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Abstract 
Metabolic Regulation by Lipid Activated Receptors 

By 
Maxwell Alexander Ruby 

Doctor of Philosophy in Molecular & Biochemical Nutrition  
University of California, Berkeley  

Professor Marc K. Hellerstein, Chair 
 

Obesity and related metabolic disorders have reached epidemic levels with dire public 
health consequences. Efforts to stem the tide focus on behavioral and pharmacological 
interventions.  Several hypolipidemic pharmaceutical agents target endogenous lipid receptors, 
including the peroxisomal proliferator activated receptor α (PPAR α) and cannabinoid receptor 1 
(CB1).  To further the understanding of these clinically relevant receptors, we elucidated the 
biochemical basis of PPAR α activation by lipoprotein lipolysis products and the metabolic and 
transcriptional responses to elevated endocannabinoid signaling.  

PPAR α is activated by fatty acids and their derivatives in vitro. While several specific 
pathways have been implicated in the generation of PPAR α ligands, we focused on lipoprotein 
lipase mediated lipolysis of triglyceride rich lipoproteins.  Fatty acids activated PPAR α similarly 
to VLDL lipolytic products. Unbound fatty acid concentration determined the extent of PPAR α 
activation. Lipolysis of VLDL, but not physiological unbound fatty acid concentrations, created 
the fatty acid uptake necessary to stimulate PPAR α. Consistent with a role for vascular lipases in 
the activation of PPAR α, administration of a lipase inhibitor (p-407) prevented PPAR α 
dependent induction of target genes in fasted mice. Apolipoprotein CIII, an endogenous inhibitor 
of lipoprotein lipase, regulated access to the lipoprotein pool of PPAR α ligands. Our results 
support a role for the local generation of PPAR α ligands by lipase activity.  
 The endocannabinoid system regulates diverse physiological functions, including energy 
balance. While loss of CB1 signaling has more pronounced effects on lipid parameters than 
expected based on weight loss alone, direct demonstration of endocannabinoid regulation of lipid 
metabolism is lacking. To test the effects of endogenously produced cannabinoids on lipid 
metabolism, independent of alterations in food intake, we analyzed tissues from mice treated 
with IDFP, an organophosphorus inhibitor of endocannabinoid breakdown.  IDFP administration 
inhibited hepatic monoacylglycerol lipase leading to elevated levels of 2-arachidonylglycerol. 
We found that IDFP administration caused accumulation of apoE depleted VLDL. HDL particles 
accumulated apoE and failed to transfer it to VLDL in vitro. Importantly, these effects were 
prevented by pharmacological inhibition of CB1 and absent in plasma from CB1 mice. IDFP 
also caused a CB1-dependent increase in hepatic triglycerides. Thus, endocannabinoids inhibit 
the transfer of apoE from HDL to VLDL leading to apoE depletion of triglyceride rich 
lipoproteins.   

Microarray analysis allowed us to determine the effects of IDFP on expression of genes 
involved in lipid metabolism and to discover novel cannabinoid responsive genes. IDFP 
increased expression of lipogenic and SREBP2 target genes in a CB1-dependent fashion. On a 
global scale, pre-administration of a CB1 antagonist prevented many of the IDFP induced 
alterations in gene expression. IDFP decreased expression of genes involved in amino acid 
metabolism and inflammation. PCR analysis of selected mRNAs confirmed several of the key 
array findings. Our work indicates that endocannabinoids exert a large influence on hepatic lipid 
metabolism independent of food intake and suggest that peripherally restricted CB1 antagonists 



 

   

2 

may be of therapeutic value.   
Overall, these findings shed light on the endogenous mechanisms of PPAR α activation 

and the hepatic responses to Cb1 activation. This information may help guide the continuing 
effort to develop treatments for metabolic disease.   
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Introduction  
One of life’s most amazing feats is the maintenance of homeostasis in the face of 

constant flux. Consider that over the past year I have consumed over a million calories, 
and yet my body weight has shifted less than a pound, representing only a few thousand 
calories. However, it would be a mistake to assume my body has remained the same.  The 
body is in constant flux, with perpetual turnover of nutrients and cells.  For example, 
while my body fat mass may have remained constant, its composition has undoubtedly 
shifted to reflect the increase in dairy-derived saturated fatty acid induced by the 
introduction of a gourmet ice cream parlor in my neighborhood. Homeostatic 
mechanisms disguise the reality of flux so seamlessly that mass spectrometry is necessary 
to uncover it.  
 What constitutes an acceptable error rate in biological homeostasis can best be 
judged by function. Many humans are experiencing a breakdown in their ability to 
maintain metabolic homeostasis that has serious functional consequences.  Children 
today are not expected to outlive their parents for the first time in two centuries(1). This 
is largely attributed to increased prevalence of obesity and its associated diseases, which 
include two of the three leading causes of death, type II diabetes and heart disease.  

