of PPARs 

PPARα plays a major role in fatty acid oxidation in liver (115). PPARγ is important 

for lipid storage, adipocyte functions and insulin sensitivity (116). PPARδ is known 

to control expression of genes involved in lipid and glucose metabolism (117, 118). 

Diseases caused by disturbances in lipid and glucose metabolism, such as insulin 

resistance, obesity and type 2 diabetes, are known to be accompanied by increased 

progression of atherosclerosis (119, 120). Therefore, the role of PPARs in 

connection with atherosclerosis and related disorders has been explored. It was 

found that on treatment with fibrates, which are PPARα activators, the progression 

of atherosclerotic lesions was delayed both in patients and in animal models (121, 

122). The PPARγ agonist troglitazone decreased the thickness of intima in human 

carotid arteries, a positive sign of atherosclerosis regression (123). Furthermore, 

down-regulation of several pro-atherogenic genes by PPARα and PPARγ activation 

was demonstrated in vitro (110, 124, 125). Thus, activation of PPARs might protect 

from progression of atherosclerosis. Currently, the most promising PPAR agonists 

under pharmaceutical trials on patients are activators for PPARδ.  
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AIMS OF THE PRESENT STUDY 

• to investigate the molecular mechanisms for inhibition of LPL by ANGPTL4 

• to  characterize regions in ccd-ANGPTL4 engaged in inactivation of LPL and in 

heparin binding 

• to investigate the role of ANGPTL4 in modulation of LPL activity in adipose 

tissue during nutritional transitions 

• to study LPL and ANGPTL4 in different depots of human adipose tissue  

• to investigate whether ANGPTL4 is involved in regulation of LPL in THP-1 

monocyte-derived macrophages under hyperglycemia and under treatment with a 

PPARδ agonist 
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RESULTS  

Paper I 

ANGPTL4 acts as a catalyst for the inactivation of LPL 

Others have shown that ANGPTL4 inhibits LPL activity in vitro and in vivo (14) and 

that the effect is linked to the N-terminal coiled-coil domain (ccd) of the protein (15, 

16).  

We decided to study the mechanism for LPL inactivation by ANGPTL4. The 

functional part of ANGPTL4 (ccd-ANGPTL4) was expressed in a mammalian 

expression system, and conditioned media, as well as purified ccd-ANGPTL4 

protein, were used in the experiments.  

We found that the inhibition of LPL by ccd-ANGPTL4 is time and temperature 

dependent, but is not due to proteolytic cleavage of the lipase protein. Using triacetin 

as a simple substrate for LPL, and a pH-stat, we demonstrated that the effect of ccd-

ANGPTL4 on LPL is almost immediate, has high affinity and does not require the 

presence of any other factors. ANGPTL4 seemed to act as a catalyst for inactivation 

of LPL, like an unfolding chaperone. In addition, we found that ccd-ANGPTL4 is a 

heparin-binding protein. While heparin inhibited the inactivation of LPL by ccd-

ANGPTL4, not even a 100-fold molar excess of heparin over LPL could fully 

prevent the inactivation at any of the concentrations of ccd-ANGPTL4 used.

ANGPTL4 transforms the active dimeric form of LPL into inactive monomers 

Inactivation of LPL by ccd-ANGPTL4 involved formation of LPL monomers, as 

shown by separation of active and inactive forms of LPL using chromatography on 

heparin-Sepharose, and by sucrose density gradient ultracentrifugation. These 

monomers behaved similarly to monomers produced by other methods, such as 

thermal inactivation of LPL or exposure to dissociating agents like guanidinium 

chloride. This included loss of catalytic activity, reduced affinity for heparin and a 

similar cleavage pattern on limited proteolysis with trypsin. Using surface plasmon 
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resonance (SPR) we demonstrated that ccd-ANGPTL4 binds to dimeric LPL with 

high affinity, while there was essentially no binding to monomeric LPL. The 

complex between ccd-ANGPTL4 and LPL was unstable and ccd-ANGPTL4 

dissociated relatively rapidly from surfaces covered by dimeric LPL. We also 

demonstrated that ccd-ANGPTL4 is able to inactivate LPL when the enzyme is 

bound to heparin/HSPG on SPR sensor chips or on cell surfaces. The inactivation 

causes dissociation of LPL from its heparin-binding sites, as expected if LPL 

monomers were formed.  

