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Abstract 
 

Characterizing the Role of Angiopoietin-like 4 in Energy Homeostasis 
 

by 
 

Allison Elizabeth McQueen 
 

Doctor of Philosophy in Metabolic Biology 
 

University of California, Berkeley 
 

Professor Jen-Chywan Wang, Chair 
 

The lipoprotein lipase inhibitory function of Angiopoietin-like 4 (ANGPTL4) has been extensively 
characterized. The purpose of this research is to identify the domain of ANGPTL4 responsible for 
its lipolytic function and to characterize its physiological and metabolic effects. Also given its 
lipolytic function, I will try to identify a possible therapeutic role for ANGPTL4.  
 
The introduction outlines the members of the ANGPTL family of proteins. It reviews the 
physiological functions of ANGPTL4 in metabolism, inflammation, wound healing and 
angiogenesis. Finally, it examines adipocyte lipolysis and its role in energy expenditure.  
 
The first chapter addresses the in vivo effects of overexpression of the ANGPTL4 fibrinogen-like 
domain on adipose tissue lipolysis and energy expenditure. I hypothesize that the N-terminal 
coiled-coil domain (CCD) of ANGPTL4 was not required for its lipolytic function. Here I show 
that the FLD of ANGPTL4 alone stimulates adipocyte lipolysis via the cAMP-PKA pathway. 
Adenoviral overexpression of ANGPTL4 FLD in mice protects mice against high fat diet induced 
obesity and ectopic steatosis; increases energy expenditure by inducing beiging of white adipose 
tissue; and improves glucose homeostasis.  
 
The second chapter addresses the role of ANGPTL4 in glucose homeostasis and seeks to identify 
the domain responsible for the ANGPTL4-dependent improvement in glucose tolerance in mice. 
Here I demonstrate that overexpression of ANGTPL4 in mice on high fat diet housed at 
thermoneutrality and in mice on chow diet improves glucose tolerance by decreasing 
gluconeogenesis. 
 
The third chapter addresses the role of ANGPTL4 in the regulation of thermogenesis upon cold 
exposure. Mice lacking ANGPTL4 have lower body temperature and lower energy expenditure 
when housed at 4°C, room temperature and thermoneutrality. In addition, mice deficient in 
ANGPTL4 have lower body temperature than wild-type counterparts.  
 
Overall, this study has identified ANGPTL4 as a critical regulator of energy expenditure and as a 
potential therapeutic target.	
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Introduction  
 
Angiopoietin-like Proteins  
 
The angiopoietin-like (ANGPTL) proteins, a family of proteins quite structurally similar to the 
four-member angiopoietin family of proteins has been identified over the last two decades. The 
family is made up of eight proteins, ANGPTL 1-8. All of the ANGPTLs contain an N-terminal 
coiled coil domain (CCD), while only ANGPTL 1-7 contain a C-terminal fibrinogen-like domain 
(FLD). While all angiopoietin proteins bind and activate the Tie1 and Tie2 receptor tyrosine kinase 
(the classic angiopoietin receptors), ANGPTL proteins do not bind these receptors and have 
therefore been considered orphan ligands (1). Despite the fact that ANGPTLs do not bind the 
typical angiopoietin receptors many groups have shown that ANGPTLs can in fact regulate 
angiogenesis. Other groups have also shown that ANGPTLs also play key roles in lipid, glucose 
and energy metabolism as well as in inflammation, hematopoiesis and cancer—functions that 
distinguishes them from their angiopoietin counterparts (2,3). Here, I will briefly outline the 
ANGPTL family of proteins before providing an in depth review of current ANGPTL4 literature.  
 
Angiopoietin-like 1 
Angiopoietin-like 1 (ANGPTL1), also known as angioarrestin, was the first member of the 
ANGPTL family to be identified. It has been shown to be a strong regulator of angiogenesis. 
Specifically, it plays a key anti-angiogenic role by inhibiting cell proliferation and migration, 
tubular network formation and adhesion to extracellular matrix proteins (4).  In a screen of patients 
with lung cancer, ANGPTL1 was found to be inversely correlated with invasion and lymph node 
metastasis (5).   In vitro, ANGPTL1 suppressed migratory, invasive and metastatic capabilities of 
both lung and breast cancer cell lines, as well as reduced metastasis in ANGPTL1 overexpressing 
mice injected with cancer cell lines. Ectopic expression of ANGPTL1 in cancer cells suppressed 
epithelial-to-mesenchymal transition (EMT), a process by which cells de-polarize and gain 
migratory and invasive properties which can lead to the initiation of metastasis for cancer 
progression. This occurred by inducing miRNA630 and subsequently reducing expression of the 
zinc finger protein SLUG in an α1β1/FAK/ERK/SP1 pathway–dependent manner (5). 
Additionally, another group reported that downregulation of ANGPTL1 is associated with vascular 
invasion, tumor thrombus, metastasis and poor prognosis in hepatocellular carcinoma (HCC) (6). 
In vitro and in vivo ectopic expression of ANGPTL1 in HCC cells decreased tumorigenicity, cell 
motility and angiogenesis, while depletion of ANGPTL4 had the opposite effects. Here, once 
again, ANGPTL1 interacts with the integrin α1β1 receptor to suppress downstream FAK/Src-
JAK-STAT3 signaling (6). Finally, ANGPTL1 mRNA has been shown to be downregulated in 
colorectal cancer (CRC) tissues (7). By contrast, high ANGPTL1 expression levels are associated 
with better survival in CRC patients. In vitro overexpression of ANGPTL1 in CRC cell lines 
suppressed migration and invasion and prolonged survival in mouse models in vivo. When 
ANGPTL1 knockdown in CRC cells enhanced migration and invasion. MicroRNA-138 positively 
correlated with ANGPTL1 expression in CRC tissues and upregulated ANGPTL1 in CRC cells. 
Inhibition of microRNA-138 reversed the ANGPTL1 inhibition of CRC cell migration (7). Taken 
together, ANGPTL1 has been identified as a biomarker and potential therapeutic agent in certain 
cancers as well as has a positive correlation with survival in patients with cancer.  
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Angiopoietin-like 2 
 
Angiopoietin-like 2 (ANGPTL2) is a circulating glycosylated protein expressed in the heart, 
adipose tissue, skeletal muscle, kidney and some hematopoietic stem cells (8-10). Circulating 
levels of ANGPTL2 correlate with adiposity, insulin resistance and inflammation in both mice and 
humans (10). In a Japanese population, ANGPTL2 levels correlated with age as well as with 
vascular inflammatory markers, indicating atherosclerotic development in patients with no history 
of cardiovascular disease (9). In patients with chronic heart failure, ANGPTL2 was elevated in the 
cardiac tissue and secretion levels of the protein from cardiac tissue increased with age (11). In 
mice, elevated levels of ANGPTL2 impairs cardiac contractility and induces cardiac dysfunction, 
while endurance exercise reduces ANGPTL2 expression and ANGPTL2 knockout mice can resist 
the development of heart failure (11). The detrimental effects of ANGPTL2 on the heart are 
mediated by its inactivation of AKT-SERCA2a signaling in cardiomyocytes, leading to a decrease 
in cardiac contractility (11). In severely obese patients, bariatric surgery decreased plasma 
ANGPTL2 levels which correlate with an improvement in both glucose and insulin homeostasis 
as well as inflammatory markers (12). In several colorectal cancer (CRC) cell lines, ANGPTL2 
expression was highly elevated (13). In human patients, serum ANGPTL2 concentrations were 
also correlated with development of colorectal cancer, suggesting a potential role for ANGPTL2 
as a predictive biomarker for CRC (13). Interestingly, ANGPTL2 expression has been shown to 
be suppressed by glucocorticoid treatment (14). In both human lung cancer cell lines and tumor 
samples, ANGPTL2 is highly expressed along with the LILRB2 receptor and this expression 
pattern adversely correlates with patient prognosis. ANGPTL2 binds LILRB2 to promote lung 
cancer cell proliferation via SHP2/CaMK1/CREB signaling (15). Overall, ANGPTL2 has been 
implicated as a mediator in development of insulin resistance in an obese phenotype, development 
of cardiovascular disease, and proliferation of certain types of cancers. Suppression of ANGPTL2 
has emerged as a potential strategy to target insulin resistance and as a potential biomarker in 
certain cancers. 
 
Angiopoietin-like 3 
 
Angiopoietin-like 3 (ANGPTL3) is a secreted, glycosylated protein expressed mainly in liver (16). 
The N-terminal CCD is released from the C-terminal FLD and activated when it is cleaved at its 
linker region by proprotein convertases (17). Its activity is regulated by ANGPTL8 (18). In 
KK/San mice, low plasma TG levels were identified as the result of a mutation in Angptl3 (19). 
Overexpression of ANGPTL3 in these mice increased plasma TG levels. (17).  Injection of 
recombinant ANGPTL3 into C57BL/6 mice increased plasma triglyceride levels, a phenotype 
attributable to ANGPTL3’s reversible reduction in lipoprotein lipase (LPL) catalytic activity 
(17,20). This LPL inhibitory effect is enhanced when the ANGPTL3 CCD alone is injected into 
mice (17). The ANGPTL3 hypertriglyceridemic effect occurs mainly in the fed state, indicating 
that ANGPTL3 manly affects lipid uptake in a post-prandial manner (21). In fasted and refed 
Angptl3 KO mice, white adipose tissue (WAT) uptake of TGs from VLDL is disrupted, and uptake 
of VLDL TGs by WAT, skeletal muscle and BAT was not changed by refeeding, indicating that 
ANGPTL3 plays a key role in promoting uptake of TGs by WAT (rather than other oxidative 
tissues) in the fed state (22).  
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Genome wide scans in European populations indicate a positive correlation between plasma 
ANGPTL3 and TG levels (23). In individuals affected by familial combined hypolipidemia, it has 
been shown that the low plasma TG phenotype is due to a loss of function mutation in the Angptl3 
gene (24). Angptl3 deficient patients demonstrate enhanced insulin sensitivity, LPL activity and 
decreased plasma free fatty acids, indicating a role in lipid and glucose metabolism (25). 
ANGPTL3 has also been implicated as having a role in development of atherosclerosis. One group 
has shown that knockdown of ANGPTL3 in apoE-deficient mice protects mice against 
development of atherosclerosis (26). In a phase I clinical trial, human subjects were dosed with 
antisense oligonucleotides targeted to Angptl3 mRNA (27). Those who received the treatment 
displayed reduced levels of ANGPTL3 protein and several atherogenic lipoproteins--including 
plamsa TG, LDL cholesterol, VLDL cholesterol, and non-HDL cholesterol (27). 
 
Angiopoietin-like 5 

 
Angiopoietin-like 5 (ANGPTL5) was identified during a large scale DNA sequencing of the 
human fetal brain and has been found to be expressed mainly in the human heart (28). To date, 
ANGPTL5 has only been identified in humans, with no orthologs identified in other species (3). 
One report has shown that ANGPTL5 stimulates ex vivo expansion of hematopoieic stem cells, a 
proliferative effect that is synergized when HSCs are treated with both ANGPTL5 and IGF binding 
protein (29).  
 
HSCs were cultured with ANGPTL5 in vitro and then engrafted into immunodeficient (NOD-
SCID Il2rg−/−, or NSG) mice where they maintained the capacity for long term engraftment in both 
neonate and adult recipients (30). Interestingly, ANGPTL4 can similarly maintain this 
repopulation capacity of HSCs engrafted into NSG mice (31). In an RNAseq analysis, ANGPTL5 
was identified as a biomarker in stage III lung adenocarcinoma (32). In the Dallas Heart Study 
population, subjects with plasma TG in the lowest quartile had a loss of function mutation in either 
ANGPTL5, ANGPTL3 or ANGPTL4, indicating that in humans, ANGPTL5 plays a non-
redundant role in TG metabolism (33).  
 
Angiopoietin-like 6 

 
Angiopoietin-like 6 (ANGPTL6) (also known as angiopoietin-like growth factor, AGF) is 
produced and secreted by the liver (34). It has been identified as an angiogenic factor which 
promotes chemotaxis in endothelial cells and induces vascularization and vascular leakiness, 
although the receptor that mediates this function is unknown (34).  Like other ANGPTL proteins, 
ANGPTL6 has metabolic effects. While complete ablation of ANGPTL6 is mostly embryonic 
lethal, surviving Angptl6 -/- mice display marked obesity; lipid accumulation in liver, skeletal 
muscle and brown adipose tissue (BAT); lowered whole body oxygen consumption and insulin 
resistance. Conversely, Angptl6 transgenic mice were leaner with enhanced energy expenditure 
and increased insulin sensitivity (35). In a model of deficient mitochondrial oxidative 
phosphorylation function, in both mice and cultured adipocytes, upregulation of ANGPTL6 has 
been identified to increase PPARa expression. This subsequently increases FGF21 expression and 
b-oxidation, indicating that ANGPTL6 expression is regulated by mitochondrial function and is 
required for FGF21 production in adipocytes and adipose tissue (36). In human subjects, 
ANGPTL6 levels positively correlate with serum thyroid stimulating hormone and negatively with 
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thyroxine levels. Similarly, subjects with hypothyroidism had higher serum levels of ANGPTL6 
(37). More recently, in an analysis of candidate genes in European children with severe early onset 
obesity, higher numbers of rare variants in Angptl6, a gene known to be associated with obesity, 
were identified in obese subjects (38).  
 
Angiopoietin-like 7 

 
Genomic analyses have revealed that Angiopoietin-like 7 (ANGPTL7) mRNA is expressed in 
neural tissues, melanotic melanoma, and uterus endometrial cancer. In mice, ANGPTL7 mRNA is 
expressed in the four cell embryo, synovial fibroblasts, thymus, uterus and testis (39). As observed 
with other ANGPTLs, ANGPTL7 promotes HSC and progenitor cell expansion as well as 
increases repopulation activity of human hematopoietic progenitors in xenografts in 
immunodeficient mice. RNA sequencing revealed that ANGPTL7 mediates HSC expansion 
through CXCR4/HOXB4/Wnt downstream signaling (40). While the role of ANGPTL7 in 
inflammation has not been extensively characterized, one group has shown that increased 
expression of ANGPTL7 in macrophages lead to increased gene expression of inflammatory 
markers and antagonized the effects of anti-inflammatory factors. These effects were mediated by 
the P38 mitogen-activated protein kinase (MAPK) signaling pathway (41). Human microarray 
studies have identified ANGPTL7 as being downregulated in colorectal cancer tumors (42).  
Human ANGPTL7 has been characterized as a potent target gene of the WNT/beta-catenin 
signaling pathway and thus has been identified as an oncological therapeutic target (39). In another 
bioinformatics study, ANGPTL7 has been identified as a marker (along with two other protein 
coding genes and two long non-coding RNAs) whose high expression level correlates with poor 
prognosis in patients with esophageal carcinoma (43). In a study in which obese and non-obese 
patients were subjected to three months of physical activity, circulating ANGPTL7 was increased 
in obese patients and its levels correlated with plasma TG levels. However, physical activity 
reduced circulating and adipose tissue ANGPTL7 levels in those patients (44).  
 
Angiopoietin-like 8  

 
Angiopoietin-like 8 (ANGPTL8) (also known as “refeeding induced in fat and liver, RIFL; lipasin) 
is an unusual member of the ANGPTL family in that while it has an N-terminal CCD, it lacks a 
C-terminal FLD (18,45). ANGPTL8 is mainly expressed in WAT, BAT and liver (45). Its 
expression is upregulated by cold exposure and high fat diet and downregulated by fasting (45). 
Angptl8-/- mice have reduced plasma TG compared to controls while ANGPTL8 levels are 
increased in ob/ob mice (46). Interestingly, several groups have shown that exerts its effects 
coordinately with ANGPTL3. While there was no change in mice expressing ANGPTL3 alone, 
Expression of ANGPTL8 alone increases plasma TG and coexpression of ANGPTL3 and 8 results 
in a synergistic increase in plasma TG and mice develop hypertriglyceridemia (18). ANGPTL8 
expression hepatocytes increases the presence of cleaved ANGPTL3 in the media indicating that 
ANGPTL8 activates ANGPTL3 (18). ANGPTL8, similar to ANGPTL3 and 4, inhibits lipoprotein 
lipase activity in vitro and consequently adenoviral overexpression of ANGPTL8 in mice increases 
plasma TG levels (47). In human adipocytes cultured in a medium of liposaccharide-stimulated 
macrophages, ANGPTL8 mRNA is suppressed by the induction of microRNA-221-3p (48). In 
mice, ANGPTL8 in WAT is induced by insulin and inhibits lipolysis (49). Consistently, knock-
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down of ANGPTL8 in cultured adipocytes reduced cellular TG levels and led to increased release 
of non-esterified fatty acids into the medium (49).  

 
Angiopoietin-like 4  
 
Structure, Expression and Transcriptional Regulation of ANGPTL4 
 
Initially, ANGPTL4 (also known as fasting induced adipose factor, FIAF; hepatic 
fibrinogen/angiopietin-related protein, HFARP; PPARg angiopoietin-related protein, PGAR) was 
identified as a secreted glycoprotein in the plasma. In humans, ANGPTL4 is most highly expressed 
in liver and adipose tissue, but is also detectable in thyroid, brain and small intestine, as well as 
circulates in plasma (50). In mice, ANGPTL4 is most highly expressed in white and brown adipose 
tissue, liver and placenta (51-53). The Angptl4 gene is highly conserved, maintaining 
approximately a 77% amino acid sequence similarity with that of mice (54).  
 
A »45 kDa protein, ANGPTL4 consists of an amino-terminal coiled coil domain (CCD) and a 
carboxyl-terminal fibrinogen like domain (FLD) connected by a cleavable linker region, 
structurally similar to ANGPTLs 1-7. ANGPTL4 contains a signal sequence for protein secretion, 
a highly hydrophobic sequence of amino acids, which is located within the N-terminal domain 
(51).  
 
ANGPTL4 levels are altered depending on nutritional status and is controlled by a variety of 
factors. Namely, ANGPTL4 is upregulated by fasting and caloric restriction, in obese and diabetic 
states (in both mice and humans) during cold exposure, by glucocorticoids, by thyroid hormone, 
under hypoxic conditions and by free fatty acids (53,55-61). Conversely, ANGPTL4 is 
downregulated by insulin signaling, in a fed state, and during high fat diet feeding (52,62,63).  
 
Transcriptional regulation of ANGPTL4 is complex and several transcription factors have been 
identified in the regulation of Angptl4 mRNA. In the fasted state, upregulation of ANGPTL4 is 
mediated by glucocorticoids, whereas in a state of caloric restriction its expression is increased by 
an increase in circulating free fatty acids, which in turn activate PPARa and PPARb/d transcription 
factors to increase Angptl4 mRNA transcription (50,61). ANGPTL4 has also been identified as a 
transcriptional target of PPARg in adipocyte differentiation (53). In both human fetal and rat 
neonatal cardiomyocytes, hypoxia and subsequent upregulation of hypoxia-inducible factor 1a  
(HIF-1a) led to upregulation of Angptl4 mRNA via PPARa (64). PPARa and hypoxia can also 
lead to synergistic activation of transcription of Angptl4 mRNA in cardiomyocytes (64).  
 