Has the marvelous machinery of our body been fundamentally modified in the 
past few decades? Probably not, even if epigenetic effects are considered.  More likely 
the current environment, characterized by excess consumption of calories and lack of 
physical activity, overwhelms the regulatory mechanisms that are in place. Although 
chronic caloric excess likely did not exert large evolutionary pressure, the organism still 
displays remarkable ability to adapt to this environmental condition. For example, energy 
expenditure will increase in response to overfeeding. Similarly, pancreatic β-cell mass 
will increase in response to insulin resistance.  The current epidemic of metabolic 
diseases, in spite of these adaptations, is testimony to the extreme conditions under which 
we have placed our bodies. Efforts to combat metabolic disease focus on altering these 
conditions and exploring the homeostatic mechanisms that they are assaulting. Driven by 
curiosity, I have chosen the latter for the past half decade.  

Aberrant lipid accumulation plays a crucial role in the pathogenesis of metabolic 
disease.  For example, retention of lipoproteins in the sub-endothelial space is necessary 
for the development of atherosclerotic lesions.  This knowledge, combined with a firm 
understanding of the homeostatic mechanisms governing cholesterol metabolism, 
improved prevention of cardiovascular disease by the advent of statins.  High plasma 
concentrations of fatty acids and triglycerides are associated with insulin resistance and 
atherosclerosis, respectively. While many overlapping regulatory circuits govern fatty 
acid metabolism, several that respond to fatty acids, and related lipids, have successfully 
been pharmacologically targeted. Better understanding of metabolic regulation by these 
fatty acid sensors may further improve therapeutics in the treatment of cardiovascular 
disease and diabetes.  

This dissertation focuses on the upstream generation of lipid signals and the 
downstream responses of several regulatory circuits in lipid metabolism at the level of 
molecular biology and biochemistry. In 1990, two novel lipid sensors, PPAR α and CB1, 
were cloned. My work focuses on the generation of PPAR α ligands and determination of 
downstream responses to CB1 activation. The review of literature will briefly outline the 
discovery, background, and pharmacologic application of each receptor to prepare the 
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reader for what follows.   
PEROXISOMAL PROLIFERATOR ACTIVATED RECEPTOR α   
Background & Discovery 

In 1990, Issemann and Green reported the cloning of a novel member of the 
steroid receptor super family(2). As the newest member was responsive to peroxisome 
proliferators, a diverse set of compounds including herbicides, hypolipidemic drugs, and 
plasticizers that cause peroxisomal proliferation in the liver, it was termed the 
peroxisomal proliferator activated receptor (PPAR).  The Xenopus ortholouge of PPAR α 
and two related genes (PPAR γ and PPAR β) were identified shortly thereafter(3). PPAR 
δ was identified in humans, but was determined to be highly homologous to PPAR β in 
Xenopus(4). Among researchers working in mammalian systems PPAR β/δ is commonly 
referred to simply as PPAR δ. 

 Today, upwards of 48 nuclear hormone receptors have been identified in the 
human genome and can be classified by type of ligand or sub-cellular localization and 
binding partners(5). PPARs belong to the adopted orphan receptor family and share 
similar functional domain structure with other nuclear hormone receptors. Foreshadowing 
the difficulty of identifying the endogenous ligand or ligands for PPAR, the ligand-
binding domain was found to be unusually large (1300 cubic A)(6, 7). Like most class II 
nuclear hormone receptors, PPAR functions as a heterodimer with RXR and resides 
almost exclusively in the nucleus bound to its inverted repeat response element in DNA. 
PPARs possess ligand dependent trans-activating and repressive functions, depending on 
the recruitment of co-activators or repressors. Additionally, the mere presence of PPARs 
bound to DNA in the absence of ligand can influence the expression of target genes. With 
the novel receptors identified, work began to better understand their biological role. The 
identification of fibrates, a class of hypolipidemic agents, as PPAR α ligands helped to 
direct research efforts.  
Pharmacology  
Fibrates have been used as hypolipidemic agents for several decades before the discovery 
of PPAR α, and remain one of the frontline treatments for hypertriglyceridemia. In a 
fortunate example of species-specific differences in PPAR α function, fibrates do not 
promote peroxisomal or hepatocyte proliferation, and subsequent liver tumors, in 
humans(8).  In several clinical trials, fibrates have been shown to significantly lower 
circulating triglyceride levels and have modest beneficial effects on HDL levels. 
Importantly, gemfibrozil, bezafibrate, and fenofibrate have all been shown to decrease the 
progression of atherosclerosis(9-11). The effect of fibrates on overall cardiovascular 
morbidity and mortality has been more difficult to demonstrate(12-14). Of interest, the 
cardiovascular risk reduction provided by fibrate treatment appears to be greatest in pre-
diabetics or diabetics with dyslipidemia(15-17). However, in the recent ACCORD trial 
addition of fibrates to statin monotherapy did not provide any protective effects in 
diabetics (18). The benefits of fibrates may extend beyond lipid lowering, as fenofibrate 
has been shown to improve endothelial dysfunction in diabetics(19). Fibrates are 
relatively weak PPAR α ligands and stronger, next generation PPAR α ligands are a 
major focus of pharmacological research. The hypolipidemic effects of fibrates focused 
attention on the interaction between PPAR α and lipid metabolism.  
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Downstream Effects 
PPAR α is highly expressed in tissues engaged in fatty acid metabolism, such as 