ANGPTL4 is a fasting-induced controller of LPL in adipose tissue 

Down-regulation of LPL activity in adipose tissue during fasting reflects changes in 

the proportion of active to inactive enzyme without changes in total LPL protein 

mass. This regulation requires transcription of a gene, separate from the lipase gene 

(70).  

We investigated if ANGPTL4 is involved in the modulation of LPL activity in 

adipose tissue in response to changes in the nutritional state, going from the fed to 

fasted or from the fasted to fed states.  The time-frame for the changes in ANGPTL4 

expression was found to be rapid enough to account for the changes seen in LPL 

activity. The up-regulation of ANGPTL4 mRNA levels by fasting was blocked by 

the transcription inhibitor actinomycin D. We found that the ANGPTL4 mRNA 

abundance in rat adipose tissue was inversely correlated to LPL activity, both during 

the fed to fasted and the fasted to fed transitions. We therefore concluded that 

ANGPTL4 fulfilled the requirements for an LPL controller protein in adipose tissue.  

Paper II 
In this study we used sequence alignments and secondary structure predictions as 

basis for site-directed mutagenesis to identify regions in ccd-ANGPTL4 that are 

engaged in inactivation of LPL and in heparin-binding. Conditioned media from 

transiently transfected cells, as well as purified mutated proteins, were characterized 
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for their ability to inactivate LPL and for their affinity to heparin. Furthermore, the 

oligomeric structure of the ccd-ANGPTL4 mutants was studied by SDS-PAGE 

under non-reducing conditions and correlated to the inactivation ability of the 

mutants. 

Analysis of the amino acid sequence of ccd-ANGPTL4 

The consensus secondary structure prediction analysis of ANGPTL4 indicated the 

presence of three consecutive α-helices in the coiled-coil domain. Helical wheel 

models of each helix showed that they all have a strong amphiphilic character 

(Fig.3). There are clusters of positively charged residues both along the helices and 

in intervening sequences, and there are relatively long stretches of hydrophobic 

residues on other sides of the helices. Multiple sequence analyses of murine, rat and 

human ANGPTL3 and 4 showed high degrees of sequence similarities in the helical 

regions, with the first α-helix being almost fully conserved. 

 

Fig. 3. Schematic overview of the coiled-coil domain of murine ANGPTL4 and 

helical wheel models of the first (residues 38-51), second (residues 55-76) and third 

(residues 104-151) predicted α-helices. The position of the first residue in each helix 

is indicated by an arrow. 
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The helical structures are important for the ability of ccd-ANGPTL4 to 

inactivate LPL 

To investigate the importance of the secondary structure for the ability of ccd-

ANGPTL4 to inactivate LPL, we generated single-site mutants with substitution to 

proline residues at position Leu48, Leu66, Gln116 and Ile141. We also made a double 

proline mutant (Q116P-I141P) and constructed a truncated version of ccd-

ANGPTL4, lacking the third helix (consisting of amino acid residues 1-102). We 

found that the first and second α-helices are crucial for the ability of ccd-ANGPTL4 

to inactivate LPL. In contrast, disruption of the third helix, as well as its elimination, 

had moderate effects on the inactivation properties of ccd-ANGPTL. The third α-

helix is probably important for the stability of the protein. The expression level of 

the truncated mutant was very low compared to wild-type ccd-ANGPTL4. Mutants 

with proline substitutions in the first and second α-helices lost their ability to form 

higher oligomers, whereas the usual oligomeric pattern, although with a somewhat 

higher proportion of monomers, was observed for the mutants in which the third 

helix was disrupted. Taken together, these observations indicated that ccd-

ANGPTL4 oligomerization is important for inactivation of LPL, probably through 

stabilization of the appropriate secondary structure for interaction with the enzyme. 

Hydrophobic parts of the α-helices in ccd-ANGPTL4, and cysteine residues, are 

involved in oligomerization and are important for inactivation of LPL 

We scanned the importance of the hydrophobic residues in the first and second 

helices by alanine replacement of each residue. All mutants lost their ability to 

inactivate LPL, with the exception of the variants W38A and V59A. These residues 

are located at the very beginning of the hydrophobic stretches in the first and second 

α-helices, respectively, and they may therefore not be fully engaged in hydrophobic 

interactions.  