Processing of ANGPTL4  

As the functions of ANGPTL4 have become better understood, so has understanding of the 
processing of the protein itself. As already mentioned, ANGPTL4 is made up of an N-terminal 
CCD and a C-terminal FLD. Proteolytic processing of ANGPTL4 is tissue dependent. In medium 
from cultured liver cells, secreted ANGPTL4 is detected in three forms: full length, the carboxy-
terminal FLD and the amino-terminal CCD (65). Additionally, in both human and mouse plasma, 
ANGPTL4 is detected in both its full length and truncated forms indicating tissue-dependent 
processing mechanisms (57). Initially, in Huh7 cells, a human liver cell line transfected with 
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plasmid for full length ANGPTL4, ANGPTL4 appeared in the media and the cleaved products 
appeared during incubation, indicating that cleavage occurs outside the cell (65). Full length 
ANGPTL4 is cleaved at a proprotein convertase (PC) consensus site within the linker region 
between the N- and C-termini (65). Only certain PCs are capable of cleaving ANGPTL4 including 
furin, PC5/6, paired basic amino acid cleaving enzyme 4 and PC7 (65). White adipose tissue 
(WAT), on the other hand, secretes mainly full length ANGPTL4 (57). In order to perform its 
functions, ANGPTL4 may be proteolytically cleaved. Full-length ANGPTL4 can oligomerize to 
higher order structures via disulfide bonds formed between ANGPTL4 N-terminal domains (66). 
Upon oligomerization, ANGPTL4 can form either dimers or tetramers and this oligomerization is 
required for its ability to inhibit lipoprotein lipase (67). The C-terminal domain of ANGPTL4 is 
not capable of oligomerization (66). 

ANGPTL4 and lipid metabolism  
 
ANGPTL4 has perhaps been the most extensively characterized in the context of lipid metabolism. 
Initially, discovery of ANGPTL4 as a transcriptional target of PPARs indicated a potential role 
within lipid metabolism. To date, ANGPTL4 has been identified as having two distinct roles in 
lipid metabolism: inhibition of extracellular lipoprotein lipase (LPL) and induction of intracellular 
lipolysis.  
 
Initially, experiments involving intravenous administration of recombinant ANGPTL4 in mice 
revealed a marked increase in plasma triglyceride (TG), non-esterified fatty acids (NEFA), and 
non-HDL cholesterol (68). Further in vitro experiments demonstrated that ANGPTL4 inhibits 
LPL, providing an explanation for the hyperlipidemic effect (68). In another study, adenoviral 
mediated overexpression of ANGPTL4 caused a similar hyperlipidemic effect (69). However, 
increased ANGPTL4 levels did not increase plasma VLDL levels, a phenotype that would suggest 
ANGPTL4 either increased VLDL output from the liver or inhibited VLDL clearance (69). While 
ANGPTL4 had no effect on VLDL secretion, it did in fact delay VLDL clearance from the plasma 
due to inhibition of LPL (69). Various other studies have confirmed the role of ANGPTL4 in LPL 
inhibition: hepatic adenoviral overexpression of full length ANGPTL4 resulted in hyperlipidemia 
and enlarged and fatty liver, as well as increased plasma TG, FFA and cholesterol levels in both 
chow- and high fat diet-fed C57BL/6 mice and in a diabetic (db/db) mouse model (70,71). Angptl4-

/- mice have reportedly higher LPL mRNA expression in muscle in addition to overall increased 
LPL activity as well as lower fasting plasma TG and cholesterol levels compared to WT controls 
(21,72-74).  Interestingly, treating WT mice with an anti-ANGPTL4 antibody mimics the Angptl4-

/- lipid phenotype (75).  Male Angptl4 -/- mice display increased weight gain as a result of increased 
epididymal fat pad size; however, female Angptl4-/- mice displayed no difference in weight gain, 
indicating that this may be a sex-specific phenotype (76).  
 
Initially, it was reported that the CCD alone is sufficient to form oligomeric structures (77). Further 
site-directed mutagenesis revealed that two cysteine residues within the CCD are required for 
oligomerization. This mutated form of CCD, when expressed in mice, attenuates the increased 
plasma TG levels that are observed in mice overexpressing WT ANGPTL4. Also within the CCD 
is a highly conserved hydrophobic amino acid sequence which, when mutated, abolishes the LPL 
inhibitory effect (67). Interestingly, treatment with a peptide consisting of only the CCD’s 
conserved amino acid motif mimics the ANGPTL4 LPL inhibitory effect (67).  
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There are conflicting reports regarding how ANGPTL4 exerts its LPL inhibitory function. Initially, 
it was reported that ANGPTL4 inhibits LPL by binding transiently to LPL, causing the 
catalytically active dimerized LPL subunits to separate, irreversibly, into inactive monomers (78). 
More recently, it has been suggested that, rather than a catalytic inhibitor of LPL, ANGPTL4 
reversibly forms an LPL-ANGPTL4 complex to act as a nonocompetitive inhibitor to prevent TG 
hydrolysis by the enzyme (79). This model is also consistent with an in vivo study in which 
ANGPTL4-LPL complexes were identified in the plasma of ANGPTL4 overexpressing mice 
(71,80). 
 
ANGPTL4 has also been identified as an inducer of intracellular lipolysis within adipocytes. In 
one study, treatment of isolated adipocytes from WT and Angptl4 -/- mice with purified human 
ANGPTL4 promoted lipolysis (81). Fasting-induced ex vivo glycerol release (a marker of 
lipolysis) and intracellular TG hydrolysis was reduced in both epididymal and inguinal fat pads 
from Angptl4-/- mice (81). Mechanistically, it has been shown that this induction of lipolysis occurs 
through increased cAMP signaling (81). Angptl4-/- mice also display decreased phosphorylation of 
perilipin and hormone sensitive lipase (two proteins that mediate lipolysis) upon fasting compared 
to controls, consistent with decreased ANGPTL4-mediated lipolysis (81). Consistent with a 
lipolytic effect, several in vivo studies have reported increased plasma FFA in mice overexpressing 
ANGPTL4 (70,71,81). Similarly, in humans, plasma ANGPTl4 also correlates with increased 
plasma non-esterified fatty acids, indicative of increased lipolysis (82).   
 
Given its role in inhibition of LPL and the fact that ANGPTL4 expression is upregulated during 
fasting indicated that ANGPTL4 may play a role in shunting lipids away from adipose tissue in 
times of energy deficit. This role was validated in a study in which Angptl4 mRNA was 
upregulated early in fasting (before a long term-fasted catabolic state is induced) (83). 
Radiolabeled chylomicrons administered to fasted WT and Angptl4-/- mice were cleared more 
quickly in Angptl4-/- mice; the adipose tissue of the Angptl4-/- mice displayed the highest levels of 
radiolabeled TG; and LPL activity was increased during fasting in Angptl4-/- mice indicating that 
ANGPTL4 diverts TG away from adipose tissue by inhibiting LPL in the fasted state (83). There 
are two limitations to this study. First, the role of ANGPTL4 in other tissues during fasting has not 
yet been fully elucidated. ANGPTL4 is induced in other tissues such as liver, heart and skeletal 
muscle upon fasting, although to lower levels than in adipose tissue. A tissue-specific knockout 
would be useful to study these other roles. Second, this study does not examine the second function 
of ANGPTL4—lipolysis—in the context of fasting. One hypothesis is that if ANGPTL4 were 
inhibiting LPL as well as inducing lipolysis in adipocytes during fasting, that the lipids could then 
be shunted to other tissues. This is the case in a second study examining the role of ANGPTl4 in 
mice during cold exposure. During cold exposure, ANGPTL4 is downregulated in brown adipose 
tissue (BAT) during long term cold exposure which promotes LPL activity and subsequent uptake 
of plasma TG whereas in WAT, ANGPTL4 is upregulated (55). This divergent regulation leads to 
a net shift toward lipid uptake by BAT, presumably to drive thermogenesis (55). This concerted 
response is likely due to differential activation of AMPK (55). Overall, it is likely that ANGPTL4, 
with its dual LPL inhibitory and lipolytic inducing functions, drives a concerted mechanism in 
both the fasted and cold exposed states to divert lipids from accumulation and storage in WAT to 
other tissues for utilization.  
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ANGPTL4 and glucose homeostasis 
 
Given that regulation of its expression is altered by nutritional status, it was initially hypothesized 
that ANGPTL4 also played a role in glucose homeostasis (53). Hepatic overexpression of 
ANGPTL4 in chow-fed and high fat diet-fed C57BL/6 mice improved glucose tolerance and 
decreased blood glucose levels in both fasted and fed states (70,71). In a diabetic mouse model, 
ANGPTL4 overexpression alleviates hyperinsulinemia, hyperglycemia and glucose intolerance. 
Interestingly, qPCR analysis revealed that expression of two gluconeogenic genes—PEPCK and 
G6Pase—were lowered in the livers of ANGPTL4 overexpressing mice, while several lipogenic 
genes, including FAS and SCD1, were increased, indicating a potential diversion of substrates to 
lipogenesis from gluconeogenesis. Additionally, adenoviral expression of ANGPTL4 in rat 
primary hepatocytes suppressed glucose production and enhanced insulin sensitivity. This 
suggests a potential mechanism that ANGPTL4 may suppress glucose output in the liver (70). 
There is evidence for a similar correlation in humans, as ANGPTL4 levels are decreased in patients 
with type two diabetes and have inversely correlated levels of plasma glucose (70).  
 
ANGPTL4 and food intake  
 
There are conflicting reports regarding the effect of ANGPTL4 and food intake. ANGPTL4 is 
expressed in the brain—specifically in the ipsilateral cortex and the hippocampus (84).  
In mice, adenoviral overexpression of ANGPTL4 two weeks after tail vein injection did not affect 
food intake or body weight (70). In another study, hypothalamic Angptl4 mRNA expression was 
decreased during fasting and increased upon food intake, indicating differential expression of 
ANGPTL4 in the central versus peripheral axes dependent upon nutritional state (76). While there 
was no observed difference in food intake between Angptl4-/- and wild-type mice fed ad libitum, 
Angptl4-/- mice had increased food intake after a fast (76). Administration of either full length 
ANGPTL4 or the ANPGTL4 FLD directly to the hypothalamus decreased food intake indicating 
that the FLD is responsible for this phenotype (76). Consistently, both full length ANGPTL4 and 
FLD administration to the hypothalamus also resulted in reduced weight gain. This effect is 
mediated by suppression of hypothalamic AMPK activity (76). To date, it has not been shown that 
ANGPTL4 can cross the blood brain barrier, so this could potentially explain the discrepancies in 
food intake based on central or peripheral administration. More research is needed to fully 
understand the differential effects of ANGPTL4 on food intake.   
 
ANGPTL4 and energy expenditure 
 
Agents that increase energy expenditure has become an increasing attractive target in the treatment 
of obesity. Angptl4 -/- mice have reduced energy expenditure while central administration of full 
length ANGPTL4 increases energy expenditure in C57BL/6 mice (76).  This phenotype is likely 
due to a suppressive effect on hypothalamic AMPK by ANGPTL4. To date, no study has studied 
the effects of ANGPTL4 on energy expenditure in the context of peripheral overexpression or 
injection. One way to increase energy expenditure is in response to a cold environment. Studies 
have shown that cold exposed rodents can also activate non-shivering thermogenesis, a process 
performed by activated brown adipose tissue, leading to increased energy expenditure (85). 
Interestingly, the study that identified the role of ANGPTl4 in shunting plasma TG to BAT during 
cold exposure did not examine energy expenditure, although the process is governed by differential 
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activation of AMPK. Further studies should be performed to identify whether ANGPTL4 affects 
energy expenditure during cold exposure as this could be a novel therapeutic target.  
 
ANGPTL4 and the gut microbiome   
 
Over the last decade, there has been mounting evidence of the link between the gut microbiome 
and metabolic disorders. Several potential factors involved in metabolic regulation have been 
identified as being modulated by gut microbiome composition—in particular, ANGPTL4. As 
already addressed, ANGPTl4, in addition to adipose tissue and liver, is expressed in the intestine, 
and is in fact produced and secreted by entero-endocrine cells that line the intestine, and is a potent 
inhibitor of lipoprotein lipase (86). Initial studies first identified ANGPTL4 as being selectively 
suppressed in the intestinal epithelium of mice that had a normal gut microbiome composition 
compared to germ free mice (87). When a normal gut microbiome was introduced into germ free 
mice, this led to the suppression of Angptl4 mRNA expression in the small intestine, but not in 
adipose tissue or liver (87). As also previously mentioned, PPARa controls Angptl4 gene 
expression. Interestingly, absence of PPARa in either a germ free or normal gut microbiome-
reintroduced mouse model did not affect microbiome suppression of Angptl4, indicating that 
PPARa does not mediate this response (87). Further work indicated that when Angptl4-/- mice were 
rederived as germ free, these mice lost their resistance to diet induced obesity when fed a high fat 
diet (88). These mice also had reduced expression of Pgc-1a, a PPAR coactivator, as well as 
various other fatty acid oxidation genes (88). In WT germ-free mice compared to control WT mice 
with normal gut microbiota, elevated ANGPTL4 levels in the intestine increased expression of 
Pgc-1a (88). Essentially, “normal” microbial colonization of the gut of germ-free mice leads to 
increased processing of dietary polysaccaharides to monosaccharides which are then taken up by 
the liver to be utilized in hepatic lipogenesis. Simultaneously, these bacteria downregulate Angptl4 
expression to upregulate LPL activity. Both of these pathways lead to increased TG storage in the 
adipose tissue. This establishes ANGPTl4 as a mediator of the microbiome as a potential factor 
that can lead to obesity. This upregulation of ANGPTL4 is likely due to an increase in short chain 
fatty acids—in particular, C4, the production of which, is due to an increase of C4 producing 
bacteria (89,90).  
 
ANGPTL4 Variants  
 
Several single nucleotide polymorphisms (SNP) in ANGPTL4 have been identified. Of these, the 
two most physiologically relevant (and beneficial) appear to be the ANGPTL4 E40K mutation, in 
which the glutamic acid at position 40 is replaced with a lysine and the ANGPTL4 T266M 
mutation, in which a threonine at position 266 is replaced by a methionine. In several separate 
studies, human carriers of the ANGPTL4 E40K mutation had lower plasma triglyceride levels than 
non-carriers and this point mutation was also associated with protection against coronary artery 
disease (91-93). Consistent with these findings, while overexpression of wild-type ANGPTL4 in 
mice causes marked hypertriglyceridemia, overexpression of ANGPTL4 E40K eliminates the 
hypertriglyceridemic effect (77).  This is due to the fact that the ANGPTL4 E40K mutant can no 
longer inhibit lipoprotein lipase (77). ANGPTL4 E40K has also been associated with lowered risk 
for cardiovascular disease (94). More recently, GWAS studies identified a second mutation within 
the CCD, denoted ANGPTL4 E15K (92). This mutation occurs in ~3% of Caucasian populations 
and is, interestingly, also associated with lowered plasma TG levels and reduced risk of coronary 
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heart disease. Experiments using recombinant ANGPTL4 E15K revealed that this mutant has 
impaired ability to inhibit LPL (95).  
 
The ANGPTL4 T266M mutation occurs more frequently than that of E40K; however, conflicting 
reports indicate that T266M is either not associated with plasma triglyceride levels or that T266M, 
while being associated with lowered plasma TG levels compared to WT ANGPTL4, has a lessened 
effect on lowering plasma TG levels compared to E40K (94,96). This is consistent with the fact 
that the T266M mutation is in the carboxy-terminus of ANGPTL4, while the LPL inhibitory 
function is associated with the amino-terminal fragment. Interestingly, unlike E40K which has not 
been shown to affect plasma glucose levels, carriers of T266M administered an oral glucose 
tolerance test cleared the glucose more slowly than non-carriers (96). Unfortunately, no animal 
studies have been performed to further elucidate the physiological effects of the T266M mutation.   
 
Until recently, the majority of SNPs identified have been associated with metabolic disorders. 
However, T266M has recently been linked to reduced tumor invasiveness (97). In this study, 
binding affinity of the recombinant cANGPTL4 T266M variant to a5b1 integrin was reduced 
compared to wild-type cANGPTL4, leading to reduced downstream PI3K/PKBa and ERK 
signaling which lead to anoikis resistance and invasiveness. Treatment of human hepatoma cells 
(HepG2) with T266M (versus WT control) reduces tumor cell proliferation. Upon injection of 
HepG2 cells expressing either the T266M variant or WT c-terminal ANGPTL4 into 
immunodeficient mice, tumors resulting from the T266M derived cells were much smaller tumors 
as well as more apoptotic cells compared to controls (97).  Finally, treatment with recombinant 
T266M in cANGPTL4 deficient HepG2 cells did not restore glucose uptake to the same extent as 
treatment with WT c-terminal ANGPTL4, an effect due to reduced Glut2 expression (97).  
 
ANGPTL4 and inflammation 
 
Obesity and high fat diet have long been linked with inflammation. Given its role in lipid 
metabolism, it stands to reason that ANGPTL4 would play some role in inflammation as well. 
Interestingly, much of the work linking ANGPTL4 to inflammation indicates a protective role. 
 
When placed on a high fat diet, mice lacking ANGPTL4 develop a severe phenotype characterized 
by fibrinopurulent peritonitis and fluid in the peritoneal cavity, inflammation that originates from 
enlarged mesenteric lymph nodes (98). These mice develop foam cells and inflammation within 
mesenteric lymph node macrophages (98). Treatment of macrophages loaded with chyle (fluid 
consisting of fat droplets and lymph that passes to the lymphatic system during digestion) with 
recombinant ANGPTL4 prevented lipid uptake and reduced inflammation as evidenced by a 
reduction in inflammatory markers (98).  Treatment with ANGPTL4 also reduced chyle-induced 
ER stress in macrophages and formation of foam cells (98). In mice, ANGPTL4 deficiency 
exacerbates colonic inflammation in a dextran sulfate sodium salt-induced colitis model by driving 
the development of a colonic inflammatory gene expression profile as well as increasing 
infiltration of immune cells (99). In vitro, the c-terminus of ANGPTL4 upregulates tristetraprolin 
expression via CREB and NF-kB to regulate chemokine transcript stability and protect against 
acute colonic inflammation (99). Lipid accumulation in macrophages significantly contributes to 
the development of atherosclerosis. Macrophage derived ANGPTL4 has been shown to play a 
protective role in the development of atherosclerosis (100).  
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Hematopoietic-specific deficiency of ANGPTL4 promotes development of atherosclerosis and 
leukocytosis, which is associated with increased cardiovascular risk in humans (100). 
Hematopoetic ANGPTL4 prevents lipid overloading in macrophages and development of foam 
cells (100).  
 
ANGPTL4 in keratinocyte migration and wound healing  
 
Relatively recently, it was discovered that ANGPTL4 interacts with proteins of the cell matrix to 
regulate wound healing. In keratinocytes, Angptl4 has been identified as a target gene of PPARß/d 
and as being secreted by wound keratinocytes in mice (101). On the keratinocyte cell surface, the 
C-terminus of ANGPTL4 interacts with two extracellular matrix proteins, vitronectin and 
fibronectin (an interaction disrupted upon treatment with an anti-C-terminal ANGPTL4 antibody) 
but does not impair their ability to bind their integrin receptor, ß5 (101). Through this interaction, 
ANGPTL4 delays the degradation of the matrix proteins (101). Angptl4-/- mice display impaired 
wound re-epithelialization as well as keratinocyte specific impairment of cell adhesion and 
migration (101,102). By mediating the binding of vitronectin and fibronectin to their receptors, 
ANGPTL4 mediates signaling of the integrin-FAK-14-3-3-PKC pathway to induce keratinocyte 
migration (101). In addition, ANGPTL4 has been identified as directly interacting with ß1 and ß5 
integrins even in the absence of matrix proteins leading to the subsequent activation of the FAK-
Src-PAK1 pathway resulting in cell migration (102). Given the role of ANGPTL4 in keratinocyte 
migration and wound healing combined with its roles in lipid and glucose metabolism, it has been 
suggested that ANGPTL4 could have a promising role in wound healing in diabetic patients who 
often experience impaired wound healing (103).  
 