the liver, heart, and kidney.  In the liver, PPAR α controls the expression of many the 
enzymes involved in β-oxidation (CPT1a, acyl-coa synthetase, very long and medium 
chain acyl CoA dehydrogenase, 3-ketoacyl-CoA thiolase), peroxisomal breakdown of 
long-chain fatty acids (acyl-CoA oxidase, thiolase), and ketone body synthesis 
(mitochondrial HMGCoA synthase)(20, 21). Likewise PPAR α simulates expression of 
fatty acid transport protein and the putative fatty acid transporter, CD36(22). PPAR α 
promotion of fatty acid uptake and oxidation may contribute to the hypolipidemic of 
fibrates. Indeed, fibrate treatment decreases triglyceride secretion by cultured 
hepatocytes. PPAR α also increases expression of lipoprotein lipase and decreases 
expression of its endogenous inhibitor apo CIII (23, 24). 

A similar role for PPAR α has been elucidated in the heart. PPAR α agonist 
treatment stimulates fatty acid oxidation in cardiomyocytes(25). Overexpression of PPAR 
α leads to upregulation of genes involved in fatty acid oxidation, and decreases 
expression of those involved in glucose metabolism, leading to cardiac hypertrophy and 
dysfunction(26).  Conversely, PPAR α deficiency decreases expression of mitochondrial 
β-oxidation genes, forcing the heart to rely primary on glucose for fuel(27).  

PPAR α is also expressed in cells of the vessel wall and plays an important role in 
inflammatory and atherosclerotic pathways. In endothelial cells PPAR α limits monocyte 
recruitment by decreasing expression of adhesion molecules and regulates enzymes 
involved in redox responses and nitric oxide signaling (28-30). Some of these effects may 
be secondary to PPAR α induced expression of iKB, which limits Nf-KB signaling(31, 
32). PPAR α activation in macrophages promotes cholesterol efflux, while limiting 
inflammation and thrombogenicity(33-38). PPAR α stimulation is anti-inflammatory and 
prevents proliferation and migration of smooth muscle cells(39-42). These pleitropic 
effects in the vessel wall may contribute to the cardioprotective effects of fibrates.  
 Surprisingly, initial studies on PPAR α knockout mice failed to produce a striking 
phenotype, showing only that fibrates failed to promote peroxisomal proliferation(43). As 
is often the case, environmental manipulation was necessary to reveal profound effects of 
the genetic alteration. In 1997, David Kelly's and Bart Stael’s groups reported that PPAR 
α knockout mice responded poorly to fasting (44, 45).  Knockout mice quickly became 
hypoglycemic, accumulated fat in the liver, and failed to generate ketone bodies as well 
as expression of several fasting-inducible genes involved in fatty acid oxidation(44, 45). 
Thus, PPAR α functions as a necessary starvation signal that regulates fatty acid 
utilization.  
 Regulation 