The loss in inactivation of LPL was paralleled by a decreased ability of the ccd-

ANGPTL4 mutants to form oligomers. There was one exception in the mutant L49A 
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for which high oligomers were still observed on SDS-PAGE. Studies on interaction 

of the purified, inactive mutants L48A and L55A by SPR revealed that they had 

completely lost their ability to bind to dimeric LPL. 

Others had previously pointed out the importance of the two cysteine residues at 

position 76 and 80 for oligomerization of ANGPTL4. A double cysteine mutant had 

reduced ability to cause hyperlipidemia in vivo (18). We studied the effects of Cys to 

Ala replacements on the ability of ccd-ANGPTL4 to inactivate LPL in vitro. In 

concert with the earlier observations, the single Cys mutants had lost their ability to 

form higher oligomers, while the double mutant C76A-C80A migrated on a non-

reduced SDS gel as monomers only. All three cysteine mutants demonstrated 

reduced ability to inactivate LPL. 

Negatively charged residues in ccd-ANGPTL4 are involved in interaction with 

LPL  

The negatively charged amino acid residues were found to be rather conserved in the 

sequences of ANGPTL3 and 4. We made substitutions of a number of the negative 

charged residues to their structurally related uncharged counterparts (Asp residues 

were substituted to Asn, and Glu residues to Gln). In addition we produced a double 

mutant (D39N-E40Q) in a highly conserved region, as well as the naturally 

occurring mutant E40K, which contains a positive charge at the place of a negative 

residue in wild-type ANGPTL4.  

While no changes in the oligomerization patterns of the mutated proteins were 

observed, all mutants had lower ability to inactivate LPL compared to wild-type ccd-

ANGPTL4. Substitutions of negatively charged amino acids in the first helix seemed 

to have slightly more pronounced effects. There was dramatic decline in inactivation 

ability for the double mutant D39N-E40Q and for the E40K mutant. The decrease in 

inactivation of LPL was accompanied by a marked reduction in binding of these 

mutants to LPL. 
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Taken together the mutants discussed above demonstrated that the helical structure 

and the structure of the side-chains of hydrophobic residues in the predicted first and 

second helices of ccd-ANGPTL4 are important for oligomerization and for the 

ability of the protein to inactivate LPL. Most likely the interaction with LPL is 

dependent both on secondary and quaternary structures of ccd-ANGPTL4. The 

hydrophobic faces of the α-helices are probably involved in formation of the coiled-

coil structure of the oligomers, which are further stabilized by disulphide bonds. 

Negatively charged residues in the beginning of the first α-helix (Asp39 and Glu40) 

are directly engaged in the interaction with LPL. They are therefore crucial for the 

inactivation of LPL by ANGPTL4. Side-chains from other negatively charged 

residues probably also contribute to the interaction.     

Heparin-binding site is located in the C-terminal end of ccd-ANGPTL4 

The ability of ANGPTL4 to bind to heparin and HS proteoglycans could be a very 

important property for the in vivo function of the protein, helping to localize the 

controller protein to the neighborhood of LPL. Both proteins are likely to be 

attached to proteoglycans on cell surfaces and/or in the extracellular matrix. A 

putative heparin-binding motif (VHKTKG, residues 61-66), was reported for 

ANGPTL3 (15), but this sequence is absent in ANGPTL4. There are, however, 

clusters of positively charged residues both along the α-helices and in intervening 

sequences of ccd-ANGPTL4. We decided to substitute a number of them by alanine 

residues and study the effects on heparin interaction. 

We found that the heparin-binding site is most likely located in the third helix of 

ccd-ANGPTL4. Substitutions of positively charged residues in the third helix, as 

well as deletion of this entire region, caused marked reductions in heparin affinity. 

Double and triple mutants had lower affinity to heparin compared with the single 

point mutants, indicating engagement of several positively charged residues in the 

interaction. No changes in heparin-binding properties were observed for mutants in 

the second helix. There are additional positively charged residues in the sequence 
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preceding the third α-helix that were not substituted in this study (Lys84, Lys86, Lys91 

and Arg96). We can therefore not exclude that they may also contribute to the 

heparin affinity. 