ANGPTL4 and angiogenesis—Evidence for both a stimulatory and a suppressive role in 
tumorigenesis 
 
Angiogenesis is important in tumorigenesis and cancer progression. Given the structural similarity 
between the angiopoietins and the angiopoietin-like proteins, ANGPTL4 has been studied for its 
potential role in angiogenesis. Early on, the role of ANGPTL4 in angiogenesis and vascular 
permeability was somewhat controversial. Early studies indicated that in vitro treatment of 
vascular endothelial cells with ANGPTL4 inhibited VEGF-induced proliferation, chemotactic 
activity and tubule formation in addition to decreased vascular leakiness (104). In vivo, mice 
implanted with pellets containing VEGF and ANGPTL4 in the cornea displayed inhibited growth 
of capillary pellets compared to mice implanted with only VEGF (104). Later on, it was shown 
that full length ANGPTL4 accumulates in the extracellular matrix (ECM) of vascular endothelial 
cells in response to hypoxia in vitro, where it binds and interacts with heparin and heparan sulfate 
proteoglycans to inhibit endothelial cell adhesion to the ECM and inhibit endothelial cell migration 
(105). ANGPTL4 has further been shown to prevent metastasis by inhibiting vascular activity as 
well as tumor cell motility and invasiveness in vivo (106).  
 
More recently, however, a pro-angiogenic role has been identified for ANGPTL4. Upregulation 
of ANGPTL4 has been observed in several types of cancer and is frequently associated with 
metastasis. As already addressed, Angptl4 mRNA is upregulated in endothelial cells under hypoxic 
conditions (107).  In tumors, ANGPTL4 is produced in necrotic regions (107). ANGPTL4 has 
been identified as a marker of conventional renal cell carcinoma indicating a potential new role as 
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a therapeutic target (107). ANGPTL4 is upregulated by a mutant form of epidermal growth factor 
receptor variant type III (EGFRvIII) in glioblastomas and promotes tumor angiogenesis both in 
vivo and in vitro via the ERK/c-Myc pathway (108). Knockdown of Angptl4 in vivo suppressed 
tumor growth in malignant glioma (108). Prostaglandin E(2) and hypoxia synergistically promote 
ANGPTL4 expression which in turn promotes colorectal cancer growth via STAT1 signaling both 
in vivo and in vitro (109). Elevated levels of both ANGPTL4 and STAT 1 are both detected in 
human colorectal cancer specimens as well (109). Upregulation of ANGPTL4 by TGFb in 
mammary tumor cells primes the cancer cells for metastasis to the lungs by mediating endothelial 
disruption which allows the cells to pass through tight lung endothelial junctions (110). In a giant 
cell tumor model in bone, ANGPTL4 is highly expressed (111). In this model, TGF-b2 released 
by osteoclasts leads to induction of ANGPTL4 expression which in turn promotes tumor 
progression; while knockdown of Angptl4 in giant cell tumor stromal cells suppressed tumor 
growth and giant cell formation in vivo (111). In head and neck squamous cell carcinoma, 
ANGPTL4 expression is induced by endothelial growth factor (EGF) (112). Upregulation of 
ANGPTL4 by EGF promotes tumor-endothelial cell interaction and resistance to anoikis (112). 
Mechanistically, ANGPTL4 binds to integrin b1 to upregulates several matrix metalloproteinases 
(MMPs) to promote cell metastasis (112). Other groups have also that MMP expression is also 
dependent upon ANGPTL4 and correlates with cancer metastasis in colorectal cancer and 
melanoma (113,114).  
 
At the site of a bone fracture, which develops hypoxia at the site of the damage, ANGPTL4 is 
upregulated (115). Cultured osteoblasts also had increased Angptl4 mRNA levels under hypoxic 
conditions and treatment of osteoblasts with ANGPTL4 increased osteogenic gene expression in 
addition to Vegf (vascular endothelial growth factor, an angiogenic factor) expression, indicating 
a role for ANGPTL4 not only in angiogenesis, but also in osteogenesis (115).  
 
One drawback of these studies is that the majority of these studies investigate the effect of full 
length ANGPTL4, not which domain in particular might be responsible. Interestingly, in metabolic 
studies in which ANGPTL4 is overexpressed in mice, no tumor development has been observed. 
Overall, ANGPTL4 could be a link between hypoxia-induced angiogenesis and metabolic disease.  
 
ANGPTL4: No Longer Entirely an “Orphan Ligand” 
 
Notably, like other members of the ANGPTL family of proteins and unlike the angiopoietins, 
ANGPTL4 does not bind to the Tie1 or Tie2 receptors (51). Until recently, ANGPTL4 was 
considered an “orphan ligand” as its receptors were unknown. Over the past decade, however, 
integrins ß1 and ß5 have been identified as receptors for ANGPTL4 on the keratinocyte cell surface 
(102). In addition, receptors for ANGPTL4 have been identified on both human and mouse 
hematopoietic stem cells (HSC)--	immune-inhibitory receptor human leukocyte immunoglobulin-
like receptor B2 (LILRB2) and paired immunoglobulin-like receptor (PIRB), respectively (116). 
Binding of ANGPTL4 to these receptors results in ex vivo expansion of HSCs. In mice, binding 
and activation of the PIRB receptor supports the development of leukemia (116).  In terms of its 
metabolic roles, though, ANGPTl4 may still be considered an orphan ligand as its receptors in the 
liver and adipose tissue are yet to be identified. Given the prolific role of ANGPTL4 in lipid and 
glucose metabolism, identification of its receptor in both adipose tissue and liver would go a long 
way toward clarifying lingering questions regarding its metabolic effects.  
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Lipolysis, PKA and Energy Expenditure  
 

Lipolysis in adipocytes  
 
White adipose tissue is the major site of energy storage in the body whereas brown adipose tissue 
(BAT) is the major site for cold-induced non-shivering thermogenesis, characterized by its 
hallmark protein, uncoupling protein-1 (UCP1). In both tissues, lipids are stored mainly as 
triacylglycerol (TAG) within lipid droplets inside adipocytes. Lipolysis, the hydrolysis of TAG to 
glycerol and free fatty acids (FFA), for the purpose of releasing FFAs to be utilized for energy by 
other organs, is a characteristic specific to adipocytes. During lipolysis, sequential hydrolysis 
occurs, generating first diacylglycerol (DAG), then monoacylglycerol (MAG), which is finally 
hydrolyzed to glycerol and a free fatty acid. Several enzymes are involved in this process. 
Hormone sensitive lipase (HSL) can hydrolyze both TAG and DAG, although, at least in vitro, 
HSL has been shown to be more active when utilizing DAG as a substrate as opposed to TAG 
(117). Desnutrin (also known as ATGL) is considered to be the major TAG-specific lipase, 
expressed most highly in adipose tissue, but also at lower levels in cardiac and skeletal muscle 
(118). TAG hydrolases have also been discovered as lipases that mediate TAG lipolysis in an HSL-
independent manner in adipose tissue and in the liver, where they may play a role in synthesis of 
VLDL (119,120). Adiponutrin, another lipase expressed highly in adipose tissue, is also 
responsible for TAG hydrolysis, although, unlike other lipases, is highly upregulated upon 
refeeding (121). Hydrolysis of TAG results in a FFA and DAG. As already mentioned, HSL is 
highly specific for DAG. To date, it is the only lipase that has been identified that acts upon DAG 
(122).  Finally, the resulting MAG is hydrolyzed by monoglyceride lipase (MGL) (123).  
 
Lipolysis occurs through a similar mechanism in brown adipose tissue (BAT) when activated by 
cold exposure. Cold triggers the b3 adrenergic receptor, upregulating cAMP-PKA signaling in 
brown adipocytes and and phosphorylation of the lipases ATGL, HSL and MGL (124,125). This 
cascade leads to the hydrolysis of TAG (126). Whereas FFAs generated by lipolysis in WAT can 
served as substrates for oxidative phosphorylation in a variety of tissues, liberated FFAs in BAT 
activate UCP1 and act as substrates so that the organ may produce heat (127). Indeed, lipolysis 
within BAT has been found to be crucial for development of a non-shivering thermogenic 
phenotype. Mice globally lacking ATGL were unable to defend their body temperatures upon cold 
exposure and displayed dramatically attenuated lipolysis in BAT which led to TG accumulation 
and hypertrophy of BAT (128).  
 
In addition to a variety of lipase enzymes that control hydrolysis of TAG, there are also several 
proteins associated with the lipid droplets themselves which control access of the enzymes to their 
TAG substrates.  Perilipin is found at the surface of lipid droplets and functions as a barrier to the 
TAG inside to prevent lipases from unchecked basal lipolysis. Upon stimulation of lipolysis, 
perilipin is phosphorylated and changes configuration so that the lipases may access and hydrolyze 
the TGs. Adipose fatty acid-binding protein (aFABP) is a cytosolic lipid binding protein that 
transport fatty acids in adipocytes (129). aFABP transports FAs from the adipocyte upon their 
release by lipolysis (130). Caveolin-1 is highly expressed in adipose tissue and has been shown to 
play roles in modulation of lipid droplet formation and lipolysis. Mice lacking caveolin-1 have 
reduced lipolytic activity as well as reduced phosphorylation of perilipin. Lipid droplet structure 
was also severely altered in these mice (131).  
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Nutritional and hormonal control of lipolysis 
 
Lipolysis in WAT is a tightly regulated process under both nutritional and hormonal control. 
During fasting, lipolysis is activated via catecholamine signaling through beta-adrenergic 
receptors on the adipocyte plasma membrane (132). Activated G-coupled beta-adrenergic 
receptors signal to adenyl cyclase to produce cyclic AMP (cAMP) which in turn binds and 
activates protein kinase A (PKA). Subsequently, PKA phosphorylates hormone sensitive lipase 
(HSL), activating it and causing its translocation from the cytosol to the lipid droplet 
(117,122,133). PKA also phosphorylates perilipin, a lipid droplet-associated protein, changing its 
conformation and exposing lipids to the enzymes that mediate lipolysis (134). There is also 
evidence from HSL deficient mice that catecholamine-stimulated lipolysis may also involve other 
TAG lipases as well. Isoproterenol-treated adipocytes isolated from HSL-deficient mice still show 
increased lipolysis, albeit at a lower level compared to WT controls (135). Lipolysis in brown 
adipocytes is induced by norepinephrine stimulation upon cold exposure, activating a similar 
pathway (127).  
 
Lipolysis is inhibited upon refeeding, mainly via insulin signaling. Refeeding stimulates the 
secretion of insulin which then binds and causes dimerization and autophosphorylation of its 
receptor tyrosine kinase. Subsequently, the p85 subunit of phosphatidyl inositol kinase-3 (PI3K) 
binds and is activated (136). Activated PI3K autophosphorylates its p85 and p110 subunits. Protein 
kinase B (PKB/AKT) is then phosphorylated and activated and in turn phosphorylates and 
activates phosphodiesterase 3B which degrades cAMP in adipocytes. This signaling pathway 
results in decreased PKA activity and a subsequent decrease in lipolysis as activation of HSL is 
reduced and perilipin reverts back to its original conformation. Separate from the cAMP pathway, 
lipolysis is also reduced by insulin signaling via activation of protein phosphatase-1 which 
dephosphorylates HSL, leading to reduced lipolysis (137).             
 
Targeting lipolysis for a therapeutic role  
 
In recent years, there has been much interest in developing obesity therapeutics that target 
upregulation of fat mobilization and increased energy expenditure. Increasing lipolysis in adipose 
tissue could be a potential therapeutic option for targeting obesity. However, unchecked lipolysis 
and chronic elevated levels of free fatty acids in the plasma could lead to unwanted metabolic 
effects such as dyslipidemia, insulin resistance and fatty liver (138,139). Indeed, insulin resistance 
has been observed in response to dysregulated and excessive lipolytic activity, elevated plasma 
FFAs, and impaired suppression of plasma FFAs by insulin signaling (140-143). If released from 
the adipocytes to the plasma, they can serve as an energy source for other tissues (122). However, 
excessive lipolysis can lead to ectopic accumulation of TGs in tissues not meant to store them, 
namely skeletal muscle and liver. Alternatively, these FFAs can also be used by the adipocytes 
themselves, to either again be stored as TG or to serve as a substrate in oxidative metabolism.  
 
More recently, however, lipolysis has been identified as a therpautic target to reduce body weight 
if it can be coupled to oxidation of the liberated FFAs (144). In one study, increasing lipolysis by 
overexpressing desnutrin (adipose triglyceride lipase, ATGL) in mice decreases diet induced 
obesity; improves insulin sensitivity; increases thermogenesis and energy expenditure; and 
increases fatty acid oxidation (145). Indeed, several other studies have also shown that increased 
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lipolysis in mice leads to reduced adiposity, increased energy expenditure and increased fatty acid 
oxidation in adipocytes (146,147). It is when the rate of lipolysis and fatty acid release is higher 
than that of oxidation that ectopic accumulation and subsequent development of insulin resistance 
can occur (146).  
 
cAMP-PKA signaling, beiging and energy expenditure  
 
A variety of studies link increased adipocyte lipolysis with increased whole-body energy 
expenditure (145-147). As already mentioned, catecholamines, upregulated upon cold exposure, 
activate the b3 adrenergic receptor on both brown and white adipocytes to stimulate lipolysis via 
a cAMP-PKA-p38MAPK dependent pathway to phosphorylate lipases including ATGL, HSL and 
MGL and stimulate lipolysis (124,125). In addition, the induction of cAMP-PKA triggers 
increased transcription of UCP1 and peroxisome proliferator-activated (PPAR)-g co-activator-1 a 
(PGC-1 a) which in turn activates PPARa, a nuclear receptor responsible for upregulating lipid 
and glucose oxidation and thermogenic genes in BAT (126). The free fatty acid products of 
lipolysis can then activate UCP1 and act as oxidative substrates for UCP1 to generate heat during 
thermogenesis.  
 
Within (mainly) subcutaneous white adipose tissue exist precursor cells which, upon stimulation 
by certain ligands including catecholamines (via cold exposure), induce their differentiation into 
so-called “beige” or “brite” adipocytes (148-151). These adipocytes have an activated thermogenic 
program, express UCP1, and thus are capable of burning free fatty acids to generate heat (152,153). 
Inducing “beiging” in WAT depots has also been targeted as a potential therapeutic mechanism by 
which energy expenditure can be increased, although the contribution by beige adipocytes is 
thought to be relatively small. While it is estimated that beige adipocytes only contribute about 
one fifth of the thermogenic capacity generated by BAT, at least in rodents, the physiological 
contribution of beige fat is still thought to be important, even if not the predominant contributing 
factor (153). Increasing beiging of WAT in rodents has been shown to increase energy expenditure, 
improve glucose tolerance and display anti-obesity effects in a number of rodent models (150,154-
156).  
 
Clinical Relevance of BAT/Beige adipose tissue and increased energy expenditure  
 
For a long time, the overarching belief was that BAT existed only in mammals and in newborn 
humans. However, more recently, positron emission tomography (PET) imaging has made it 
apparent that adult humans also have metabolically active BAT, which takes up glucose and which 
can be activated by mild cold exposure (157-159). Interestingly, there is an inverse correlation 
between human BAT mass and BMI and adiposity (160). 
 
With the ultimate goal of identifying factors capable of inducing a beige phenotype in humans to 
treat metabolic disorders, the important question to ask is whether humans are in fact capable of 
such a phenomenon. Several studies have now identified that there two relatively distinct gene 
expression profiles in classical vs beige adipocytes. In newborn humans, BAT depots expressing 
genes from the classical brown profile are found in the intrascapular region (161). However, in 
adult humans, samples collected from the supraclavicular region provide evidence that what had 
initially been thought to be a classical BAT, in fact expressed a gene profile more reminiscent of 
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beige adipocytes (161). Genome-wide analysis on human-derived UCP1 positive adipocytes 
isolated from BAT depots further revealed that these adipocytes display a gene expression profile 
more similar to beige than brown adipocytes, indicating that adult “BAT” depots are in fact mainly 
comprised of beige adipocytes that could potentially be recruited (162). In several studies on 
human subjects, daily mild, short-term (two hour, 19°C) cold exposure increased energy 
expenditure, reduced fat mass and improved insulin sensitivity due to increased recruitment and 
activation of supraclavicular BAT made up of beige adipocytes(163,164). Consistently, BAT mass 
is higher in adults during winter months compared to summer (165). Aside from recruitment during 
cold exposure, a variety of endocrine factors have been identified and have become attractive 
options to induce beiging in human adipose tissue. To name a few, bone morphogenic proteins 4 
and 7 (BMP4, BMP7), FGF19 and FGF21, prostaglandins, and VEGF have all been shown to 
increase energy expenditure, protect against weight gain and improve glucose homeostasis (166-
171). Identification and development of therapies utilizing of novel regulators of human BAT 
metabolism that do not pose negative side effects could go a long way toward combatting the ever-
growing problem of metabolic disease.  
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Chapter 1: The C-terminal Fibrinogen-like Domain of Angiopoietin-like 4 Stimulates 
Adipose Tissue Lipolysis and Promotes Energy Expenditure 

 
Abstract 

 
Angiopoietin-like 4 (Angptl4) is a circulating protein secreted by white and brown adipose tissues 
and the liver. Structurally, Angptl4 contains an N-terminal coiled-coil domain (CCD) connected 
to a C-terminal fibrinogen-like domain (FLD) via a cleavable linker, and both full-length Angptl4 
and its individual domains circulate in the bloodstream. Angptl4 inhibits extracellular lipoprotein 
lipase (LPL) activity and stimulates the lipolysis of triacylglycerol stored by adipocytes in the 
white adipose tissue (WAT). The former activity is furnished by the CCD, but the Angptl4 domain 
responsible for stimulating adipocyte lipolysis is unknown. We show here that the purified FLD 
of Angptl4 is sufficient to stimulate lipolysis in mouse primary adipocytes and that increasing 
circulating FLD levels in mice through adenovirus-mediated overexpression (Ad-FLD) not only 
induces WAT lipolysis in vivo, but also reduces diet-induced obesity without affecting LPL 
activity. Intriguingly, reduced adiposity in Ad-FLD mice was associated with increased oxygen 
consumption, fat utilization, and the expression of thermogenic genes (Ucp1 and Ppargc1a) in 
subcutaneous WAT. Moreover, Ad-FLD mice exhibited increased glucose tolerance. Chronically 
enhancing WAT lipolysis could produce ectopic steatosis, due to an overflow of lipids from the 
WAT to peripheral tissues; however, this did not occur when Ad-FLD mice were fed a high-fat 
diet. Rather, these mice had reductions in both circulating triacylglycerol levels and the mRNA 
levels of lipogenic genes in the liver and skeletal muscle. We conclude that separating the FLD 
from the CCD-mediated LPL-inhibitory activity of full-length Angptl4 reveals lipolytic and 
thermogenic properties with therapeutic relevance to obesity and diabetes. 
 
Introduction 
 
Angiopoietin-like 4 (Angptl4; also known as fasting induced adipose factor, FIAF) is a circulating 
protein expressed in and secreted by white and brown adipose tissues (WAT and BAT, 
respectively) and the liver (51,52,54,55). Angptl4 is a part of the 8-member angiopoietin-like 
family of structurally related proteins, and the human ANGPTL4 gene is highly conserved among 
mammals, sharing a 77% amino acid sequence similarity with that of mice (3,54). Structurally, 
Angptl4 contains an N-terminal coiled-coil domain (CCD) connected to a C-terminal fibrinogen-
like domain (FLD) via a cleavable linker (54,172).  Both full-length and truncated forms of 
Angptl4 circulate in the bloodstream, and the processing of Angptl4 may be tissue dependent: the 
liver secretes mainly truncated forms, while WAT secretes mainly the full-length form (57,81). 
The expression of Angptl4 can be induced by several stimuli, including fasting, glucocorticoids, 
non-esterified fatty acids (NEFAs), thyroid hormone and relative hypoxia (57,59,61,107,173) .  

 
The CCD of Angptl4 is responsible for the ability of Angptl4 to inhibit lipoprotein lipase (LPL) 
(67,69), the enzyme responsible for hydrolyzing circulating lipoprotein-associated triacylglycerol 
(TG) to produce free fatty acids (FFAs) for uptake by surrounding tissues. Adenoviral 
overexpression of full-length human ANGPTL4 in mice causes severe hypertriglyceridemia and 
hepatic steatosis, whereas mice lacking the gene encoding Angptl4 (Angptl4–/–) have much lower 
plasma and liver TG levels than wild-type (WT) controls (21). This hypolipidemic phenotype 
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correlates with human genetic data supporting a key role for ANGPTL4 in maintaining plasma TG 
levels (93,174).  