The influential role of PPAR α begs the question as to its regulation. As is true of 
most important signaling pathways, multiple inputs control PPAR α activity. Protein 
levels of PPAR α are regulated by its expression, translation, and stability. Expression of 
PPAR α is controlled in a circadian fashion by glucocorticoids and Bmal1(46-49). Other 
hormonal signals such as leptin, insulin, and growth hormone can also alter expression of 
PPAR α(47, 50, 51).  PPAR α regulates its own expression, which may contribute to 
increased PPAR α expression observed during fasting(44, 45, 52). Alternative splicing of 
PPAR α in humans leads to a truncated dominant negative isoform(53). Synthetic PPAR 
α ligands extend the half-life of PPAR α protein by preventing ubiquitination(54). PPAR 
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α can also be phosphorylated by PKC, an event which enhances its trans-repressive 
activity(55). As PPAR α functions as a heterodimer with RXR and requires the presence 
of co-activators and repressors, the levels of these binding partners may also influence its 
activity. While all these layers of control influence PPAR α function, the ligation of 
PPAR α is of paramount importance. 
 Unlike classical type 1 nuclear hormone receptors, a single nanomolar affinity 
ligand may not exist for PPAR α and other orphan hormone receptors. The observation 
that dietary polyunsaturated fatty acids possess hypolipidemic effects similar to fibrates 
raised the possibility that they may be PPAR α activators(56). This held particular appeal 
as a regulatory feedback loop whereby PPAR α regulates fatty acid levels and vice versa. 
Indeed, fatty acids, especially unsaturated fatty acids, were shown to stimulate the 
transcriptional activity of PPAR α (57, 58).  While compelling, these studies relied upon 
trans-activation assays that do not directly demonstrate ligation of PPAR α, leading to the 
suggestion that fatty acids may influence PPAR α activity indirectly(59). Attempts to 
demonstrate ligation were limited by the unavailability of specific radiolabeled ligands. 
Similarly, attempts to use an electrophoretic mobility shift assay to demonstrate ligand-
induced binding to DNA were fruitless, as at high levels the nuclear hormone receptors 
form heterodimers and bind DNA in the absence of ligand.  

In 1997, two groups simultaneously overcame these technical difficulties to 
demonstrate that a variety of fatty acids and FA metabolites bind to PPAR α.  Steven 
Kliewer developed a novel radio labeled fibrate, GW2331, which was a high affinity 
ligand for PPAR α and γ, suitable for use in classical competition binding assays(60). 
Micromolar concentrations of fatty acids were able to displace GW2331 in a cell-free 
system, demonstrating that FAs are bona fide PPAR ligands. Ronald Evans' group 
successfully titrated the levels of PPAR α and RXR until ligation of PPAR α became 
necessary to promote RXR binding and subsequent DNA binding(61).  Similar to the 
findings from the competition assays, fatty acids were able to induce heterodimer 
formation and promote DNA binding. These reports were further validated by the 
development of a co-activator dependent receptor ligand assay. Walter Wahli and 
colleagues demonstrated that fatty acids and derivatives stimulated co-activator binding 
to the ligand-binding domain of PPAR(62). While both saturated and unsaturated fatty 
acids stimulate PPAR α in trans activation assays, ligand-binding assays showed a 
preference for unsaturated fatty acids, with limited binding of saturated fatty acids. A 
potential explanation for this discrepancy was offered by the finding that fatty acyl CoAs, 
regardless of degree of saturation, can bind to and induce conformational changes in 
PPAR α(63).  Thus, it is possible that in cell based trans-activation assays saturated fatty 
acids, which themselves do not bind PPAR α, are converted to downstream metabolites, 
such as saturated fatty acyl CoAs, that bind PPAR α.  
 Together the in vitro studies have led to the view of PPARs as general lipid 
sensors; despite this, the upstream factors determining generation and delivery of the 
lipid ligands under physiological condition remains unclear. Several groups have taken a 
“pathway” approach to identify important means of generating endogenous PPAR 
ligands. Intracellular fatty acids can be generated by de novo lipogenesis, enzymatic 
hydrolysis, or uptake from exogenous sources. Each of these pathways has been 
implicated in the generation of PPAR α ligand generation.  
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The “New Fat” Hypothesis  
 Recent data from Clay Semenkovich’s group suggest that products of the de novo 
lipogenesis pathway are physiologically relevant endogenous PPAR α ligands. This 
hypothesis has its origin in the generation of a mouse with hepatocyte specific deficiency 
of fatty acid synthase (FASKOL)(64). The FASKOL mouse has reduced insulin, and 
hepatic and plasma cholesterol levels but is otherwise similar to wild-type littermates 
when fed a chow diet. However on a zero-fat diet the FASKOL mice developed 
hypoglycemia, severe hepatic steatosis, and depleted glycogen stores, phenotypes 
characteristic of PPAR α deficiency. Similarly, FASKOL mice had normal expression of 
a cassette of PPAR α target genes (ACOX, HS-2, L-FABP, TRB3) on a chow diet, but 
greatly reduced expression compared to WT mice on a zero-fat diet. Importantly, these 
physiological and molecular phenotypes were reversed by administration of either 
synthetic (WY13643), or natural, (dietary fat) PPAR α ligands. Prolonged fasting of 
FASKOL mice recapitulated the phenotype observed on a zero-fat diet causing 
hypoglycemia, hepatic steatosis, hepatic glycogen depletion, and decreased expression of 
PPAR α target genes. Administration of WY-14643 at the onset of the fast prevented this 
phenotype. The ability of PPAR α ligands to prevent and reverse the metabolic 
abnormalities observed in the FASKOL mice led the investigators to conclude that the 
abnormalities were caused by failure to generate endogenous PPAR α ligands. From 
these data it appears that the relevant PPAR α ligand can be obtained from the diet or 
synthesized de novo, but is not present or cannot be delivered from lipid stored within the 
liver or adipose tissues. Similar results were obtained in mice with FAS deficiency in 
pancreatic β-cells and the hypothalamus(65). These mice were lean and hypophagic with 
increased physical activity and impaired hypothalamic PPAR α signaling. Again 
administration of a synthetic PPAR α agonist reversed the phenotype produced by FAS 
deficiency. 