Paper III 
The activity of LPL is regulated by nutritional status also in human adipose tissue 

(126). While the main changes in LPL activity in animals occur at the post-

translational level, regulation of LPL activity in human adipose tissue may also be 

exerted at the level of transcription and/or translation. Previous work in our group 

has demonstrated that both LPL activity and mass tended to increase after a meal 

(127, 128). Substantial differences in LPL activity were previously found between 

depots of subcutaneous adipose tissue (SAT) and omental adipose tissue (OAT) 

(129, 130).  

The aim of the current study was to investigate mechanisms of LPL regulation in 

different depots of human adipose tissue. 

Specific activity of LPL is higher in omental adipose tissue 

We found, that LPL activity was generally higher in omental adipose tissue 

compared to subcutaneous adipose tissue, while the opposite tendency was observed 

for the levels of LPL protein mass and LPL mRNA. This was the case for 13 of the 

15 subjects studied.  

In accord with other studies, there were correlations between the levels of LPL 

mRNA and LPL activity in both depots, suggesting a coordinated expression of LPL 

in adipose tissue of different parts of the body.  In contrast, LPL mass did not 

correlate to either LPL mRNA or LPL activity.  

As a consequence of the above, the specific activity of LPL (that is the ratio between 

LPL activity and LPL protein mass) appeared to be almost twice as high in omental 

compared to subcutaneous adipose tissue, indicating that more of the LPL protein in 
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SAT remained inactive from start, or was inactivated on its way to the endothelium. 

Thus, the differences in specific activity for LPL between OAT and SAT might 

either reflect differences in the folding and activation of the newly synthesized LPL 

protein in the two adipose tissue depots, or in different levels of post-translational 

inactivation/unfolding of active LPL dimers. 

We previously found, that ANGPTL4 is engaged in down-regulation of LPL activity 

in rat adipose tissue by conversion active LPL dimers to inactive monomers (Paper 

I). We therefore analyzed the expression level of ANGPTL4 in OAT and SAT from 

the studied subjects (data not published, Fig. 4). 

 
Fig. 4. Analysis of ANGPTL4 expression in omental (OAT) and subcutaneous 

(SAT) adipose tissue by Real-Time PCR in 11 subjects from the study 

published in paper III 

The expression of ANGPTL4 mRNA was higher in SAT than in OAT in 8 of the 12 

subjects for which enough RNA remained for analysis. For 3 subjects the ANGPTL4 

mRNA level was similar in both depots, and in one subject the level was clearly 
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higher in OAT. We did not find any correlations between the levels of ANGPLT4 

mRNA and any of the other parameters measured in the study presented in paper III.  

The emerging picture is interesting. Our results indicate that the increased proportion 

of inactive LPL in SAT might be due to the action of ANGPTL4 on newly 

synthesized LPL dimers, causing conversion to the inactive monomeric form. Due to 

evidence for post-translational control of ANGPTLs, involving both oligomerization 

and proteolytic cleavage between the coiled-coil domain and the fibrinogen-like 

domain (19, 20), a perfect correlation between transcriptional control of ANGPTL4 

and its functions should not be expected. It is likely that many other factors are 

involved. To our knowledge this is the first quantitative analysis of ANGPTL4 

expression in human adipose tissue of normal subjects. A role for ANGPTL4 in 

regulation of plasma lipid levels in humans was recently supported by identification 

of the natural E40K variant which correlates with low plasma TG levels (131).  

Paper IV 
As discussed above, LPL produced in the artery wall by macrophages and smooth 

muscle cells, may promote atherosclerosis in several different ways (88, 104). To 

elucidate the role of PPARδ in regulation of LPL in macrophages, we studied the 

effects of high glucose levels, and of stimulation by a PPARδ agonist, on LPL in 

THP-1 monocyte-derived macrophages. Further experiments demonstrated that 

control of LPL in this system is probably exerted by ANGPTL4. 