 
Most notably, ~3% of European Americans harbor a single nucleotide polymorphism in which the 
glutamic acid at position 40 of ANGPTL4, within the CCD, is replaced by a lysine (E40K), 
decreasing the ability of ANGPTL4 to inhibit LPL (91-93). Indeed, people expressing E40K have 
reduced plasma levels of TG and LDL-cholesterol, and elevated levels of HDL-cholesterol, 
although it is not associated with altered body mass index (BMI) or adiposity.  

 
The E40K mutation in ANGPTL4 was initially viewed as the human equivalent of Angptl4–/– mice, 
however it is now known that ANGPTL4 is a bi-functional protein that stimulates adipocyte 
lipolysis in addition to inhibiting LPL activity (81,175). However, the domain of ANGPTL4 
responsible for stimulating adipocyte lipolysis is unknown. One possibility is that FLD might carry 
out this function. 

 
Prior studies showed that FLD binds β1, β3 and β5 integrins (102,176,177), activates the integrin-
dependent focal adhesion kinase (FAK)-Src-p21-activated kinase 1 (PAK1) cascade required for 
keratinocyte migration (102), interacts with vitronectin and fibronectin to induce the activation of 
integrin-dependent FAK, 14-3-3 proteins, and PKC during wound healing (101), and stimulates 
NADPH oxidase-dependent O2

– production to protect cancer cells from anoikis and apoptosis 
(177). By contrast, the role of FLD in metabolism has not been explored. 

 
We showed that purified ANGPTL4 directly induces adipocyte lipolysis by increasing intracellular 
cAMP levels. Moreover, lipolysis induced by fasting or glucocorticoid treatment is reduced in 
Angptl4–/– mice (81). Here, we show that the FLD of Angptl4 alone stimulates adipocyte lipolysis 
through a mechanism structurally distinct from that by which Angptl4 inhibits LPL. We retained 
the pro-lipolytic activity of Angptl4 while eliminating its LPL-inhibitory activity by using 
adenoviral delivery to specifically increase circulating FLD levels in mice (Ad-FLD). Remarkably, 
doing so increases WAT lipolysis, lowers adiposity by increasing energy expenditure in 
conjunction with beige thermogenesis, prevents ectopic tissue steatosis, and improves glucose 
homeostasis under conditions of dietary excess. 
 
Results  
 
The FLD of Angptl4 is sufficient to stimulate adipocyte lipolysis 
 
Prior studies showed that the CCD of Angptl4 can inhibit extracellular LPL activity (67). To 
determine whether the CCD is required to stimulate intracellular TG hydrolysis in adipocytes, we 
used adenovirus to express a FLAG-tagged mutant form of human ANGPTL4, which retains both 
the signal sequence needed for secretion and the intact FLD, but which lacks amino acids 38-165 
of the CCD (Ad-FLD), in the livers of adult mice (Figure 1A). Controls included mice 
overexpressing either FLAG-tagged human full-length ANGPTL4 (Ad-ANGPTL4) or LacZ (Ad-
LacZ) (Figure 1B). Immunoblot analysis of plasma collected from mice 3 weeks after adenoviral 
injection (anti-FLAG) confirmed the presence of FLAG-tagged FLD or ANGPTL4 in the 
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appropriate mice (the FLAG-tag is located at the C-terminus in each case). Notably, full-length 
ANGPTL4 is normally post-translationally cleaved into both CCD and FLD forms (11, 47, 48), 
accounting for our seeing FLAG-detected proteins from the plasma of Ad-FLD and Ad-ANGPTL4 
mice running at similar molecular weights (Figure 1B). As expected, no signal was detected in the 
plasma of Ad-LacZ mice (Figure 1B). Plasma TG levels were increased in Ad-ANGPTL4 mice 
(vs. Ad-LacZ) but were not altered in Ad-FLD mice, consistent with the role of CCD in LPL 
inhibition (Figure 1C). Plasma FFA levels, on the other hand, were markedly increased in both 
Ad-ANGPTL4 and Ad-FLD mice, suggesting that FLD alone is sufficient to promote WAT 
lipolysis (Figure 1D).  
 
To directly test this, we treated isolated primary adipocytes with 20 nM of either purified 
ANGPTL4 or FLD for 1 hour. Both ANGPTL4 and FLD treatments increased adipocyte glycerol 
release (Figure 1E), indicating enhanced lipolysis. Seeing that FLD alone is sufficient to stimulate 
intracellular lipolysis by adipocytes led us to predict that this ability would be retained by the c-

Figure 1. FLD exerts effects on lipid homeostasis, in vivo and in vitro, that are distinct from those of full length 
Angptl4. A. Graphical depiction of the Ad-ANGPTL4 and Ad-FLD constructs. B. (top) Schematic, showing adenoviral 
strategy to generate Ad-ANGPTL4, Ad-FLD, and Ad-LacZ mice. (bottom) Immunoblot using anti-FLAG M2 antibody 
(Sigma, 1:1000) and a corresponding ANTI-FLAG affinity gel, showing increased FLD abundance in the plasma of 
both Ad-ANGPTL4 and Ad-FLD mice (blot was cropped). C. Plasma TG and D. FFA measurements, showing that 
Ad-ANGPTL4 mice fed a standard chow diet have increased levels of both TG and FFAs vs. Ad-LacZ controls, 
whereas Ad-FLD mice have elevated FFA levels without concomitant hypertriglyceridemia (n = 5-6 mice per group 
for A-D; *p<0.05 vs. Ad-LacZ). E. Glycerol release and F. intracellular cAMP levels measured from primary mouse 
adipocytes treated for 1 hour with purified ANGPTL4, FLD, or the E40K mutant form of ANGPTL4, showing that 
each stimulates adipocyte lipolysis with similar potency (n = 7 per group; *p<0.05 vs. PBS-treated controls). 
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terminal E40K mutant form of ANGPTL4, which cannot properly inhibit LPL. Indeed, purified 
E40K ANGPTL4 also stimulated glycerol release from primary adipocytes (Figure 1E). Moreover, 
ANGPTL4, FLD and E40K treatment each significantly increased cAMP levels in adipocytes, 
supporting the concept that each stimulates a common pro-lipolytic pathway (Figure 1F). 
Together, these findings demonstrate that the FLD of ANGPTL4 is sufficient to stimulate 
intracellular adipocyte lipolysis.  
 
Ad-FLD mice are protected from diet-induced obesity (DIO)  
 
Given the ability of FLD to stimulate adipocyte lipolysis, we used Ad-FLD and Ad-LacZ mice to 
determine whether increasing plasma FLD levels in mice would reduce adiposity. Immunoblot 
analysis of plasma collected from mice 10 days after adenoviral injection (anti-FLAG) confirmed 
the presence of FLAG-tagged FLD in the appropriate mice (Figure 2A, left). No signal was 
detected in the plasma of Ad-LacZ mice (Figure 2A, left). To estimate the plasma concentration 
of exogenous FLD expression in Ad-FLD mice, similar immunoblots were performed on 20.5 ng 
of purified FLAG-FLD protein run alongside 3μl of plasma from Ad-FLD mice. By comparing 
the relative intensity of the bands produced by these immunoblots, we calculated that the plasma 
samples from Ad-FLD mice contained approximately 2ng/μl, or 61.5 nM, of FLAG-FLD (Figure 
2A, right).  
 
In accordance with this degree of FLD overexpression, Ad-FLD mice fed a HFD gained less 
weight than Ad-LacZ mice, with a divergence beginning after one week on the diet (Figure 2B), 
despite having food intake similar to control (Figure 2C).  

 
Analyzing this protection against DIO revealed that Ad-FLD mice fed a HFD have a pervasive 
reduction in body fat that includes the inguinal, epididymal and brown adipose tissue (iWAT, 
eWAT and BAT) depots, which weighed 37%, 46% and 36% less, respectively, than those from 
Ad-LacZ mice (Figures 2D and 2E). By contrast, hepatic, cardiac, and gastrocnemius muscle 
weights were similar between Ad-FLD and Ad-LacZ mice (Figure 2E), indicating that increasing 
systemic FLD levels lowers body weight by specifically reducing adiposity.  This specificity was 
confirmed by monitoring body composition (DEXA) 21 days after adenoviral injection; the lean 
mass of Ad-FLD mice was increased compared to Ad-LacZ controls, whereas the fat mass of Ad-
FLD mice was reduced by 67% vs. Ad-LacZ controls (Figure 2F).   

 
Given that Ad-FLD mice had elevated plasma FFA levels and unaffected plasma TG levels when 
fed a standard chow diet, we hypothesized that we would see a similar pattern of dyslipidemia 
when Ad-FLD and Ad-LacZ mice were fed a HFD. Indeed, plasma TG levels in the context of a 
HFD were not different between Ad-FLD and Ad-LacZ mice, consistent with the role of CCD in 
LPL inhibition (Figure 3A). Moreover, plasma FFA levels were elevated in Ad-FLD mice fed a 
HFD, just as when the mice were fed a chow diet, further supporting that FLD alone is sufficient 
to promote WAT lipolysis (Figure 3B). 

 
We hypothesized that chronic, FLD-mediated WAT lipolysis enhances the flux of mobilized FFAs 
to ectopic tissues such as the liver and skeletal muscle, where they might be stored as TG, resulting 
in tissue steatosis. However, we found surprisingly that that the protection against DIO seen in the 
context of increasing systemic FLD levels occurred without inducing non-adipose tissue steatosis. 
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Indeed, TG levels in the livers and skeletal muscle of Ad-FLD mice were 24% and 44% lower, 
respectively, than in Ad-LacZ mice (Figure 3C). 
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Figure 2. Increasing circulating levels of FLD in isolation limits DIO in mice. A. Immunoblot (left) and 
quantification (right) of purified (20.5ng) FLAG-FLD proteins and plasma samples (3μl) from Ad-LacZ and Ad-FLD 
mice, using an anti-FLAG M2 antibody (Sigma, 1:1000). Plasma was isolated from both Ad-LacZ and Ad-FLD mice 
10 days after infection. B. Body weight curves and C. average food intake values for Ad-LacZ and Ad-FLD mice fed 
a HFD for 3 weeks. D. Representative images, showing the reduction in BAT, iWAT, and eWAT masses induced by 
FLD overexpression in the context of a HFD. E. Quantification of C, as well as equivalent weight values for other 
tissues represented in percentage of body weight in Ad-LacZ and Ad-FLD mice fed HFD for 3 weeks. F. Respective 
lean and fat masses represented in percentage of body weight in the mice mentioned above, as determined by DEXA, 
showing the specific reduction in fat mass seen in Ad-FLD mice fed a HFD for 3 weeks. In all cases, n = 6 mice per 
group and *p<0.05 vs. Ad-LacZ.	
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Figure 3. Increasing circulating levels of FLD reduces indicators of fat uptake, synthesis, and storage. 
Measurements of A. Plasma TG and B. plasma FFA concentrations, showing that Ad-FLD mice fed a HFD have 
elevated FFA levels vs. Ad-LacZ controls without concomitant hypertriglyceridemia (n = 4-5 mice per group; 
*p<0.05 vs. Ad-LacZ.) C. Liver and skeletal muscle (gastrocnemius) TG content, showing reduced values for Ad-
FLD mice fed a HFD in both tissues (n = 6 mice per group and *p<0.05 vs. Ad-LacZ). D. qPCR data, showing 
markedly lower mRNA levels of genes involved in glycerolipid synthesis, FFA uptake, lipogenesis, and the 
transcriptional control of these processes, in the iWAT, eWAT, livers, and skeletal muscles (gastrocnemius) of Ad-
FLD mice vs. Ad-LacZ controls (n = 5-6 mice per group; *p<0.05 vs. control). 
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One possible mechanism for the lack of steatosis in Ad-FLD mice fed a HFD is that these mice 
have enhanced fatty acid oxidation (FAO) in non-adipose tissues. However, the mRNA levels of 
genes involved in FAO were not different between genotypes (data not shown). Another possibility 
is that Ad-FLD mice fed a HFD have reduced TG synthesis, storage, or fat uptake in the liver and 
skeletal muscle. Examining this possibility revealed that the mRNA levels of genes encoding 
proteins involved in TG synthesis [e.g. Dgat2 (DGAT2), Lpin1 (Lipin-1), and Agpat2 (AGPAT2)], 
transcriptional control of lipogenesis [Srebf1 (SREBP-1c) and Mlxipl (ChREBP)], and fatty acid 
uptake and synthesis [Cd36 (FAT/CD36) and Fasn (FAS)] are on the whole markedly lower in the 
livers, gastrocnemius muscles, as well as in the iWAT and eWAT of Ad-FLD mice vs. Ad-LacZ 
controls (Fig. 3D). Thus, the potential impact of FLD-induced WAT lipolysis on hepatic and 
muscle steatosis may be offset by the transcriptional down-regulation of fat synthesis and storage 
programs in these tissues. 

 
Ad-FLD mice have enhanced cold-inducible energy expenditure  
 
Beyond linking increased adipocyte lipolysis with decreased adiposity in the WAT, we explored 
how Ad-FLD mice are protected from DIO more mechanistically. To do so, we fed singly housed 
Ad-FLD and Ad-LacZ mice a HFD for 21 days, then placed them into a Comprehensive 
Laboratory Animal Monitoring System (CLAMS) to perform indirect calorimetry. Ad-FLD mice 
fed a HFD had 9.9% higher oxygen consumption (VO2) and 8.3% higher carbon dioxide 
production (VCO2) during the dark period than did Ad-LacZ mice (Figures 4A-D). There were no 
differences in VO2 or VCO2 between groups during the light period. In accordance with these 
findings, the respiratory exchange ratios (RERs) of Ad-FLD mice fed a HFD were reduced vs. 
control mice (Figure 4E), and were present during both the light period (6.8% reduction) and the 
dark period (1.8% reduction). These results indicate that Ad-FLD mice rely more on fat to fuel 
metabolic processes than do control mice, and correspond with the ability of FLD to induce WAT 
lipolysis and raise plasma FFA levels. Overall, these results strongly support the concept that 
increasing circulating FLD levels in mice augments energy expenditure and thus lowers adiposity 
by coordinately coupling enhanced WAT lipolysis to greater fat utilization.  

 
After establishing the ability of FLD to stimulate energy expenditure at room temperature (22-
23ºC), which prior studies indicate is cold enough to stimulate reactive thermogenesis in mice 
(178), we examined Ad-FLD mice at thermoneutrality to eliminate any such thermogenic stress. 
Ad-FLD and Ad-LacZ mice fed a HFD for 21 days were placed into a CLAMS maintained at 30ºC, 
and indirect calorimetry was performed. Interestingly, measuring VO2 and VCO2 in this setting 
eliminated the excess energy expenditure that had been seen in Ad-FLD mice at room temperature 
(Figure 5A-5D), indicating that FLD drives energy expenditure in mice by potentiating their non-
shivering thermogenic response to cold. Notably, the temperature dependence of FLD-stimulated 
energy expenditure was not reflective of its impact on fuel utilization; RER was 5.3% lower in Ad-
FLD (light period) even at thermoneutrality (Figure 5E).  
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Figure 4. Increasing circulating levels of FLD in isolation enhances energy expenditure in mice fed a HFD. 
A. Whole-body oxygen consumption (VO2) measured at 23ºC over a 24-hour period in Ad-LacZ and Ad-FLD 
mice (n = 6 per group) fed a HFD for 3 weeks. B. Average VO2 during the light and dark periods for the data in 
A. C. Carbon dioxide production (VCO2) measured over 24 hours from the mice in A. D. Average VCO2 during 
light and dark periods for the data in C. E. Respiratory exchange ratios (RERs) measured at 23ºC and during 
light and dark periods from the mice in A. *p<0.05 vs. Ad-LacZ in all cases. 
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Figure 5. Ad-FLD mice fed a HFD at thermoneutrality do not have enhanced energy expenditure. A. Whole-
body oxygen consumption (VO2) measured at 30ºC over a 24-hour period in Ad-LacZ and Ad-FLD mice (n = 6 
per group) fed a HFD for 3 weeks. B. Average VO2 during the light and dark periods for the data in A. C. Carbon 
dioxide production (VCO2) measured over 24 hours from the mice in A. D. Average VCO2 during light and dark 
periods for the data in C. E. Respiratory exchange ratios (RERs) measured at 30ºC and during light and dark 
periods from the mice in A. *p<0.05 vs. Ad-LacZ in all cases. 
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Increasing systemic FLD levels induces beige conversion in the WAT  
 
To test whether the ability of FLD to enhance cold-inducible energy expenditure in Ad-FLD mice 
results from the activation of BAT or beige conversion within the iWAT, we isolated iWAT and 
BAT from Ad-LacZ and Ad-FLD mice fed a HFD for 3 weeks. Oxygen consumption, which we 
monitored in each of these tissues ex vivo, was increased 2.5-fold in the iWAT of Ad-FLD mice 
(Figure 6A), but was similar in the BAT of Ad-LacZ and Ad-FLD mice (Figure 6B). Similarly, 
extracellular acidification rate (ECAR), indicative of glucose utilization, was 2.9-fold higher in the 
iWAT of Ad-FLD mice vs. control (Figure 6C), but was not altered in the BAT (Figure 6D). 
Therefore, increasing systemic FLD levels enhances cellular respiration and increases glucose 
utilization specifically in the iWAT, highlighting the role of this specific fat depot in FLD-
stimulation of systematic energy expenditure.  
 
We also monitored OCR and ECAR in the iWAT and BAT of Ad-LacZ and Ad-FLD mice at 
thermoneutrality. Again, although OCR and ECAR remained elevated in the iWAT of Ad-FLD 
mice vs. control, these elevations were greatly diminished (46% for OCR and 43% for ECAR) 
when compared to values taken at standard room temperature (Figures 6A and C). These data 
support the temperature-dependent nature by which increased systemic FLD levels stimulate 
energy utilization in the iWAT. Notably, whereas OCR values in the BAT were similar in Ad-FLD 
and Ad-LacZ mice whether the mice were housed at 23ºC or 30ºC, ECAR in the BAT of Ad-FLD 
mice fell by 34% in response to thermoneutrality (Figures 6B and D).  

 
Certain WAT depots contain so-called “beige” adipocytes that can acquire a phenotype 
reminiscent of “brown” adipocytes residing in the BAT when exposed to cold or certain agents 
(149,179-181). Unlike white adipocytes, beige and brown adipocytes dissipate energy as heat. That 
Ad-FLD mice have elevated OCR in the iWAT, where beige precursor cells are prevalent (182), 
suggests that increasing systemic FLD levels induces beige/brown conversion in the iWAT. 
Supporting this contention, we found that the mRNA levels of thermogenic genes [Ppargc1a 
(a.k.a. Pgc1α), Cidea and Ucp1], were significantly elevated in iWAT of Ad-FLD mice housed at 
23ºC (Figures 6E and F, left). 