Interestingly, hepatocyte specific deficiency of acetyl CoA carboxylase 1failed to 
produce any of the phenotypes observed in the FASKOL mice(66). However, these mice 
retained more activity in the de novo lipogenesis pathway, likely due to compensatory 
up-regulation of ACC2(66, 67). Another potentially important difference is that FASKOL 
mice accumulate high levels of cytosolic malonyl CoA while the ACC1 knockout is 
depleted. 
 In a technological tour de force, Chakravarthy et al. identified the de novo 
lipogenesis product binding to PPAR α as 1-palmitoyl-2-oleoyl-sn-glycerol-3-
phosphocholine (16:0/18:1-GPC)(68). FLAG-tagged PPAR α isolated from FASKOL 
mice was depleted in 16:0/18:1-GPC and Wy-14643 readily displaced 16:0/18:1 GPC 
bound to PPAR α. The synthesis of 16:0/18:1-GPC occurs through the Kennedy pathway. 
In the nucleus and ER, choline-ethanolamine phosphtransferase-1 (CEPT1) performs the 
final step in GPC synthesis, combining diacylglycerol and CDP-choline. Overexpression 
of CEPT1 in mouse hepatoma cells caused increased expression of PPAR α target genes, 
while knockdown of CEPT1 deceased expression of PPAR α target genes in mouse 
hepatoma cells and in whole animals. Portal vein infusion of 16:0/18:1-GPC decreased 
hepatic triglyceride and increased expression of PPAR α target genes in a PPAR α 
dependent manner.  
 Taken together this body of work implicates that FAS produces a precursor to the 
necessary PPAR α ligand 16:0/18:1-GPC, which is synthesized by CETP1.  This work 
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identified the first nanomolar affinity endogenous PPAR α ligand and provided sound 
evidence that it functions in vivo. Nevertheless, several questions remain regarding the 
relationship between 16:0/18:1-GPC and PPAR α activation. FAS activity is increased in 
response to high-carbohydrate feeding and insulin, while PPAR α has a circadian 
regulation with high and low expression during fasting and feeding respectively(61, 69, 
70). Given the antiphasic relationship between the machinery necessary to generate the 
ligands and the activity of their receptor, a more complex regulation must exist to deliver 
16:0/18:1-GPC to PPAR α at the proper time. Alternatively, other PPAR α ligands, 
known or unknown, may play important roles during different spatiotemporal and 
physiological contexts.  
Lipolysis of Stored TG  
While the “new fat” hypothesis proposes that fatty acids liberated from intracellular lipid 
droplets cannot serve as PPAR α ligands, other evidence suggests lipid droplets can 
function as a rich supply of PPAR α ligands. This was most directly demonstrated by 
genetic manipulation of lipid droplet proteins in cultured hepatocytes(71). Adipose 
triglyceride lipase (ATGL) is a triglyceride lipase implicated in the breakdown of lipid 
droplets, while adipocyte differentiation related protein (ADRP) is a lipid droplet protein 
that promotes triglyceride storage. Overexpression of ATGL or siRNA meditated 
knockdown of ADRP increased PPAR α activity and expression of target genes. 
Conversely, overexpression of ADRP decreased PPAR α activity and expression of target 
genes. This straightforward experiment supports the role of lipid droplet derived PPAR α 
ligands. Furthermore, genetic manipulations in vivo have yielded similar results. PPAR α 
target genes are down regulated in animals null for the lipases responsible for lipid 
droplet catabolism (72). Loss of lipid droplet proteins or overexpression of hormone 
sensitive and adipose triglyceride lipase increase expression of PPAR α target genes (73-
76). Thus, the pool of fatty acids liberated from stored TG may function as PPAR α 
ligands.   
Lipolytic PPAR Activation  
 Non-esterified fatty acids circulate bound to albumin or are generated by vascular 
lipases acting on esterified fatty acids in lipoproteins.  Vascular lipases include 
lipoprotein lipase, endothelial lipase, and hepatic lipase. Lipoprotein lipase possesses 
predominantly triglyceride lipase activity, while endothelial lipase is primarily a 
phospholipase, and hepatic lipase possesses both triglyceride and phospholipid lipase 
activities. In 2003, Jorge Plutzky’s and Ronald Evans' groups highlighted the role that 
vascular lipases play in the generation of PPAR ligands. 
 The initial focus centered on lipolysis products of triglyceride-rich lipoproteins 
generated by the action of lipoprotein lipase. Lipoprotein lipase mediated lipolysis of 
VLDL, and to a much lesser extent LDL and HDL, potently activates PPAR α in 