Activation of PPARδ caused production of inactive LPL by macrophages  

In concert with previous results from others, using different sources of macrophages, 

incubation of THP-1 macrophages at high glucose concentrations resulted in 

increased LPL production. This was observed on the levels of LPL mRNA, enzyme 

activity and mass, and was also evident from enhanced lipid accumulation in the 

cells. Treatment of the cells with the PPARδ agonist GW501516 for a few hours 

resulted in production of mostly inactive LPL. This was associated with a visible 
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decrease in lipid accumulation on incubation of the macrophages for 24 h with 

VLDL, especially with cells incubated at high glucose levels. The loss of LPL 

activity was most evident in the heparin-releasable fraction. The reduced LPL 

activity in the presence of the agonist was not due to changes in LPL mRNA or 

protein expression, or to alterations in the number of HSPG-binding sites on the cell 

surfaces, but to some post-translational effect on the enzyme protein. The 

inactivation was associated with generation of LPL monomers, as was demonstrated 

by separation of medium from the cells on heparin-Sepharose.  

ANGPTL4 modulates LPL activity in macrophages  

We were curious to know whether ANGPTL4 is involved in regulation of LPL in 

macrophages by a mechanism similar to that observed in adipose tissue. A dramatic 

increase in ANGPTL4 expression was detected on treatment of the cells with the 

PPARδ agonist. This increase coincided with a decrease of LPL activity in the 

medium and loss of active LPL from cell surfaces (decrease in heparin-releasable 

fraction). Inhibition of general transcription by treatment of the cells with 

actinomycin D prevented the increase in ANGPTL4 mRNA induced by the PPARδ 

agonist. In accord with this, there was no drop in LPL activity produced by the cells 

treated with GW501516 in the presence of actinomycin D. The increased expression 

of ANGPTL4 by PPARδ activation was found to be higher in macrophages grown 

under hyperglycemic conditions than at normal or low glucose concentrations. 

We conclude from these studies that transcriptional up-regulation of ANGPTL4 by 

PPARδ activation controls LPL activity in human macrophages. Our data 

demonstrate that the PPARδ agonist GW501516 could have pronounced anti-

atherogenic effects, especially under hyperglycemic conditions.  
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DISCUSSION 

LPL directs TG-derived fatty acids into tissues like heart and skeletal muscles for 

energy production, and into adipose tissue for storage. To accomplish this important 

function the catalytic activity of LPL has to be regulated in a tissue specific manner. 

This has been known since the early work of Dr Robinson and many others (132). It 

was later demonstrated the nutritional regulation of LPL, which occurs as an 

adaptation to meals or to periods of food restriction, is mainly post-translational 

(133, 134). More recently it was found that the down-regulation of LPL activity in 

adipose tissue requires synthesis of other protein/proteins and involves conversion of 

the active dimeric form of LPL into inactive monomers (69, 70, 77), but a candidate 

for this LPL controller protein/(proteins) was not identified. ANGPTL4 was 

discovered as a fasting-induced gene product in adipose tissue (10) and was recently 

recognized as an important factor in lipid metabolism (4, 6). 

These two important pieces of information came together in our studies.  

In this thesis we demonstrate that ANGPTL4 binds to LPL and transforms the 

active, dimeric form of LPL into inactive monomers. By studies in vivo on rat 

adipose tissue we found that rapid changes in LPL activity, according to the 

nutritional status, are accomplished by modulation of the expression of ANGPTL4. 

Preliminary data indicate that a similar mechanism may act also on LPL in human 

adipose tissue. Finally we demonstrate that ANGPTL4 is strongly up-regulated by 

activation of PPARδ in human monocyte-derived macrophages (THP-1), and that 

this leads to efficient down-regulation of LPL activity and reduced lipid 

accumulation in the cells, an effect that was most evident under hyperglycemic 

conditions. Taken together our findings reveal important connections between LPL 

and ANGPTL4 which regulate the nutritional adaptation of lipid metabolism in 

tissues and which may control lipid accumulation in macrophages of the artery wall. 
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The main question that we have tried to answer is: “How can ANGPTL4 make LPL 

inactive?” We found that the inactivation involves a direct, but transient, interaction 

between the two proteins resulting in a conformational switch in LPL, which is 

practically irreversible in vivo. ANGPTL4 acts like a catalyst, or a molecular 

chaperone, promoting inactivation of LPL. This occurs without firm binding of 

ANGPTL4 to LPL and without consumption of ANGPTL4 during the process. The 

properties of the active form of LPL are crucial for this mechanism. Active LPL is a 

non-covalent homo-dimer, where the subunits are non-covalently bound to each 

other and rapidly exchange partners (47). It was previously shown that intermediate, 

but still active, monomers are meta-stable and are prone to undergo minor 

conformational changes leading to loss of activity (48). We speculate that binding of 

ANGPTL4 to transiently exposed active monomers either prevent their re-

association to LPL dimers, or directly promote minor conformational changes in the 

LPL subunits to generate inactive monomers.  