 
We also assessed tissue levels of uncoupling protein-1 (Ucp1), which is encoded by the Ucp1 gene 
and is indicative of thermogenic activation in beige and brown adipocytes. We saw that Ad-FLD 
mice had a striking increase over Ad-LacZ mice in the expression Ucp1 in the iWAT, but not the 
eWAT or BAT (Figure 6F, right). Taken together, our data indicate that systemically increasing 
FLD levels promotes beige/brown conversion and thermogenic activation within the iWAT, and 
strongly suggests that this mechanism is chiefly responsible for driving energy expenditure in Ad-
FLD mice.  
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Figure 6. Increasing circulating levels of FLD in isolation induces beige/brown conversion in mice 
fed a HFD. A. OCR measured from iWAT samples taken from Ad-LacZ and Ad-FLD mice fed a HFD 
for 3 weeks. B. OCR measured from the BAT, C. ECAR measured from the iWAT, and D. ECAR 
measured from the BAT of the same mice as in A. E. qPCR data, showing markedly increased mRNA 
levels of thermogenic genes involved in the iWAT of Ad-FLD mice fed a HFD as in A F. qPCR data, 
showing markedly increased mRNA levels of Ucp1 (left) and representative immunoblots (right, blots 
are cropped), showing a sharp induction of Ucp1 (U6382; Sigma) in the iWAT of Ad-FLD mice vs. Lac-
Z mice fed a HFD as in A. GAPDH used as internal control (ab9483; Abcam) (n = 5-6 mice per group, 
and *p<0.05 vs. Ad-LacZ for all experiments). 
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Ad-FLD mice have improved glucose intolerance under conditions promoting DIO  
 
Reduced adiposity and increased energy expenditure are frequently accompanied by improved 
glucose homeostasis. We thus performed glucose tolerance tests on Ad-LacZ and Ad-FLD mice 
fed a HFD for 3 weeks. Indeed, Ad-FLD mice under these dietary circumstances have markedly 
improved glucose tolerance, despite also having an ~50% reduction in fasting plasma insulin levels 
(Figures 7A and 7B). Gene expression analysis showed that the mRNA levels of genes encoding 
gluconeogenic enzymes, such as phosphoenolpyruvate carboxykinase (Pck1) and glucose-6-
phosphatase catalytic subunit (G6pc), were lower in livers of Ad-FLD mice than those of Ad-LacZ 
mice (Figure 7C), suggesting that reduced hepatic glucose production contributes to the improved 
glucose tolerance seen in Ad-FLD mice fed a HFD. 

 

 
Discussion 
 
Angptl4 mobilizes FFAs from the WAT by promoting adipocyte lipolysis, and limits uptake of 
circulating TG into the WAT by inhibiting extracellular LPL activity (183). The N-terminal CCD 
of Angptl4 is responsible for its ability to inhibit LPL. We show here that the C-terminal FLD of 
Angptl4 is responsible for stimulating adipocyte lipolysis, a finding that has important 
physiological and pharmacological implications for obesity and type 2 diabetes.  

 
Angptl4 circulates in full-length and truncated forms, including its CCD and FLD, respectively. 
Therefore, stimuli such as fasting and glucocorticoids by definition increase circulating levels of 
full-length Angptl4 together with its individual CCD and FLD components, which then 
coordinately regulate lipid homeostasis. Supporting this concept, we noted that the FLAG-tagged 
proteins circulating in Ad-ANGPTL4 and Ad-FLD mice were of a similar size. This indicates 
either that most, if not all, circulating Angptl4 is cleaved into CCD and FLD components, or that 
the ability of Ad-Angptl4 mice to secrete full-length protein had waned by the time we drew 
plasma samples, leaving only long-lived truncated forms in the circulation.  
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Figure 7. Increasing circulating FLD levels in isolation improves measures of glucose homeostasis in mice 
fed a HFD. A. Lower serum glucose levels and B. lower plasma insulin levels vs. Ad-LacZ controls during glucose 
tolerance testing in Ad-FLD mice fed a HFD for 14 days (n = 6 mice per group). C. Reduced hepatic mRNA levels 
of genes encoding the gluconeogenic enzymes PEPCK (Pepck) and G6Pase (G6pc) in Ad-FLD mice fed a HFD for 
3 weeks (n = 5-6 mice per group). *p<0.05 vs. Ad-LacZ in all cases. 
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While artificially increasing circulating levels of full-length Angptl4 should reduce adiposity, this 
process would also be expected to produce marked hypertriglyceridemia, and potentially 
widespread non-adipose tissue steatosis. On the other hand, if FLD levels could be systemically 
increased without concomitantly increasing CCD levels, then it might be possible to mitigate DIO 
without risking hyperlipidemia or ectopic steatosis. However, the FLD of Angptl4 had not been 
studied in isolation, and its impact on lipid, energy, and glucose homeostasis had not been 
explored. We used an adenoviral system to overexpress FLD in the livers of mice, thus markedly 
increasing its levels in the circulation. Remarkably, this strategy reduced adiposity in mice without 
raising circulating TG levels. Although a previous report showed that injecting FLD into the brains 
of mice reduces food intake (76), we did not observe such a phenotype, suggesting that circulating 
FLD may not cross the blood-brain barrier. We estimated that the plasma levels of FLD achieved 
in our overexpression model was approximately 61.5 nM when measured 10 days following 
adenoviral infection. Interestingly, we previously estimated that plasma levels of intact full-length 
Angptl4 reach to 11.6 nM after a 24-hour fast (81). Thus, circulating FLD levels in our 
overexpression model may be at least 5.3 times higher than what might be achieved by prolonged 
fasting.  

 
On the other hand, there are two factors to consider when evaluating FLD levels in the blood of 
Ad-FLD mice. First, the ELISA we performed previously used antibodies recognizing the CCD, 
rather than FLD, of Angptl4. Thus, we could have underestimated the plasma levels of FLD in our 
analysis of full-length Angptl4 levels. It is also possible that peak circulating FLD levels in Ad-
FLD mice are higher than 61.5nM, based on the fact that peak adenovirus-mediated FLD 
expression could be either prior to or after the 10 day post-infection time point when our 
measurements were made. Future experiments should utilize the administration of purified FLD 
proteins in order to confirm the exact concentrations of plasma FLD needed to produce the types 
of metabolic effects we observed here. 

 
In exploring the mechanism(s) underlying the promising metabolic phenotype of Ad-FLD mice, 
we discovered that Ad-FLD mice have an elevation in systemic energy expenditure at relatively 
cold ambient temperatures, an effect profoundly suppressed at thermoneutrality. These results 
indicate that FLD acts to potentiate adaptive thermogenesis. Probing this phenotype revealed that 
Ad-FLD mice have increased expression of several thermogenic genes, including Ucp1, and 
consume more oxygen and glucose specifically in the iWAT. These features combine to suggest 
that FLD may promote beige/brown conversion in the subcutaneous WAT. Interestingly, an earlier 
study showed that overexpressing full-length Angptl4 in the WAT and skeletal muscle increases 
Ucp1 mRNA levels in the eWAT of mice, although the iWAT was not assessed (73). It is possible 
that elevating FLD levels for longer than the 3-week period in our study would have also induced 
Ucp1 expression in eWAT. Nonetheless, subcutaneous WAT depots such as iWAT have more 
abundant beige precursors than do visceral WAT depots such as eWAT (181,184), In our 
experiments, Ucp1 expression and oxygen consumption in the BAT were not augmented by FLD, 
despite its ability to activate cAMP signaling in brown adipocytes. This is likely due to the fact 
that baseline Ucp1 mRNA levels and oxygen consumption rates in the BAT are already quite 
upregulated, even in control mice. 

 
We propose that FLD could promote thermogenic energy expenditure through two potential 
mechanisms (Fig. 8). First, it could do so through the stimulation of cAMP-dependent PKA 
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activation in adipocytes, leading to downstream transcriptional induction of thermogenic 
mediators (149,179-181) (Fig. 8). Supporting this idea, we saw that mRNA levels of Ppargc1a, 
which is transcriptionally regulated by cAMP-PKA signaling (124,182,185), were elevated in the 
iWAT of Ad-FLD mice. Induction of Ppargc1α would, in turn, activate transcription of other 
thermogenic genes, such as Ucp1 and Cidea. For example, adipocyte specific knockout of 
Ppargc1a reduces Ucp1 expression and thermogenic capacity in WAT (186). Second, FLD could 
increase the availability of intracellular FFAs mobilized through the cAMP-dependent stimulation 
of adipocyte lipolysis. These FFAs could then be oxidized by mitochondria to generate heat, and 
also serve as critical required factors for the stimulation of Ucp1 activity (127,187). Future work 
should focus on determining the relative contribution of these two possibilities to FLD-induced 
thermogenesis. 

 
While lipolysis has been targeted to reduce body weight (144), unchecked lipolysis can lead to 
ectopic lipid accumulation and insulin resistance (138,139). Indeed, overexpression of full-length 
ANGPTL4 was shown to cause hepatic steatosis in mice (70). How does increased adipocyte 
lipolysis in Ad-FLD mice avoid this outcome?  One potential explanation is based on our finding 
that Ad-FLD mice have suppressed mRNA levels of genes involved in in fat uptake, synthesis, 
and storage in both the liver and skeletal muscle. This downregulation may reduce the rate at which 
FAs fluxing from the WAT to the liver and muscle are incorporated into TG, thus preventing 
steatosis. 
 
Alternatively, FAs in the liver and skeletal muscle could be consumed through FAO. Although 
gene expression analysis did not reveal FLD-regulation of genes involved in FAO, FLD could 
augment FAO by post-transcriptionally modifying FAO enzymes and/or molecules involved in 
mitochondrial respiration. Further studies should compare and contrast the relative roles of FAO, 
mitochondrial respiration, de novo lipogenesis, and TG synthesis on the impact of FLD on hepatic 
and muscle TG homeostasis. In any case, what is clear is that the tissue steatosis produced when 
full-length Angptl4 is overexpressed in mice requires the LPL-inhibitory action of CCD, since 
increasing systemic FLD levels without concomitantly increasing CCD levels prevents, rather than 
promotes, steatosis.  
 
Overexpressing full-length ANGPTL4 in mice improved glucose tolerance (70,71), however our 
studies indicate that overexpressing FLD on its own is sufficient to improve glucose tolerance in 
mice fed a HFD. As may be true for energy expenditure, it is possible that FLD improves glucose 
homeostasis through mechanisms other than the enhancement of WAT lipolysis per se. For 
example, Ad-FLD mice fed a HFD had reduced hepatic mRNA levels of gluconeogenic genes, 
suggesting that FLD may enhance insulin sensitivity in the liver and reduce hepatic glucose 
production. Future work will need to determine the extent to which FLD directly regulates hepatic 
glucose metabolism vs. effects that result indirectly from its regulation of hepatic TG homeostasis. 

 
We show that Angptl4 exerts metabolic effects through both its CCD and FLD, and that the FLD 
is specifically responsible for the ability of Angptl4 to stimulate adipocyte lipolysis. Moreover, 
FLD may be more appropriate than full-length Angptl4 when considering clinical translation, as 
FLD can stimulate lipolysis and reduce adiposity without inducing hypertriglyceridemia. Indeed, 
increasing the levels of FLD systemically in mice not only limits DIO, but also improves glucose 
homeostasis and protects against hepatic and muscular steatosis. Though this phenotypic 
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constellation may involve pleiotropic mechanisms, including enhanced adipocyte lipolysis, 
beige/brown conversion, and the potentiation of adaptive thermogenesis, our study highlights the 
potential value of FLD in ameliorating metabolic diseases linked to obesity.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Experimental Procedures 
 
Adenovirus Production 
 
The adenoviral vector containing full-length human ANGPTL4 cDNA was provided by Dr. Ron 
Kahn (Joslin Diabetes Center, Boston, MA). To generate the FLD vector, the nucleotide sequence 
coding amino acids 38-165 of ANGPTL4 was deleted using the QuikChange Site-Directed 
Mutagenesis Kit (Agilent, Santa Clara, CA). Adenoviruses were produced, packaged and 
amplified by Vector Biolabs (Malvern, PA). Adenoviruses were injected via tail vein (1x109 
PFU/mouse in PBS).  
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Figure 8. The model of FLD-induced energy expenditure. FLD acts through an unidentified receptor to increase 
intracellular cAMP levels in adipocytes, which promotes lipolysis. Fatty acids generated from lipolysis are required 
for Ucp1 activation. Increasing cAMP levels in adipocytes could also augment the expression of thermogenic genes, 
such as Ppargc1a and Ucp1, which promotes thermogenesis. Dash lines indicate multiple steps. 
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Mice 
 
All animal experiments were conducted in accordance with the guidelines of the International 
Animal Care and Use Committees (IACUC) of the University of California, Berkeley. Eight week-
old male C57BL/6J mice (Charles River, Wilmington, MA) were injected with adenovirus and fed 
either a standard low-fat chow diet or a HFD (42% Kcal from fat; Envigo, Indianapolis, IN) ad 
libitum for 21 days. Mice were either housed at 20-22ºC for the entire study, or switched to 
thermoneutral (30ºC) housing for the last five days.  

 
Oxygen consumption (VO2), carbon dioxide production (VCO2) and respiratory exchange ratio 
(RER) were monitored in mice by a Comprehensive Lab Animal Monitoring System (CLAMS) 
18 days after adenoviral injection. Data were normalized to body weight. 
 
Immunoblotting  
 
Tissues were lysed in RIPA buffer, and the proteins from lysates were separated by SDS-PAGE, 
transferred to nitrocellulose membrane and probed with the indicated antibodies.  

 
To measure plasma FLAG-FLD and FLAG-ANGPTL4 levels, 40µL of plasma from Ad-
ANGPTL4, Ad-FLD, or Ad-LacZ mice was diluted to 1mL with lysis buffer and incubated two 
hours at 4°C. Lysates were run through an anti-FLAG M2 affinity gel (A2220, Sigma) to pull 
down FLAG-tagged proteins. The resin was washed with TBS, boiled for 5 minutes at 100°C in 
sample buffer, and the eluent subjected to SDS-PAGE.  Additionally, 3μl of plasma from Ad-FLD 
or Ad-LacZ mice fed a HFD, along with 20.5 ng of purified FLAG-FLD proteins were diluted 10-
fold in saline, incubated at 95°C in sample buffer [31mM Tris-HCl, pH 6.8; 1%(wt/vol) glycerol], 
and then run on SDS-PAGE. After immunoblotting using FLAG antibodies (F3165, Sigma; 1:1000 
in 5% BSA), ImageJ software (http://rsbweb.nih.gov/ij) was used to measure the intensity of the 
resulting bands. The relative concentration of FLAG-FLD in plasma of Ad-FLD mice was then 
calculated. 
 
RNA isolation and quantitative real-time PCR (qPCR) 
 
Total RNA was isolated from mouse inguinal WAT, epididymal WAT, liver and gastrocnemius 
muscle using Trizol Reagent (15596026, Ambion/ThermoFisher, Waltham, MA). To synthesize 
randomly primed cDNA, 0.6 μg of total RNA, 4 μl of 2.5 mM dNTP, and 2 μl of 15 μM random 
primers (New England Biolabs, Ipswich, MA) were mixed in a volume of 16 μl and incubated at 
70°C for 10 min. Then, a 4-μl cocktail containing 25 units of Moloney murine leukemia virus (M-
MuLV) Reverse Transcriptase (New England Biolabs), 10 units of RNasin (Promega, Sunnyvale, 
CA), and 2 μl of 10× reaction buffer (New England Biolabs) was added, and the samples were 
incubated at 42°C for 1 hour and then at 95°C for 5 min. The cDNA was diluted and used to 
perform real-time quantitative PCR (qPCR) using the EVA QPCR SuperMix Kit (Biochain, 
Newark, CA), following manufacturer's protocol. qPCR was performed in a StepOne PCR System 
(Applied Biosystems, Foster City, CA) and analyzed by the ΔΔ-Ct method, as supplied by the 
manufacturer (Applied Biosystems/Thermo Fisher). Rpl19 gene expression was used for internal 
normalization. Primer sequences for qPCR are listed in Table 1.  
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Plasma TG and FFA measurement  
 
Plasma TG levels were measured using a Serum Triglyceride Determination Kit (TR0100, Sigma) 
according to the manufacturer’s recommended protocol, and Plasma FFA levels were measured 
using a colorimetric kit (Sigma, MAK044) according to manufacturer’s recommended protocol.   
 
Body composition analysis  
 
Body composition was analyzed by dual energy X-ray absorptiometry (DEXA) with a PIXImus2 
scanner (GE Healthcare Lunar, Madison, WI). 
  
Tissue TG measurement 
 
Liver samples were weighed and homogenized in a buffer containing 50 mM Tris-HCl (pH 7.4) 
and 250 mM sucrose. Lipids were extracted in chloroform/methanol (2:1) and separated by TLC 
on silica gel G-60 plates with the solvent hexane/ethyl ether/acetic acid (v/v/v, 80:20:1). The TG 
bands were visualized by exposure to iodine and then scraped and analyzed as described (81), with 
triolein (T7140, Sigma) as a standard, and expressed per tissue weight. 
 
Seahorse XF24e Analysis 
 
Tissue explants were collected and minced in Krebs-Henseleit buffer (188). 3-5mg pieces were 
transferred to Seahorse XF24e Islet Capture Microplates with 500uL KHB per well. These 
microplates were then incubated for 1 hour at 37ºC in absence of CO2, read using an XF24e 
Analyzer (Seahorse Bioscience, Billerica, MA), and then homogenized in RIPA buffer. Oxygen 
consumption rate (OCR) and extracellular acidification rate (ECAR) data were normalized to 
protein concentration. 
 
Measuring lipolysis from isolated adipocytes 
 
C57BL/6J mice were euthanized and iWAT was dissected out and minced in Krebs-Ringer buffer 
(KRB; 12 mM HEPES, 121 mM NaCl, 4.9 mM KCl, 1.2 mM MgSO4 and 0.33 mM CaCl2) 
containing collagenase (Sigma) supplemented with 3mM glucose and 1% FA-free BSA. The 
mixture was transferred to conical tubes and shaken at 37°C for 1 hour. After digestion, the mixture 
was filtered through nylon mesh and spun for 5 minutes at 200rpm. Isolated adipocytes were 
collected from the upper phase and washed three times with KRB. Cells were resuspended in 
DMEM containing 10% stripped FBS. 300uL aliquots of cells were placed in microcentrifuge 
tubes containing medium at a final volume of 500uL for further treatment. These cells were then 
treated with either 20nM Angptl4, 20nM FLD, 20nM E40K or buffer (control). Glycerol release 
in response to each treatment was measured from aliquots taken from the incubation buffer using 
Free Glycerol reagent (Sigma). iWAT cAMP levels was measured from cell lysates in KRB. 
Lysates were centrifuged at 13000 x g for 10 minutes at 4 °C and the cAMP content of the tissue 
supernatants was measured by ELISA (Enzo Life Sciences, Farmingdale, NY). cAMP levels were 
measured by ELISA (Enzo Life Sciences, Farmingdale NY). Measurements normalized to protein 
concentration (BioRad). 
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Purification of FLAG-tagged proteins 
 

AD293 cells cultured in medium with 10% FBS and 1% penicillin/streptomycin were infected 
with adenovirus expressing FLAG-ANGPTL4, FLAG-FLD or FLAG-E40K for 1 hour, after 
which the medium was refreshed. After an additional 72 hours, the medium was collected, and 
FLAG-tagged proteins were purified from it using an anti-FLAG M2 affinity gel (Sigma) 
according to manufacturer’s protocol. The purified proteins were then dialyzed and concentrated 
using Slide-A-Lyzer dialyzing cassettes and concentrating solution (Thermo Scientific). 
Immunoblotting and coomassie staining confirmed protein purity. The affinity gel elution buffer 
(Tris-buffered saline) was also dialyzed and concentrated to serve as a control. 
 
Measuring glucose tolerance and plasma insulin levels in mice 
 
Mice were fasted for 6 hours and then given i.p. glucose (1g/kg body weight). To perform an 
intraperitoneal glucose tolerance test (IPGTT), tail blood collected at 0, 15, 30, 60, 90, 120 minutes 
after glucose administration was used measure glucose levels by glucometer (Contour, Bayer). 
Fasting plasma insulin levels were measured by an Ultra Sensitive Mouse Insulin ELISA Kit 
(Crystal Chem, Downers Grove, IL). 
 
Statistical analyses 
 
Data are expressed as means ± standard error (S.E.M.). Statistically significant differences 
between two groups were assessed by Student’s t-test. IPGTT, CLAMS and Seahorse results were 
also analyzed by calculating the area-under-the-curve (AUC). 
 