endothelial cells(77).  VLDL/LPL lipolysis products also activate PPAR α, although to a 
much lesser extent than PPAR δ. Furthermore, VLDL/LPL lipolysis products readily 
displace synthetic PPAR α agonists. Conversely, in macrophages PPAR δ seems to be the 
preferential isotype targeted by VLDL/LPL(78). In both cell types, VLDL/LPL fails to 
activate PPAR γ. In both endothelial cells and macrophages, the VLDL/LPL combination 
recapitulated the effects of synthetic PPAR agonists, in a PPAR α and δ dependent 
manner, respectively. In endothelial cells, VLDL lipolysis products inhibited TNF-α 
induced increases in VCAM expression. In vivo, over expression of LpL in muscle leads 
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to PPAR α dependent peroxisomal proliferation. In macrophages, VLDL treatment 
increases fat oxidation, concurrent with increased expression of PPAR δ target genes 
involved with β-oxidation, carnitine biosynthesis and lipid mobilization(79).  
 HDL particles are also capable of creating PPAR α ligands. Given the high 
phospholipid content of HDL, it is not surprising that endothelial lipase treatment 
generates PPAR α ligands. HDL/EL treatment increased expression of the canonical 
PPAR α target gene, ACO, and inhibited leukocyte adhesion to endothelial cells in a 
PPAR α dependent manner(80).   Similarly, the electronegative fraction of LDL, which is 
increased in diabetes and implicated in accelerating atherosclerosis, has been identified as 
a potential store of PPAR α ligands. Interestingly, LDL(-) potentiates TNF-α induced 
VCAM expression through nf-kb and AP1 signaling when taken up by the LDL receptor, 
but inhibits the same process in a PPAR α dependent manner when incubated with 
LPL(81). LDL(-)/LPL displaces synthetic PPAR α ligands, indicating generation of 
PPAR α ligands,  an effect attributed to the generation of hydroxy-octadecadienoic acids, 
known potent PPAR α activators. 
 Thus, lipoproteins function as circulating reservoirs of PPAR ligands that are 
accessible by lipase activity. The reason that lipoprotein derived lipids may play a role in 
activating PPAR α is unclear. One possibility is that a specific chemical species, such 
hydroxy-octadecadienoic acids in LDL(-), may underlie the preferential activation of 
PPAR α by lipolysis products.  Another is that differential modes of delivery of lipid 
ligands produce alternate, or even opposing, outcomes. Thus, differences in chemical 
composition or routes of delivery may explain the observation that lipoprotein derived 
lipids stimulate PPAR α.  In my work, I explored the biochemical basis of PPAR α 
activation by VLDL/LPL treatment.  
CANNABINOID RECEPTOR 1 
Background & Discovery 
While humans were pharmacologically stimulating PPAR α decades before its discovery, 
the use of cannabis predates knowledge of its receptor by several millennia.  Indeed, the 
Chinese emperor Huang Ti advised cannabis use for relief of rheumatic pain and relief of 
cramps in 2600 BC. The major psychoactive component of Cannabis, δ-9-
tetrahyrdocannabinol, was isolated in 1964. Shortly thereafter, synthetic THC analogues, 
such as nabilone, began being used as anti-emetics and appetite stimulants to cancer 
patients. However the mechanism of THC action remained uncertain until the 1990’s. 
While the hydrophobic nature of THC led to the hypothesis that it disrupted membrane 
fluidity, specific membrane binding sites for highly potent THC analogues, such as HU-
210 and CP-55,245, were demonstrated in 1988(82). The first cannabinoid receptor, 
termed CB1, was cloned in 1990(83). Three years latter, a second G protein coupled 
cannabinoid receptor (CB2) was identified in blood cells and immune tissue(84).  Despite 
the historical cultural use of cannabis, it is extremely unlikely that these receptors 
evolved to respond to THC. Nematodes, onychonphornas, and crustaceans appear to have 
cannabinoid receptors underscoring the ancient evolutionary history of the 
endocannabinoid system(85).  In 1992, arachidonyl-ethanolamine, termed anandamide 
after the Sanskrit word for bliss, was the first endogenous cannabinoid receptor ligand, or 
endocannabinoid, to be identified(86). Three years later, 2-arachidonyl glycerol (2-AG) 
was shown to stimulate the cannabinoid receptors(87, 88). Although several other 
arachidonic acid containing lipids have attracted attention as possible endocannabinoids, 
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including noladin ether, virodhamine, and N-arachidonoyldopamine, 2-AG and 
anandamide are the best characterized and be the focus of this review(89-91).  