We investigated the structural basis for the inactivation of LPL by mutagenesis of 

ANGPTL4. Oligomers, presumably primarily dimers (or trimers), of ANGPTL4 are 

required for inactivation of LPL. The oligomers are probably formed by 

hydrophobic interactions between the N-terminal domains of ANGPTL4 protomers, 

forming coiled-coil super structures. Higher order multimers are held together by 

disulphide bridges. Negatively charged side chains in the first N-terminal α-helix of 

ANGPTL4 appear to be directly involved in the interaction with LPL. The 

appropriate exposure of these sites is probably dependent on the coiled-coil 

structure.  

At an early point we found that ANGPTL4 is a heparin-binding protein. Some 

positively charged sites for this interaction were identified in the third α-helix of 

ccd-ANGPTL4. The heparin affinity of ANGPTL4 could help to localize the 

controller protein to the neighborhood of LPL when the enzyme is bound to 

heparan-sulphate proteoglycans at cell surfaces or in the extracellular matrix. 
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ANGPTL4 is a member of a protein family with at least two other members with 

metabolic effects. The protein molecules are complex due to oligomerization and to 

processing by proteolytic cleavage. No detailed 3D-structure for any of the 

ANGPTLs, or for angiopoietins, is available. Furthermore, it is not yet clear whether 

the effects of ANGPTLs are exerted locally in the tissues where these proteins are 

produced, or whether some effects are due to circulating ANGPTLs. For the tissue-

specific regulation of LPL, local effects of ANGPTLs are probably necessary. It is 

clear, however, that the ANGPTLs have pleiotrophic functions. They act not only on 

lipid metabolism, but also on glucose metabolism, inflammatory responses, 

angiogenesis, carcinogenesis and probably on yet a number of other processes.  

Our work has shown that ANGPTL4 has high affinity for LPL and that the direct 

interaction between the two proteins explains the inhibitory effect of ANGPTL4 on 

the lipase. Further studies are required to consolidate the physiological implications 

of this interaction. An immediate goal would be to compare the effects of ANGPTL4 

on LPL with those of ANGPTL3. Another challenge is to find out how, and by 

which potential controller proteins, the activity of endothelial-bound LPL in heart 

and skeletal muscles is regulated during nutritional transitions. 
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CONCLUSIONS 

• The N-terminal coiled-coil domain of ANGPTL4 binds transiently to LPL and 

the interaction results in conversion of the enzyme from catalytically active 

dimers to inactive, and less folded, monomers with decreased affinity for heparin 

• The first and second α-helices in the coiled-coil domain of ANGPTL4 are crucial 

for the ability of the protein to inactivate LPL. The third α-helix is probably 

important for the stability of the protein. 

• The hydrophobic parts of the α-helices, and cysteine residues, are involved in 

oligomerization of ccd-ANGPTL4, which is important for inactivation of LPL 

• Negatively charged residues, primarily in the beginning of the first α-helix of 

ccd-ANGPTL4, are involved in the interaction with LPL and in inactivation of 

the enzyme 

• Heparin-binding sites of ccd-ANGPTL4 are located primarily in the third α-helix  

• ANGPTL4 is a fasting-induced controller of LPL in rat adipose tissue. 

ANGPTL4 mRNA abundance in rat adipose tissue is inversely correlated to LPL 

activity, both during the fed to fasted and the fasted to fed transitions. 

• The presence of inactive LPL in human adipose tissue depots might be due to the 

action of ANGPTL4  

• Transcriptional up-regulation of ANGPTL4 by PPARδ restricts LPL activity and 

intracellular lipid accumulation in human macrophages 
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