Acknowledgements 
 
We thank Drs. C. Ronald Kahn and Sara Vienberg for the adenoviral vector harboring full-length 
human ANGPTL4 cDNA; Donghui Wang from the UCSF Helen Diller Cancer Center for 
performing tail vein injections; Dr. Christophe Paillart and the UCSF Nutrition and Obesity 
Research Center Mouse Metabolism Core (NIDDK P30 DK098722-01A1) for help with CLAMS 
experiments; and Dr. Jon Dempersmier for critical reading of the manuscript. JCW and SKK are 
guarantors of this work and, as such, had full access to all the data in the study and take 
responsibility for the integrity of the data and the accuracy of the data analysis. The NIH 
(R01DK084591 to JCW) and The American Heart Association (15GRNT22920008 to JCW) 
supported this work. 

 
 
 
 



	 37	

Table 1: List of Primers for RT-qPCR  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S1: List of primers used in this study

McQueen et al. Table S1

Gene Forward Primer (5'-3') Reverse Primer (3'-5')
Rpl19 AGCCTGTGACTGTCCATTCC GGCAGTACCCTTCCTCTTCC
G6pc TCCTGGGACAGACACACAAG CAACTTTAATATACGCTATTGG
Pck1 AGATGGCAAGTTCCTCTGGC TGTCTTCCCCTTCAATCCGC
Dgat2 AGTGGCAATGCTATCATCATCGT AAGGAATAAGTGGGAACCCAGATCA
Lpin1 TGACTCGTTTCAGACGGA GGCTTTCCATTCTCGCAGCTCCT
Agpat2 GCAACGACAATGGGGACCTG ACAGCATCCAGCACTTGTACC
Cd36 CCTCCAGAATCCAGACAACC CACAGGCTTTCCTTCTTTGC
Fasn GGCATCATTGGGCACTCCTT GCTGCAAGCACAGCCTCTCT
Mlxipl CGACACTCACCCACCTCTTC TTGTTCAGCCGGATCTTGTC
Srebf1 TGACCCTACGAAGTGCACAC CATGCCCTCCATAGACACATC
Dio2 CCACCTGACCACCTTTCACT TGGTTCCGGTGCTTCTTAAC
Cidea GCCTGCAGGAACTTATCAGC CCATTTCTGTCCCTTTTCCA
Ucp1 GCCTTCAGATCCAAGGTGAA TAAGCCGGCTGAGATCTTGT

Ppargc1a ATGTGTCGCCTTCTTGCTCT ATCTACTGCCTGGGGACCTT
Prdm16 GCCATTCATATGCGAGGTCT CCAGGCGTGTAATGGTTCTT
Ebf2 GGGATTCAAGATACGCTAGGAAG GGAGGTTGCTTTCAAAATGGG
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Chapter 2: Characterizing the Role of the Angiopoietin-like 4 Fibrinogen-like Domain in 
Hepatic Gluconeogenesis 

 
Abstract 

 
Angiopoietin-like 4 (Angptl4) is a secreted protein that inhibits lipoprotein lipase (LPL) activity 
and promotes lipolysis in adipocytes. Previous studies have shown that the N-terminal coiled-coil 
domain of Angptl4 alone can inhibit LPL. Previously, we reported that the C-terminal fibrinogen-
like domain (FLD) of ANGPTL4 alone can elevate intracellular cAMP levels to promote lipolysis. 
Thus, the LPL inhibitory and the lipolytic activities of ANGPTL4 can be separated. Here, mice 
were infected with adenovirus that express either the ANGPTL4 FLD (Ad-FLD) or LacZ (Ad-
LacZ, control) and then placed on high-fat diet (HFD) at thermoneutrality or chow diet (CD) at 
room temperature for three weeks. Ad-FLD mice on HFD gained markedly less weight and had 
reduced adiposity as well as improved glucose tolerance compared with Ad-LacZ controls. To 
more closely examine the role of FLD in the improvement of glucose tolerance of these mice, we 
then overexpressed FLD in mice on chow diet. While there was no difference in body weight or 
adiposity under chow conditions, Ad-FLD mice on chow diet did exhibit improved glucose 
tolerance. Gene expression analysis revealed that treatment of cultured hepatocytes with purified 
recombinant FLD protein reduced gluconeogenic gene expression, indicating that FLD may 
improve glucose tolerance through suppression of gluconeogenesis. 
 
Introduction  
 
Obesity and its associated metabolic disorders, including type two diabetes, have become an ever 
increasing public health problem in recent decades. However, many of the therapies developed to 
treat metabolic diseases have serious metabolic off-target effects. There is a burgeoning interest in 
identifying novel metabolic regulators that could offer beneficial metabolic effects in the context 
of obesity and type 2 diabetes while avoiding serious health consequences.    
 
Angiopoietin-like 4 (Angptl4; also known as fasting induced adipose factor, FIAF; hepatic 
fibrinogen/angiopoietin-related protein, HFARP; PPARg angiopoietin-related protein, PGAR) is a 
secreted glycoprotein expressed highly in white and brown adipose tissue (WAT and BAT, 
respectively) and liver (51-53). Angptl4 is highly conserved, consisting of an amino-terminal 
coiled coil domain (CCD) and a carboxy-terminal fibrinogen-like domain (FLD) connected by a 
cleavable linker region (54,172). Angptl4 is secreted to the plasma by both WAT and liver. From 
WAT, Angptl4 is mainly secreted in its full length form, while it is mainly secreted in its truncated 
form (either as the CCD or FLD alone) from the liver (57,61,65). ANGPTL4 expression is 
controlled by a variety of factors including nutritional status and environmental factors. Angptl4 
mRNA is upregulated during fasting and cold exposure and in response to glucocorticoids, thyroid 
hormone, free fatty acids and hypoxia (53,55-57,59-61). Its expression is also directly regulated 
by the peroxisome proliferator-activated receptor (PPAR) family of transcription factors—
specifically PPARa and PPARb/d which are regulated by free fatty acids (50,61). 
 
Angptl4 was initially characterized for its role in lipid metabolism. Prior work has shown that the 
CCD of Angptl4 inhibits extracellular lipoprotein lipase (LPL), the enzyme responsible for 
hydrolyzing triacylglycerol (TAG) to glycerol and free fatty acids (FFA) in circulation for their 
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uptake into tissues (67,69,79). Intravenous injection of human recombinant full length ANGPTL4 
in KK/San mice (an obese model with low plasma lipid levels) markedly increased plasma TG 
levels and hepatic steatosis, as did adenoviral overexpression of Angptl4 in C57BL/6 mice (68,69). 
By contrast, Angptl4 deficient (Angptl4-/-) mice had decreased levels of plasma TG compared to 
wild-type (WT) mice and gained more weight compared with age-matched WT counterparts 
(21,76).  In addition, treatment with human purified recombinant ANGPTL4 promotes lipolysis in 
adipocytes (81). Our lab has recently shown that this effect is mediated by the Angptl4 FLD 
(81,189). Originally, injection of recombinant full length ANGPTL4 in mice resulted in increased 
plasma non-esterified free fatty acid (NEFA) levels indicative of a lipolytic function. More 
recently, our lab showed that adenoviral overexpression of ANGPTL4 FLD alone increases plasma 
FFAs. We also showed that ex vivo treatment of primary white adipocytes isolated from mice with 
purified recombinant ANGPTL4 FLD promotes glycerol release via the cAMP-PKA signaling 
pathway (189).  
 
A role for Angptl4 has also been identified in glucose homeostasis. Adenoviral overexpression of 
full length Angptl4 improves overall glucose tolerance despite causing hypertriglyceridemia and 
hepatic steatosis in both C57BL/6J mice on chow diet and in db/db diabetic mice (70). More 
recently, our lab has identified the Angptl4 FLD as responsible for this effect on glucose 
homeostasis. Indeed, adenoviral overexpression of ANGPTL4 FLD in mice fed a high fat diet 
improves glucose tolerance and insulin sensitivity in addition to protecting against high fat diet 
induced obesity and ectopic accumulation of TGs and increasing energy expenditure (189).  
 
Though the receptors through which the metabolic functions of Angptl4 FLD are mediated are 
currently unknown, other groups have shown that the FLD interacts with b1, b3 and b5 integrins 
to mediate keratinocyte migration via an integrin-dependent focal adhesion 
kinase-Src–p21–activated kinase 1 dependent pathway during wound healing (101,176,177). 
Angptl4 FLD coordinates cell matrix communication in wound keratinocytes by interacting with 
fibronectin and vitronectin in the extracellular matrix to stimulate integrin-focal adhesion kinase 
(FAK), 14-3-3, and PKC-mediated signaling pathways essential for effective wound healing (101). 
By contrast the potential for the ANGPTL4 FLD interaction and signaling through integrins in 
liver and adipocytes has yet to be explored.  
 
Here we show that ANGPTL4 FLD-mediated improvement in glucose tolerance can be separated 
from its effects on energy expenditure and weight gain. Rather, ANGPTL4 FLD effects on glucose 
homeostasis may be due to a cell autonomous effect on the liver leading to suppression of hepatic 
gluconeogenesis.  
 
Results 
 
FLD overexpression protects mice against high fat diet induced obesity at thermoneutrality  
 
Previously, our lab has shown that adenoviral overexpression of ANGPTL4 FLD protects mice 
against high fat diet-induced obesity and glucose intolerance. This FLD effect is likely due to the 
increase of energy expenditure through beiging of inguinal white adipose tissue depots (189). To 
further examine the role of energy expenditure in FLD-improved metabolic profiles, Ad-FLD and 
Ad-LacZ mice were placed on high fat diet and housed at thermoneutrality (30°C) for three weeks. 
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Our previous work (Chapter 1, Figure 5) indicated that FLD overexpression no longer increased 
energy expenditure in mice at thermoneutrality (189). However, surprisingly, Ad-FLD mice fed a 
HFD still gained less weight than Ad-LacZ mice, with a divergence beginning after one week post-
injection (Figure 9A). A closer look at the tissue specific effects of this protection against DIO 
revealed that Ad-FLD mice have reduced body fat. Epididymal WAT (eWAT) pad weights were 
reduced by 53% in Ad-FLD mice compared to controls (Figure 9B). Gastrocnemius (GA) muscle 
weights were also reduced by 3% in Ad-FLD mice compared to controls. There were no 
differences in weights in liver, heart, iWAT or BAT depots between Ad-FLD and Ad-LacZ mice, 
indicating that increasing plasma FLD levels promotes resistance to weight gain primarily by 
reducing adiposity. 
 

Given the in vivo FLD lipolytic 
effect we had previously observed 
(189), we expected that prolonged 
FLD-mediated lipolysis would 
cause flux of mobilized FFAs from 
WAT to various other tissues such 
as the liver and skeletal muscle, 
leading to ectopic TG storage. Quite 
surprisingly, we found that although 
elevated plasma FLD levels 
protected mice against high fat diet 
induced obesity at thermoneutrality, 
it did not result in liver and muscle 
steatosis. Measurement of TG 
levels in the livers (Figure 9C) and 
skeletal muscle (Figure 9D) of Ad-
FLD mice were similar to those of 
Ad-LacZ mice. 

Figure 9. FLD overexpression protects 
mice against high fat diet induced weight 
gain at thermoneutrality. 
Body weights  for Ad-LacZ and Ad-FLD 
mice fed a high fat diet at thermoneutrality 
(A).  Tissue weights for Ad-LacZ and Ad-
FLD mice fed a high fat diet at 
thermoneutrality (B). Triglyceride levels in 
liver (C) and gastrocnemius muscle (D) in 
Ad-LacZ and Ad-FLD mice. (n=6 
mice/group)  *p<0.05 vs. Ad-LacZ in all 
cases. 
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Figure 1. FLD overexpression protects mice against high fat diet induced weight gain at thermoneutrali-
ty. Body weights  for Ad-LacZ and Ad-FLD mice fed a high fat diet at thermoneutrality (A).  Tissue 

weights for Ad-LacZ and Ad-FLD mice fed a high fat diet at thermoneutrality (B). Triglyceride levels in 
liver (C) and gastrocnemius muscle (D) in Ad-LacZ and Ad-FLD mice. (n=6 mice/group)  *p<0.05 vs. 

Ad-LacZ in all cases. 
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Figure 2. Lower plasma glucose levels during glucose tolerance test (A), insulin tolerance test (B), and 
pyruvate tolerance test (C) (#=0.09)  vs. Ad-LacZ controls during glucose tolerance testing in Ad-FLD 

mice fed a HFD for 21 days (n = 6 mice per group) *p<0.05 vs. Ad-LacZ in all cases. 
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Figure 10.  FLD overexpression improves glucose and insulin tolerance in HFD-fed mice at thermoneutrality.  
Lower plasma glucose levels during glucose tolerance test (A), insulin tolerance test (B), and pyruvate tolerance test 
(C) (#=0.09)  vs. Ad-LacZ controls during glucose tolerance testing in Ad-FLD mice fed a HFD for 21 days (n = 6 
mice per group) *p<0.05 vs. Ad-LacZ in all cases. 
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FLD overexpression improves glucose tolerance in HFD-fed mice at thermoneutrality 
 
Quite often, reduced adiposity is accompanied by improved glucose homeostasis. To test this, we 
performed glucose, insulin and pyruvate tolerance tests on Ad-LacZ and Ad-FLD mice fed a HFD 
and housed at thermoneutrality for 3 weeks. Interestingly, Ad-FLD mice displayed markedly 
improved glucose tolerance (Figure 10A) and insulin sensitivity (Figure 10B). The pyruvate 
tolerance test also revealed slightly lower glucose production in Ad-FLD mice injected with 
sodium pyruvate one hour post-injection (Figure 10C).  

 

 
We previously showed that HFD-fed Ad-
FLD mice housed at room temperature have 

improved glucose tolerance and reduced the expression of gluconeogenic genes (189). Here, gene 
expression analysis revealed that the mRNA levels of genes encoding gluconeogenic enzymes, 
such as phosphoenolpyruvate carboxykinase (Pepck) and glucose-6-phosphatase (G6Pase), were 
reduced in livers of Ad-FLD mice compared to those of Ad-LacZ mice by 47% and 34% 
respectively (Figure 11), suggesting that reduced hepatic glucose production may contribute to the 
improved glucose tolerance in this thermoneutral model. Overall these results demonstrated that 
increasing circulating FLD at thermoneutrality significantly improves metabolic profiles and 
insulin sensitivity without elevating energy expenditure in high fat diet fed mice. 
 

Figure 11. FLD overexpression decreases 
liver gluconeogenic gene expression. 
Gluconeogenic gene expression in liver in Ad-
FLD mice fed a HFD and housed at 
thermoneutrality for 21 days (n = 6 mice per 
group) *p<0.05 vs. Ad-LacZ in all cases. 
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Figure 4. FLD overexpression in mice fed a chow diet does not affect weight gain or adiposity. Body 
weight (A) and food intake (B) for Ad-LacZ and Ad-FLD mice fed a standard chow diet for 14 days. 
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Figure 12. FLD 
overexpression in 
mice fed a chow diet 
does not affect weight 
gain or adiposity. 
Body weight (A) and 
food intake (B) for Ad-
LacZ and Ad-FLD 
mice fed a standard 
chow diet for 14 days. 
Tissue weights (C) for 
Ad-LacZ and Ad-FLD 
mice fed a standard 
chow diet for 14 days. 
Lean body mass (D) 
and fat mass (E) 
measured by DEXA 
body scan. (n = 6 
mice/group) *p<0.05 
vs. Ad-LacZ in all 
cases.  
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FLD overexpression improves glucose tolerance in mice on chow diet 
 
Next, we tested whether FLD improves glucose tolerance independent of its effect on adiposity. 
Ad-LacZ and Ad-FLD mice were placed on a standard chow diet and housed at room temperature 
for 14 days.  Monitoring of body weight revealed no difference in weight gain (Figure 12A) or 
food intake (Figure 12B) between the two groups. Additionally, tissue weights were similar 
between the two groups except for the Ad-FLD BAT depot, which was reduced by ~35% (Figure 
12C). Finally, EchoMRI analysis revealed no difference in lean body mass (Figure 12D) or fat 
mass (Figure 12E) between the two groups.  
 
Despite the fact that FLD overexpression did not affect body weight on chow diet, a GTT revealed 
that Ad-FLD mice have improved glucose tolerance two weeks post-injection with adenovirus 
(Figure 13A). Plasma insulin levels were not different between the two groups (Figure 13B). Gene 
expression analysis of the liver once again revealed that gluconeogenic gene expression of both 
PEPCK and G6Pase were reduced by ~72% and ~70%, respectively, in Ad-FLD mice (Figure 
13C).  
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Figure 5. FLD overexpression improves glucose tolerance in mice fed a chow diet. Lower plasma 
glucose levels during a glucose tolerance test (A) vs. Ad-LacZ mice. (n = 6 mice per group) Plasma 
insulin levels for Ad-LacZ and Ad-FLD mice fed a standard chow diet for 14 days (B). qPCR showing 

reduced gluconeogenic gene expression in the livers of Ad-LacZ and Ad-FLD mice fed a standard chow 
diet for 14 days (C). (n=6 mice/group) *p<0.05 vs. Ad-LacZ in all cases. 

A.

B. C.

Figure 13. FLD overexpression improves glucose tolerance in mice fed a chow diet. Lower plasma 
glucose levels during a glucose tolerance test (A) vs. Ad-LacZ mice. (n = 6 mice per group) Plasma 
insulin levels for Ad-LacZ and Ad-FLD mice fed a standard chow diet for 14 days (B). qPCR showing 
reduced gluconeogenic gene expression in the livers of Ad-LacZ and Ad-FLD mice fed a standard 
chow diet for 14 days (C). (n=6 mice/group) *p<0.05 vs. Ad-LacZ in all cases. 
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FLD suppresses gluconeogenic gene expression in cultured hepatocytes 
 
We hypothesized that FLD suppression of gluconeogenic gene expression is a cell autonomous 
effect. To test this, we treated rat H4IIE hepatoma cells with purified recombinant FLD protein or 
FLD protein plus dexamethasone. Dexamethasone is a synthetic glucocorticoid, which induces the 
expression of hepatic gluconeogenic genes. FLD treatment decreased basal and dexamethasone-
induced PEPCK (Figure 14A) and G6Pase (Figure 14B) expression. 
 

 
 
Discussion 
	
In this study, we show that overexpression of the ANGPTL4 FLD reduces adiposity and improves 
glucose tolerance in high fat diet-fed mice at thermoneutrality. Since these FLD overexpressing 
mice no longer have elevated energy expenditure, the reduction of adiposity is likely due mainly 
to increased FLD-mediated lipolysis. Thermoneutral conditions have not been reported to affect 
lipolysis. However, FLD overexpression only decreased eWAT but not iWAT and BAT depot size 
at thermoneutrality, which is unlike what we observed in Ad-FLD mice at room temperature (189). 
At room temperature, all fat depots have reduced adiposity in Ad-FLD mice (189). One potential 
explanation of these results is that there could be signals induced during thermoneutrality that 
suppress FLD action on lipolysis in iWAT. Alternatively, it is possible that signals that are required 
to act with FLD to enhance lipolysis are not present during thermoneutrality. Finally, it is also 
possible that upon secretion from the liver, circulating FLD only reaches eWAT but not iWAT 
during thermoneutrality.  
 
Despite this eWAT-specific reduction in adiposity, we did not observe an accumulation of TG in 
either liver or gastrocnemius muscle. These results are reminiscent of our previous observation in 
high fat diet fed Ad-FLD mice at room temperature, for which TG levels in liver or gastrocnemius 
muscle are reduced rather than increased despite the elevated lipolysis in WAT (189). This 
observation in room temperature is attributed, at least in part, to reduced expression of genes 
encoding proteins involved in lipogenesis, triglyceride storage, and fatty acid uptake (189). We 
speculate that a similar mechanism is employed at thermoneutrality to reduce TG accumulation in 
liver and gastrocnemius muscle. 
 
Elevating circulating FLD also improves high fat diet-induced glucose intolerance at 
thermoneutrality. These results indicate that augmentation of energy expenditure by FLD is 
unlikely the major contributor to improved glucose homeostasis observed in Ad-FLD mice. 
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Figure 6. FLD suppresses gluconeogenic gene expression in vitro via integrin signaling pathways. 
PEPCK (A) and G6Pase (B) gene expression in H4IIE cells treated with purified recombinant FLD 

(1.5uM), dexamethasone (0.5uM) or dexamethasone +FLD for 6 hours. 