CB1 is the most abundant G protein coupled receptor in the central nervous 
system(92). Both cannabinoid receptors function as classical G-protein coupled receptors, 
mostly coupled to Gi/o proteins. In neurons, CB1 transmits its signal by decreasing 
adenylate cyclase, and thus cAMP levels, stimulating mitogen-activated protein kinases, 
and K+ channels while inhibiting voltage-activated Ca2+ channels(93). Of note, these 
findings in the central nervous system may not be applicable throughout the body, as 
several examples of opposite regulation of downstream signaling molecules exist. For 
example, in the hypothalamus CB1 activation stimulates AMP kinase, while in the liver it 
inhibits AMP kinase(94).  
Regulation 

Anandamide is a partial CB1 agonist with high affinity and has been found at 
relevant concentrations within the central nervous system. 2-Ag is a full Cb1 agonist with 
lesser affinity and is present at much higher concentrations that anandamide. Whether 
there are distinct pools of 2-AG within the cell remains to be determined. The specific 
chemical agonist also may determine which of the intracellular signaling pathways 
follows CB1 activation. For example, whereas THC stimulates drug discrimination 
behavior, neither 2-AG nor AEA alone mimics this effect(95, 96). Interestingly, the 
combination of 2-AG and AEA is sufficient to stimulate this behavior, indicating 
crosstalk between the endocannabinod signals(95). Differential response to different 
agonists, and potentially antagonists, may allow for pharmacological exploitation while 
limiting adverse side effects.  