A. B. Figure 14. FLD 
suppresses gluconeogenic 
gene expression in vitro. 
PEPCK (A) and G6Pase (B) 
gene expression in H4IIE 
cells treated with purified 
recombinant FLD (1.5uM), 
dexamethasone (0.5uM) or 
dexamethasone +/- FLD for 
6 hours. 
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Reducing adiposity is frequently associated with improved glucose homeostasis. However, we 
further show that overexpression of FLD in chow fed mice at room temperature does not reduce 
adiposity but still improves glucose tolerance. These results indicate that the beneficial metabolic 
effect of FLD on glucose homeostasis is independent of its ability to induce beiging and lipolysis 
of WAT. Xu et al previously reported that increasing circulating full length ANGPTL4 improves 
glucose tolerance (70). Thus, our data identifies FLD as the functional domain in ANGPTL4 that 
confers such a beneficial metabolic effect on glucose homeostasis. Interestingly, overexpression 
of full length ANGPTL4 in mice fed with a chow diet also concomitantly results in hepatic 
steatosis and hyperlipidemia (70), which are not seen in chow diet fed mice overexpressing FLD. 
These results suggest that the N-terminal CCD of ANGPTL4, which inhibits LPL, is responsible 
for lipid disorders seen in full length ANGPTL4 overexpression. 
  
FLD overexpression results in reduced hepatic expression of Pepck and G6pase, two genes 
encoding rate-controlling enzymes in gluconeogenesis in both high fat diet- and chow-fed mice 
under thermoneutrality and room temperature. These results support a previous finding by Xu et 
al, in which they show that overexpression of full length ANGPTL4 in primary hepatocytes 
reduces the expression of Pepck and G6pase genes (70). To further support this observation, we 
found that treatment with purified ANGPTL4 FLD protein directly suppresses the expression of 
Pepck and G6pase genes in H4IIE rat hepatoma cells. These results further substantiate FLD as 
the functional domain for ANGPTL4 in modulating glucose metabolism. The mechanism 
underlying the inhibitory effect of FLD on gluconeogenic gene expression is unclear. However, 
previous studies have shown that ANGPTL4 interacts with integrin b1, b3 and b5 through FLD to 
activate focal adhesion kinase (FAK)-Src-PAK1 signaling pathway (102). Both FAK and Src 
kinase have been shown to act upstream of phosphoinositide-3 kinase (PI3K) and Akt, which 
suppress PEPCK and G6Pase gene expression (190-194). In fact, it has been shown that the 
inhibition of FAK causes insulin resistance in vivo (195,196). While we do not exclude the 
possibility of that other membrane receptors could mediate FLD actions in hepatocytes, the role 
of integrin-mediated signaling on gluconeogenic gene expression in response to FLD treatment 
will be the primary focus of our future studies. 
 
Overall, in this study we were surprised to find that the augmentation of energy expenditure does 
not play a major role in the ability of FLD to reduce adiposity and improve glucose tolerance. The 
anti-obesity effect of FLD appears to be attributed mainly to lipolytic activity of FLD. While 
enhancing WAT lipolysis reduces adiposity, excess fatty acids generated from lipolysis could 
result in steatosis in peripheral tissues such as liver and skeletal muscle. However, these 
phonotypes are not seen in FLD overexpressing mice, which make FLD an attractive anti-obesity 
approach. The improvement of glucose homeostasis by FLD is likely due to, at least in part, the 
ability of FLD to directly suppress the expression of gluconeogenic genes. This likely results in 
the suppression of hepatic glucose production, which is one of the major therapeutic approaches 
currently used to tackle type 2 diabetes (197). Notably, elevating FLD also improves insulin 
tolerance in high fat diet fed mice under thermoneutrality. This suggests that FLD might also 
enhance insulin sensitivity. This notion, however, will require further investigation.  
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Experimental Procedures 
 
Adenovirus Production 
 
The adenoviral vector containing full-length human ANGPTL4 cDNA was provided by Dr. Ron 
Kahn (Joslin Diabetes Center, Boston, MA). To generate the FLD vector, the nucleotide sequence 
coding amino acids 38-165 of ANGPTL4 was deleted using the QuikChange Site-Directed 
Mutagenesis Kit (Agilent, Santa Clara, CA). Adenoviruses were produced, packaged and 
amplified by Vector Biolabs (Malvern, PA). Adenoviruses were injected via tail vein (1x109 
PFU/mouse in PBS).  
 
Mice 
 
All animal experiments were conducted in accordance with the guidelines of the International 
Animal Care and Use Committees (IACUC) of the University of California, Berkeley. Eight week-
old male C57BL/6J mice (Charles River, Wilmington, MA) were injected with adenovirus and fed 
either a high fat diet (HFD, 42% calories from fat, Envigo) or a standard low-fat chow diet ad 
libitum for 21 (HFD) or 14 (chow) days.  The mice were housed at either room temperature (20–
22°C) or at thermoneutrality (30°C) for the entire study (a 21 day period). Mice were weighed 
every two days throughout the duration of the study. Oxygen consumption (VO2), carbon dioxide 
production (VCO2) and respiratory exchange ratio (RER) were monitored in mice by a 
Comprehensive Lab Animal Monitoring System (CLAMS) 7 days after adenoviral injection. Data 
were normalized to body weight.  
 
Tissue triglyceride measurement  
 
Liver samples were weighed and homogenized in a buffer containing 50 mM Tris-HCl (pH 7.4) 
and 250 mM sucrose. Lipids were extracted in chloroform/methanol (2:1) and separated by TLC 
on silica gel G-60 plates with the solvent hexane/ethyl ether/acetic acid (v/v/v, 80:20:1). The TG 
bands were visualized by exposure to iodine, scraped and analyzed as described (81) with triolein 
(T7140; Sigma) as a standard, and expressed per tissue weight. 
 
Measuring glucose, insulin and pyruvate tolerance and plasma insulin levels in mice 
 
Mice were fasted for 6 hours and then given intraperitoneal (i.p.) glucose (1g/kg body weight) or 
sodium pyruvate (2g/kg body weight). For insulin tolerance test, fed mice were i.p. injected with 
1 unit/kg body weight insulin (Sigma, I2643). To perform tests, tail blood collected at 0, 15, 30, 
60, 90, 120 minutes after glucose, pyruvate or insulin administration was used measure glucose 
levels by glucometer (Contour, Bayer). Fasting plasma insulin levels were measured by an Ultra 
Sensitive Mouse Insulin ELISA Kit (Crystal Chem, Downers Grove, IL). 

 
RNA isolation and quantitative real-time PCR (qPCR) 
 
Total RNA was isolated from mouse inguinal WAT, epididymal WAT, liver and gastrocnemius 
muscle using Trizol Reagent (15596026, Ambion/ThermoFisher, Waltham, MA). To synthesize 
randomly primed cDNA, 0.6 μg of total RNA, 4 μl of 2.5 mM dNTP, and 2 μl of 15 μM random 
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primers (New England Biolabs, Ipswich, MA) were mixed in a volume of 16 μl and incubated at 
70°C for 10 min. Then, a 4-μl cocktail containing 25 units of Moloney murine leukemia virus (M-
MuLV) Reverse Transcriptase (New England Biolabs), 10 units of RNasin (Promega, Sunnyvale, 
CA), and 2 μl of 10× reaction buffer (New England Biolabs) was added, and the samples were 
incubated at 42°C for 1 hour and then at 95°C for 5 min. The cDNA was diluted and used to 
perform real-time quantitative PCR (qPCR) using the EVA QPCR SuperMix Kit (Biochain, 
Newark, CA), following manufacturer's protocol. qPCR was performed in a StepOne PCR System 
(Applied Biosystems, Foster City, CA) and analyzed by the ΔΔ-Ct method, as supplied by the 
manufacturer (Applied Biosystems/Thermo Fisher). Rpl19 gene expression was used for internal 
normalization. Primer sequences are listed (Table 2).  

 
Body composition analysis  
 
Body composition was analyzed by dual energy X-ray absorptiometry (DEXA) with a PIXImus2 
scanner (GE Healthcare Lunar, Madison, WI). 
 
Immunoblotting  
 
Media from cells infected with Ad-LacZ and Ad-FLD adenovirus were collected and the proteins 
from lysates were separated by SDS-PAGE, transferred to nitrocellulose membrane. Blots were 
probed with anti-FLAG antibodies (1:1000; Sigma, F3165). Bands were visualized using a film 
developer.  
 
Purification of FLAG-tagged proteins 
 
AD293 cells cultured in medium with 10% FBS and 1% penicillin/streptomycin were infected 
with adenovirus expressing FLAG-FLD for 1 hour, after which the medium was refreshed. After 
an additional 72 hours, the medium was collected, and FLAG-tagged proteins were purified from 
it using an anti-FLAG M2 affinity gel (Sigma) according to manufacturer’s protocol. The purified 
proteins were then dialyzed and concentrated using Slide-A-Lyzer dialyzing cassettes and 
concentrating solution (Thermo Scientific). Immunoblotting and coomassie staining confirmed 
protein purity. The affinity gel elution buffer (Tris-buffered saline) was also dialyzed and 
concentrated to serve as a control. 
 
Cell culture 
 
H4IIE cells were cultured in DMEM with 10% fetal bovine serum (FBS) and 1% 
penicillin/streptomycin in 12-well plates. Cells were treated with purified recombinant 1.5uM FLD 
protein or 1.5uM FLD with 0.5uM dexamethasone (Sigma, #D4902). After 5 hour incubation at 
37°C, cells were collected in Trizol (Thermo Fisher, cat. #15596026) and RNA was isolated 
according to manufacturer’s protocol.  
 
Statistical analyses 
 
Data are expressed as means ± standard error (S.E.M.). Statistically significant differences 
between two groups were assessed by Student’s t-test. IPGTT, CLAMS and Seahorse results were 
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also analyzed by calculating the area-under-the-curve (AUC). 
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Table 2: List of Primers for RT-qPCR 
 

Gene Forward Primer (5'-3') Reverse Primer (3'-5')
mRpl19 AGCCTGTGACTGTCCATTCC GGCAGTACCCTTCCTCTTCC
mPepck AGATGGCAAGTTCCTCTGGC TGTCTTCCCCTTCAATCCGC
mG6pase TCCTGGGACAGACACACAAG CAACTTTAATATACGCTATTGG
rRPL19 ACAAGCGGATTCTCATGGAG TCCTTGGTCTTAGACCTGCG
rPEPCK ATACGGTGGGAACTCACTGC TGCCTTCGGGGTTAGTTATG
rG6pase GGACCTCCTGTGGACTTTGG AAACGGAATGGGAGCGACTT
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Chapter 3: Angiopoietin-like 4 is required to defend body temperature and maintain 
energy expenditure upon cold exposure 

 
 

Abstract 
Angiopoietin-like 4 (Angptl4) is a secreted protein highly expressed in white adipose tissue (WAT) 
and liver that inhibits extracellular lipoprotein lipase and promotes adipocyte lipolysis. Previous 
work has shown that Angptl4 is required for shuttling lipids to brown adipose tissue (BAT) upon 
cold exposure. However, the role of ANGPTL4 in energy expenditure has not been reported. Here 
we show that when Angptl4 null mice (Angptl4-/-) are housed during cold exposure (40C), room 
temperature (230C) and thermoneutrality their oxygen consumption is lower than that of wild type 
mice. Under cold exposure, uncoupling protein 1 (Ucp1) protein levels are similar in BAT of wild 
type and Angptl4-/- mice. However, the levels of UCP1 proteins are lower in inguinal white adipose 
tissue (iWAT). These results indicate that the beiging of iWAT by cold exposure is impaired in 
Angptl4-/- mice. Overall, our results demonstrate the critical role of ANGPTL4 in plasma lipid and 
energy homeostasis during cold exposure. 
 
Introduction  
 
Obesity and its associated metabolic disorders have become an increasingly serious global health 
problem reflecting a lack of effective strategies for intervention and treatment. Given that obesity 
is the result of an energy imbalance in the body (namely, increased caloric intake relative to energy 
expenditure), one potential solution would be to increase energy expenditure. Adipose tissue is 
critical in maintaining a balance between lipid storage and lipid utilization for energy. Two types 
of adipose tissue have been identified—white adipose tissue (WAT) and brown adipose tissue 
(BAT). These two depots have been characterized as having differential functions: WAT is 
responsible for storage of excess triglycerides (TG) while BAT is a highly specialized organ that 
dissipates energy by producing heat. Increasing energy expenditure by increasing brown adipose 
tissue activity has been proposed as a potential therapeutic approach to reduce obesity and improve 
insulin sensitivity (162,198,199).  
 
BAT is activated during cold exposure as additional heat production is required to maintain 
homeothermy (127). Thermogenesis is triggered when norepinephrine (NE), secreted from the 
sympathetic nervous system upon cold exposure, activates the b3 adrenergic receptor (AR) on the 
surface of brown adipocytes (127). This activates transmembrane adenylyl cyclase that converts 
ATP to cAMP, subsequently activating PKA to trigger lipolysis, a crucial process in the initiation 
of thermogenesis (124-126). Lipolysis occurs via the cAMP-PKA signaling pathway in both BAT 
and WAT (122,200,201). The free fatty acids (FFAs) liberated during lipolysis are then shuttled 
to the mitochondria to activate uncoupling protein 1 (UCP1) and be used as substrates for 
thermogenesis (202,203).   
 
In addition to BAT, there are precursor cells within the WAT depots that possess an inducible 
brown-like phenotype, referred to as beige adipocytes (148,151,204,205). Conversion to a 
thermogenic phenotype or “beiging” in these cells can be triggered in response to either cold 
exposure or exposure to b3-AR or PPARg agonists, promoting UCP1 expression and b-oxidation 
in these cells (149,150,152). These beige adipocytes are a potential therapeutic target as their 
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conversion can be manipulated to promote increased energy expenditure to counteract metabolic 
diseases such as obesity and type 2 diabetes (150,206). In fact, increased activity of beige (as well 
as BAT) adipose tissue has been linked to obesity resistance in a variety of mouse models (154-
156,181).  
 
In humans, it was long thought that BAT depots were substantial at birth and decrease during 
development (157). However, in recent years, considerably sized depots containing UCP1-
expressing adipocytes have been identified by positron emission tomography (PET) imaging in 
human subjects (158,159,207). Importantly, BAT in humans more closely resembles mouse beige 
adipocytes as their thermogenic capacity is inducible (208,209). Further, the size and activity of 
these depots were decreased in obese individuals (210,211). Thus, there is evidence for 
BAT/beiging in humans and thus therapeutic potential for both BAT activation and beige 
recruitment in humans. 
 
Angiopoietin-like 4 (Angptl4; also known as fasting induced adipose factor, FIAF) is a secreted 
protein expressed in liver and WAT as well as in BAT (50,55). Angptl4 plays a crucial role in lipid 
metabolism under a variety of conditions under the regulation of peroxisome proliferator-activated 
receptors (PPARs)—its expression is induced during fasting, exercise, under hypoxic conditions, 
and by glucocorticoids (50,52,53,55-57,60,61). As has been previously shown, Angptl4 inhibits 
lipoprotein lipase (LPL) via its N-terminal coiled coil domain (CCD) while it promotes 
intracellular lipolysis in WAT via its C-terminal fibrinogen-like domain (FLD), as described in 
Chapter 1 (67,77). Studies have shown that Angptl4 transgenic mice have increased levels of both 
plasma TG and plasma FFAs (21). Whole body Angptl4 knockout (Angptl4-/-) mice, on the other 
hand, have decreased levels of both plasma TG and FFAs (61). While seemingly having two 
opposing effects, through its inhibition of LPL, Angptl4 appears to decrease lipid uptake to 
adipocytes while promoting efflux of FFAs from the adipocytes so that lipids may be shunted to 
peripheral tissues, such as muscle or liver, during fasting or other times of stress (81,183).  
  
The role of Angptl4 in thermogenesis is not well established. Here I analyzed the energy 
expenditure of Angptl4-/- and wild type mice under cold exposure (40C), room temperature (230C) 
and thermoneutrality (300C). I found that whole body oxygen consumption was different between 
Angptl4-/- and wild type mice under all three conditions. I found that the levels of Ucp1 protein 
were elevated upon cold exposure in both BAT and inguinal WAT (iWAT) in wild type mice. This 
induction, however, was specifically impaired in iWAT of Angptl4-/- mice.  
 
Unpublished data from our lab has shown that Angptl4 levels in BAT are higher than in eWAT 
and iWAT at room temperature. Following a 24 hour cold exposure, BAT Angptl4 levels are 
increased while Angptl4 levels in iWAT and eWAT are unchanged. Previous unpublished work 
has also shown that lipolysis is reduced in Angptl4-/- mouse WAT explants stimulated with b-
adrenergic receptor agonists. Similarly, isoproterenol-stimulated lipolysis is reduced in BAT 
explants isolated from Angptl4-/- mice (unpublished data). Further, in Angptl4-/- mice, plasma 
triglyceride (TG) levels are drastically reduced compared to WT upon cold exposure (unpublished 
data). In addition, after cold exposure plasma FFA levels in Angptl4-/- mice are reduced compared 
to WT mice (unpublished data). This phenotype could be attributed to decreased lipolysis in BAT 
and WAT of due to a lack of Angptl4 and indicates a role for Angptl4 in regulating plasma TG 
and FFA levels during cold exposure.  
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Given that cold exposure can upregulate a thermogenic gene program, our lab also measured 
thermogenic gene expression in the BAT of both WT and Angptl4-/- mice after cold exposure. 
These genes—including Ucp1, Dio2, Elovl3, Cidea, Pgc1-a, Prdm16, and Cpt1a—were increased 
in the BAT of WT mice. However, the induction of all of these genes was reduced in the BAT of 
Angptl4-/- mice. Given that cold exposure can also induce a beige phenotype in WAT, we measured 
thermogenic gene expression in the inguinal WAT (iWAT) of cold exposed WT and Angptl4-/- 

mice. Once again, cold exposure increased thermogenic gene expression in the iWAT of WT mice 
but expression was blunted in the Angptl4-/- mice, indicating that Angptl4 is required for a complete 
increase in beiging in response to cold exposure.  
 
These findings—that Angptl4 promotes lipolysis in BAT, alters lipid composition in circulation 
during cold exposure, and that a lack of Angptl4 reduces BAT and iWAT thermogenic gene 
expression cold exposure—indicate a critical role for Angptl4 in the regulation of thermogenesis 
and lipid homeostasis during cold exposure. Given this role for Angptl4 as well as the role of the 
Angptl4 FLD in energy expenditure as outlined in Chapter 1, we hypothesize that full length 
Angptl4 would be required to defend body temperature and normal energy expenditure levels.  
 
Results 
 
Angptl4-/- mice have lower body temperature than those of WT mice under cold exposure 
 
Activation of lipolysis and the subsequent liberation of FFAs are required for the activation of 
Ucp1 which can then dissipate energy as heat. Given that the cAMP-PKA signaling pathway 
promotes lipolysis and our lab has previously shown that Angptl4 stimulates lipolysis via a cAMP-
PKA pathway (81), we wanted to test whether Angptl4 could effect homeothermy. To test the 
impact of the absence of Angptl4 on thermogenesis, we measured core body temperature of mice 
over 24 hours at 4°C (Figure 15). Following an abrupt decrease in body temperature directly 
following housing at 4°C, after 5 hours of cold exposure, Angptl4-/- mice maintained a body 
temperature approximately 0.5-1°C lower than that of WT mice. These results suggest that Angptl4 
is involved in maintaining thermogenesis under cold exposure in vivo.  
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Figure 1. Angptl4-/- mice have lower body temperature than those of WT mice under 

cold exposure. Body temperature of mice was measured over a 24 hour cold exposure 

showing that Angptl4-/- mice maintained lower body temperature during cold exposure. 

n=13-15 mice/group. Mice were 10-11 weeks old. *p<0.05 vs. WT in all cases.  

Figure 15. Angptl4-/- 
mice have lower body 
temperature than those 
of WT mice under cold 
exposure. Body 
temperature of mice was 
measured over a 24 hour 
cold exposure showing 
that Angptl4-/- mice 
maintained lower body 
temperature during cold 
exposure. n=13-15 
mice/group. Mice were 
10-11 weeks old. *p<0.05 
vs. WT in all cases. 
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Angptl4-/- mice have lower energy expenditure than wild type mice under cold exposure 
 
Given that Angptl4-/- mice were defending a lower core body temperature during cold exposure, 
we also monitored energy expenditure during a 24-hour 4°C cold challenge. Angptl4-/- mice 
displayed a 12% lower oxygen consumption (VO2) and 15% lower carbon dioxide production 
(VCO2) than WT mice during the light cycle at 4°C (Figure 16A-D). Angptl4-/- mice also displayed 
a 11% decrease in VO2 and 10% decrease in VCO2 during the dark cycle compared to WT mice 
(Figure 16A-D). Overall Angptl4-/- mice displayed an 11.5% reduction in VCO2 and 10.5% 
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Figure 2. Angptl4-/- mice have reduced energy expenditure upon cold exposure. A. 
Whole-body oxygen consumption (VO2) measured at 4ºC over a 24-hour period in WT and 
Angptl4-/- mice (n = 6 per group). B. Average VO2 during the light and dark periods for the 

data in A. C. Carbon dioxide production (VCO2) measured over 24 hours from the mice in A. 
D. Average VCO2 during light and dark periods for the data in C. E. Respiratory exchange 

ratios (RERs) measured at 4ºC and during light and dark periods from the mice in A. (#=0.08) 
*p<0.05 vs. WT in all cases. Mice were 8-9 weeks old.
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Figure 16. Angptl4-/- mice have reduced energy expenditure upon cold exposure. A. Whole-body oxygen 
consumption (VO2) measured at 4ºC over a 24-hour period in WT and Angptl4-/- mice (n = 6 per group). B. Average 
VO2 during the light and dark periods for the data in A. C. Carbon dioxide production (VCO2) measured over 24 
hours from the mice in A. D. Average VCO2 during light and dark periods for the data in C. E. Respiratory 
exchange ratios (RERs) measured at 4ºC and during light and dark periods from the mice in A. (#=0.08) *p<0.05 
vs. WT in all cases. Mice were 8-9 weeks old. 
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reduction in VCO2 compared to WT mice (Figure 16A-D). Despite an overall reduction in 
respiration, RER was in fact reduced during the light cycle (p=0.08) in Angptl4-/- mice compared 
to WTs (Figure 16E), indicating a shift toward increased lipid utilization. RER was not different 
during the dark cycle.  
 
Angptl4-/- mice have reduced Ucp1 levels in inguinal WAT upon cold exposure 
 
Cold exposure induces “browning” of iWAT in which white adipocytes gain a similar phenotype 
to those of brown adipocytes, including a multilocular lipid droplet morphology and the induction 
of Ucp1 expression as well as other thermogenic genes. Given that we had previously observed 
reduced induction of thermogenic genes in iWAT and BAT after cold exposure in the Angptl4-/- 
mice (as outlined above), I wanted to further confirm the effect on Ucp1 protein levels.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
iWAT and BAT were collected from 10 hour cold-exposed WT and Angptl4-/- mice (Figure 17) 
and sectioned and stained for Ucp1 protein. Ucp1 protein levels were indeed decreased in iWAT 
of Angptl4-/- mice after 10 hours of cold exposure (Figure 17, top). Upon staining for UCP1 in 
BAT (Figure 17, bottom), there appeared to be no difference in Ucp1 levels between the WT and 

Figure 3. Angptl4-/- mice have reduced UCP1 levels in inguinal WAT but not BAT 
upon cold exposure. A) Immunostaining for UCP1 in sections of iWAT of 10 hour 

cold-exposed WT (left) and Angptl4-/- (right) mice. 20x  B) Immunostaining for UCP1 
in sections of BAT from WT (left) and Angptl4-/- (right) mice. 
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Figure 17. Angptl4-/- mice have reduced UCP1 levels in inguinal WAT but not BAT 
upon cold exposure. A. Immunostaining for UCP1 in sections of iWAT of 10 hour cold-
exposed WT (left) and Angptl4-/- (right) mice. 20x B. Immunostaining for UCP1 in 
sections of BAT from WT (left) and Angptl4-/- (right) mice. 
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Angptl4-/- mice, although the BAT of the Angptl4 -/- mice appeared to have larger, more unilocular 
lipid droplets, suggesting, perhaps a reduction in lipolysis. These results suggest that Angptl4 is 
specifically required for a complete browning response in iWAT during cold exposure.  
 

 

 
 
 

 
Angptl4-/- mice have lower energy expenditure at room temperature and at thermoneutrality  
 
To further analyze the role of Angptl4 in energy homeostasis, I monitored the respiratory capacity 
of WT and Angptl4-/- mice at room temperature and at thermoneutrality (30°C). To do so, mice 
were singly housed in a Comprehensive Laboratory Animal Monitoring System (CLAMS) to 
perform indirect calorimetry. Angptl4-/- mice displayed 18% lower oxygen consumption (VO2) and 
15% lower carbon dioxide production (VCO2) than WT mice during the light cycle when housed 
at room temperature (Figure 18A-D). Angptl4-/- mice also displayed a 12.4% decrease in VO2 and 
10.6% decrease in VCO2 during the dark cycle (Figure 18A-D). Overall Angptl4-/- mice displayed 
an overall 15% reduction in VCO2 and 12.4% reduction in VCO2 (Figure 18A-D). Despite this, 
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Figure 4. Angptl4-/- mice have reduced energy expenditure at room temperature. A. 
Whole-body oxygen consumption (VO2) measured at 23ºC over a 24-hour period in WT and 
Angptl4-/- mice (n = 6 per group). B. Average VO2 during the light and dark periods for the 

data in A. C. Carbon dioxide production (VCO2) measured over 24 hours from the mice in A. 
D. Average VCO2 during light and dark periods for the data in C. E. Respiratory exchange 

ratios (RERs) measured at 23ºC and during light and dark periods from the mice in A. (#=0.11) 
*p<0.05 vs. WT in all cases. Mice were 8-9 weeks old.
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Figure 18. Angptl4-/- 

mice have reduced 
energy expenditure at 
room temperature. A. 
Whole-body oxygen 
consumption (VO2) 
measured at 23ºC over a 
24-hour period in WT 
and Angptl4-/- mice (n = 6 
per group). B. Average 
VO2 during the light and 
dark periods for the data 
in A. C. Carbon dioxide 
production (VCO2) 
measured over 24 hours 
from the mice in A. D. 
Average VCO2 during 
light and dark periods for 
the data in C. E. 
Respiratory exchange 
ratios (RERs) measured 
at 23ºC and during light 
and dark periods from the 
mice in A. (#=0.11) 
*p<0.05 vs. WT in all 
cases. Mice were 8-9 
weeks old. 
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RER did not differ between WT and Angptl4-/- mice at room temperature (Figure 18E), though 
total RER trended slightly higher in Angptl4-/- mice (p=0.11).    
 
Finally, after establishing the requirement of Angptl4 to maintain energy expenditure at room 
temperature (22-23ºC), which prior studies indicate is sufficient to stimulate reactive 
thermogenesis in mice (178) and during a 4°C cold exposure, we examined Angptl4-/- mice at 
thermoneutrality (30°C) to eliminate any such thermogenic stress. Interestingly, despite a 
thermoneutral environment, Angptl4 -/- maintained lower VO2 and VCO2 over a 24 hour cycle. 
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Angptl4-/- mice (n = 6 per group). B. Average VO2 during the light and dark periods for the 
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D. Average VCO2 during light and dark periods for the data in C. E. Respiratory exchange 
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Figure 19. Angptl4-/- mice at thermoneutrality have lowered energy expenditure. A. Whole-body 
oxygen consumption (VO2) measured at 30ºC over a 24-hour period in WT and Angptl4-/- mice (n = 6 
per group). B. Average VO2 during the light and dark periods for the data in A. C. Carbon dioxide 
production (VCO2) measured over 24 hours from the mice in A. D. Average VCO2 during light and dark 
periods for the data in C. E. Respiratory exchange ratios (RERs) measured at 30ºC and during light and 
dark periods from the mice in A. *p<0.05 vs. WT in all cases. Mice were 8-9 weeks old. 
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During the light cycle, Angptl4-/- mice had a 12.5% reduction in VO2 and a ~15% reduction in 
VCO2 (Figure 19A-D). During the dark cycle, VO2 is reduced by ~20% and VCO2 is reduced by 
~20% in Angptl4-/- mice (Figure 19A-D). Despite this reduction, there was no difference in RER 
during either light or dark cycles (Figure 19E). Together, these data suggest that Angptl4 
contributes to normal thermogenic regulation and thus affects whole body metabolic rate during 
thermogenic stress. 
 
Discussion  
 
Previous work from Dijk et al (55) demonstrated that Angptl4 is required for shuttling lipids into 
BAT upon cold exposure. However, the role of Angptl4 in energy expenditure was not examined. 
Here we show that Angptl4-/- mice had lower oxygen consumption and carbon dioxide production 
than WT mice during cold exposure (40C), at room temperature (22-230C) and under thermoneutral 
(300C) conditions. If Angptl4 is only required for maintaining basal metabolic rate, we should 
observe equally reduced energy expenditure in Angptl4-/- mice compared to WT mice in all three 
conditions. However, the difference in energy expenditure levels between WT and Angptl4-/- mice 
was mitigated at both room temperature and at thermoneutrality compared with the difference in 
energy expenditure during cold exposure. This suggests that Angptl4 is also required for adaptive 
thermogenesis. Room temperature is considered a “cold” environment for mice, but this condition 
is not as extreme as 40C (178). Thus, mice do not rely on adaptive thermogenesis at room 
temperature as at 40C. This is likely the reason we observed a smaller difference in energy 
expenditure between WT and Angptl4-/- mice during room temperature than cold exposure. 
 
The role of Angptl4 in adaptive thermogenesis is supported by the fact that cold-induced 
expression of Ucp1 and other thermogenic genes are blunted in iWAT of Angptl4-/- mice. 
Interestingly, we find that cold-induced Ucp1 protein expression is reduced in iWAT but not BAT 
of Angptl4-/- mice. These findings are somewhat consistent with our observation in Chapter 1 that 
shows UCP1 levels are elevated in iWAT but not BAT upon increasing circulating ANGPTL4 
FLD. Thus, Angptl4 is mainly involved in the beiging of iWAT instead of enhancing thermogenic 
activity of BAT. It is important to note that a previous report indicated that BAT UCP1 levels do 
not change during cold exposure, but that absolute levels of BAT tissue change during cold 
acclimatization (212). Also, levels of Ucp1 mRNA in BAT do not necessarily directly correlate 
with BAT protein levels (212).  By this view, it is necessary to measure oxygen consumption rate 
in iWAT and BAT of WT and Angptl4-/- mice to verify the role of Angptl4 energy metabolism in 
these two tissues.  
 
Activation of cAMP-PKA signaling is one of the major pathways that induce the beiging of white 
adipose tissue (124,180). Upon cold exposure, norepinephrine is released from sympathetic 
nervous system or macrophages that infiltrate into BAT and WAT to activate b3-adrenergic 
receptor signaling, which in turn triggers a cAMP-PKA signaling pathway to induce Ucp1 
expression (181,213). Moreover cAMP-PKA pathway triggers lipolysis in BAT and WAT that 
hydrolyzes triglycerides to glycerol and fatty acids, which are required for Ucp1 activity 
(148,214,215). Treating rodents with b3-AR agonist, such as CL316,243, chronically also 
increases their energy expenditure and promote the beiging of iWAT (149,216). Our previous 
studies showed that purified human ANGPTL4 protein can directly induce lipolysis whereas 
lipolysis induced by isoproterenol, a b-adrenergic receptor agonist, was attenuated in fat pads 
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isolated from Angptl4-/- mice (81). Thus, we speculate that the impaired beiging in iWAT of 
Angptl4-/- mice is due to the reduced cAMP-PKA signaling in this tissue during cold exposure and 
room temperature.  
 
Interestingly, we observed that Angptl4-/- mice had lower body temperature during the course of a 
24 hour cold exposure. By contrast, Dijk et al reported that they saw no difference in body 
temperatures between WT and Angptl4-/- mice over 10 days of cold exposure (55). However, there 
appears to be a trending lower body temperature in Angptl4-/- mice at days 2 and 6 of their cold 
exposure. Notably, in their report, 8-10 mice per group were used in the experiment whereas we 
used 15 mice per group. The high numbers of mice might allow us to observe a statistically 
significant reduction in body temperature.  
 
The role of Angptl4 in maintaining basal metabolic rate is unclear. Without Angptl4, LPL activity 
is elevated in plasma, which could hamper the transport of lipids to certain tissues (72-74). Lipids 
are mainly transported and delivered to specific tissues as triglyceride-rich lipoproteins. In 
Angptl4-/- mice, elevated LPL activity would hydrolyze triglyceride-rich lipoproteins in plasma 
before they reach to target tissues, though plasma fatty acids are likely higher due to elevated LPL. 
This defective lipid mobilization could result in reduced basal metabolic rate in certain tissues, as 
they cannot use lipids as energy source. Alternatively, attenuated adipocyte lipolysis in Angptl4-/- 
mice could yield lower fatty acids to be oxidized that might also result in decreased metabolic rate 
in WAT. Overall, to understand the role of Angptl4 in supporting basal metabolism, it is important 
to identify the exact tissues that have lower metabolic rates in Angptl4-/- mice, which could be 
achieved by monitoring oxygen consumption rate in different tissues of WT and Angptl4-/- mice 
that are housed at thermoneutrality.  
 
Experimental Procedures 
 
Animals 
 
All animal experiments were conducted in accordance with the guidelines of the International 
Animal Care and Use Committees (IACUC) of the University of California, Berkeley. Angptl4–

/– mice were provided by the laboratories of Andras Nagy (Samuel Lunenfeld Research Institute, 
Mount Sinai Hospital) and Jeff Gordon (Washington University) (87). Angptl4–/– mice were 
generated on a mixed B6:129/Sv background.  WT mice were the littermates of Angptl4–/– mice.  
 
Angptl4 -/- and WT mice were fed a chow diet ad libitum. VO2 and VCO2 were measured using 
the Comprehensive Laboratory Animal Monitoring System (CLAMS).  Cold exposure 
experiments involved individually housing each mouse at 4 degrees for 10 hours from 7am until 
5pm.  Body temperatures was were measured every hour using a rectal thermometer 
(Physitemp, Model BAT-12).  After 10h animals were sacrificed and blood and tissue were 
taken for analysis. For fasting experiments mice were provided with food ad libitum for the first 
24h and body temperature was measured at several points over the day.  Food was removed and 
animals were fasted for a total of 24 hours with body temperatures being measured again after 
6, 12, 18, and 24 hours. 
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Purification of FLAG-tagged proteins 
 
AD293 cells cultured in DMEM plus 10% FBS and 1% penicillin/streptomycin were infected with 
adenovirus expressing a FLAG-tagged version of human ANGPTL4 (provided by Sara Vienberg 
and Ronald Kahn, Joslin Diabetes Center) for 1 hour, at which point the media was replaced. After 
48 hours, the media was collected and Angptl4 protein was purified using an anti-FLAG M2 
Affinity gel (Sigma). Purified protein was then dialyzed and concentrated using Slide-A-Lyzer 
dialyzing cassettes and concentrating solution (Thermo Scientific). Western Blot and Coomassie 
staining confirmed protein purity. The Affinity gel elution buffer (TBS) was also dialyzed and 
concentrated to serve as a control. 
 
Staining of Inguinal White Adipose Tissue 
 
Inguinal WAT was collected from mice that had been housed at 4°C for 10 hours. Tissue was 
fixed in 10% phosphate buffered formalin and embedded in paraffin. Tissues were then 
sectioned into 8 μm-thick sections, and stained for UCP1(Sigma).  
 
Statistics 
 
Data are expressed as standard error of the mean (S.E.M) for each group and comparisons were 
analyzed by Student’s t test and area under curve (AUC). 
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 Conclusion  
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Conclusion 
 
Obesity and its associated metabolic diseases are currently one of the leading public health 
problems facing the world today. This growing epidemic reflects a lack of effective therapies and 
methods of treatment. Disrupting the imbalance of energy intake and expenditure that leads to 
development of obesity is one potential way to combat it. Increasing energy expenditure is one 
way to disrupt that imbalance. This can be done in a variety of ways though one of the most 
common methods currently is by increasing brown adipose tissue activity or by increasing beiging 
of white adipose tissue by increasing UCP1 activity or expression, respectively. While utilizing 
small molecules or other chemical therapeutics that confer a beiging effect have been explored, 
these can have serious off-target effects and currently efforts are being made to identify 
endogenous molecules that could potentially confer beiging or BAT-activating effects. Here I 
provide evidence that Angptl4 is one such molecule.  
 
In Chapter 1, I have shown that increasing plasma FLD levels promoted lipolysis and lead to 
reduced weight gain and adiposity in mice fed a high fat diet. Surprisingly, although FLD increased 
plasma free fatty acid levels, I did not observe steatosis in either liver or muscle. Rather, FLD-
expressing mice had reduced triglyceride levels accompanied by reduced expression of lipogenic 
genes. Increasing plasma FLD levels increased energy expenditure and expression of thermogenic 
genes in inguinal WAT. In addition, FLD expressing mice had improved glucose tolerance, an 
effect that could be mediated by suppression of gluconeogenic gene expression (Pepck and 
G6pase). 
 
In Chapter 2, I have shown that elevating plasma FLD levels in mice fed a high fat diet at 
thermoneutrality reduced adiposity and improved glucose tolerance without affecting oxygen 
consumption or energy expenditure, indicating that the effect is mainly due to increased lipolysis, 
rather than beiging. Increasing plasma FLD levels in chow-fed mice, while not affecting adiposity, 
still improved glucose tolerance. Under both conditions, FLD suppressed hepatic gluconeogenic 
gene expression. In vitro, I confirmed that FLD has a cell autonomous effect as FLD suppressed 
both basal and dexamethasone-induced gluconeogenic gene expression.  
 
In Chapter 3, I have shown that mice lacking Angptl4 have reduced body temperature upon cold 
exposure. In addition, I have shown that Angptl4-/- mice have reduced energy expenditure upon 
cold exposure, at room temperature and at thermoneutrality. Angptl4-/- mice have reduced levels 
of Ucp1 protein in iWAT upon cold exposure, indicating that the inability of Angptl4-/- mice to 
defend their body temperature and maintain normal oxygen consumption levels could be due to 
reduced beiging of iWAT. In addition, I have provided evidence that Angptl4 is required for 
complete thermogenic capacity, at least upon cold exposure.  
 
Overall, I have provided evidence that separating the FLD from the CCD-mediated LPL-inhibitory 
activity of full-length Angptl4 reveals lipolytic and thermogenic properties. Further, by eliminating 
thermogenic stress and complicating high fat diet effects, I have shown that the lipolytic effect of 
the ANGPTL4 FLD may further be separated from its beneficial effects on glucose and insulin 
tolerance by identifying a liver-specific gluconeogenic suppressive effect. Finally, I have provided 
evidence that Angptl4 is required for a complete thermogenic effect upon cold exposure and at 
room temperature. While further work is required—namely identifying the receptor for FLD in 
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both adipose tissue and liver as well as elucidating the signaling pathway by which FLD confers 
its suppression of gluconeogenesis—I have identified a role for ANGPTL4 with therapeutic 
relevance, specifically highlighting the potential significance of FLD in ameliorating metabolic 
diseases linked to obesity. 
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