Anandamide and 2-Ag levels are regulated by the complex enzymatic machinery 
responsible for their synthesis and degradation. Fatty acid amide hydrolase (FAAH) 
degrades anandamide to arachidonic acid and ethanolamine. FAAH is an intracellular 
membrane-bound serine hydrolyase with a broad specificity for amide and ester 
substrates(97-99).and is highly expressed throughout the brain. Generation of FAAH -/- 
mice definitively demonstrated that FAAH was responsible for the majority of 
anandamide breakdown(100). Tissue extracts from FAAH knockout mice had greatly 
reduced anandamide hydrolysis rates. When administered to wild-type mice, anandamide 
produces very weak and transient behavioral effects, likely due to its very short half-
life(101). In contrast, when anandamide is administered to FAAH -/- mice they develop 
characteristic CB1 behavioral effects, including hypomobility, analgesia, hypothermia, 
and catalepsy.  FAAH -/- mice also have raised endogenous levels of many fatty acid 
amides. Pharmacological inhibitors of FAAH, most notably URB597, raise brain 
anandamide levels and induce behavioral effects(102).  
 The enzymes responsible for the generation of anandamide are less clear. The 
classical pathway has two steps(103-105). First, N-acyltransferase transfers arachidonic 
acid to phosphatidylethanolamine to form n-archidonoyl-phoshophatylethanolamine 
(NAPE). NAPE-Phospholipase D then cleaves NAPE forming anandamide and 
phosphatidic acid. Both steps are stimulated by calcium and anandamide production is 
accompanied by synthesis of its precursor, NAPE. However, while NAPE-PLD -/- mice 
have increased levels of long chain saturated and monounsaturated n-acyl-ethanolamines, 
levels of polyunsaturated n-acyl ethanolamines, including anandamide, are 
unaltered(106). Thus, although NAPE PLD contributes to anandamide synthesis, other 
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routes surely exist. An alternative route of anandamide generation may be the double-O-
deacylation of NAPE followed by phosphodiesterase action(107).  Neither knockout of 
PDE1, a candidate phosphodiesterase, alone nor in combination with NAPE PLD 
changed anandamide levels(108, 109). This points to the existence of alternative routes of 
anandamide synthesis involving different enzymatic machinery and/or precursors.  
 Likewise, the synthesis of 2-AG is stimulated by calcium and may take place by 
multiple routes sharing phosphatidylinositol as a common precursor. Phospholipase C 
cleavage of the inositol head group yields diacylglycerol, which can be further 
hydrolyzed to monoacylglycerol by DAG lipase. Calcium induced 2-AG accumulation in 
neurons can be prevented by administration of synthetic inhibitors of PLC or DAG 
lipase(110). Sequential hydrolysis of the acyl group at the Sn1 position by phospholipase 
A1 and the phosphohead group by lysophospholipase C also may be able to generate 2-
AG from phosphatidylinositol(111). Hydrolysis of triglycerides by the sequential action 
of adipose triglyceride lipase and hormone sensitive lipase also yields monoglycerides, 
but these enzymes show preference for saturated and monounsaturated fatty acids, 
making the generation of 2-AG by this route unlikely.  
 2-AG is predominantly degraded by monoacylglycerol lipase. MAG lipase is a 
cytosolic serine hydrolase originally characterized in adipose tissue that is also 
extensively expressed within the brain, mainly in nerve endings(112, 113). 2-AG 
hydrolytic activity is increased by overexpression and decreased by siRNA knockdown. 
of MAG lipase(114, 115). Treatment of rat brain membranes with an irreversible MAG 
lipase inhibitor, 2-arachidonylmaleimide, decreases 2-AG hydrolytic activity by upwards 
of 85%(116). Importantly, in vivo administration of JL184, a MAG lipase inhibitor, 
increases brain 2-AG levels 8 fold and induces cannabinoid like behavior, including 
analgesia, hypothermia, and hypomotility(117). Although, MAG lipase is the 
predominant 2-AG hydrolase in the brain, several other proteins, including α/β hydrolase 
6 and 12, have been shown to contribute(118). Interestingly, the three proteins reside in 
different subcellular locations and may regulate different pools of 2-AG.  

The pharmacological effects of THC, as well as genetic and epidemiological data, 
provide clues as to the physiologic role of the endocannabinoid system. As my work 
focuses on metabolic disease, the review will be limited to the metabolic actions of 
cannabinoids. In a hospital-based study, THC increased food intake, but the effect 
subsided within several days, while weight gain persisted for three weeks(119). THC also 
was found to decrease glucose tolerance in humans(120).  In epidemiological studies, 
chronic THC users were reported to be more likely to develop hepatic steatosis and have 
increased plasma concentrations of apolipoprotein CIII, which is linked to 
hypertriglyceridmeia.(121, 122) Obese individuals have been found to have increased 
plasma anandamide and 2-AG concentrations(123). Correlative studies in human adipose 
samples have shown an inverse relationship between adipose FAAH activity and amount 
of visceral fat(124).  Finally, polymorphisms in FAAH and CB1 have been linked to 
increased body mass index and waist circumference(125-127). 
Pharmacology  
The strongest evidence for the role of the endocannabioid system in human obesity and 
metabolic disease comes from the trials of the CB1 antagonist rimonabant. Four large-
scale trials of rimonabant in obese  individuals have yielded highly consistent 
results(128-131). Rimonabant (20 mg/day) resulted in clinically significant and 
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prolonged reductions in body weight and waist circumference and improved 
cardiometabolic risk factors associated with obesity. Rimonabant increased HDL 
cholesterol and mean LDL size, while decreasing triglyceride levels. In fact, statistical 
analysis showed significant (~50%) weight loss-independent effects of rimonabant in 
reducing plasma triglyceride as well as increasing HDL. Polymorphisms in CB1 have 
been linked to lipoprotein levels, independent of body mass index, supporting a weight- 
independent role for endocannabinoid signaling(132). Rimonabant increased adiponectin 
levels more than would be expected based on weight loss alone(133). In type II diabetics, 
rimonabant significantly improved fasting blood glucose and glycosylated hemoglobin, 
as well as body weight and lipid parameters(130). Despite the encouraging effects of 
plasma lipids, the STRAVIDARIUS trial failed to show an effect of rimonabant on 
atherosclerosis progression, as assessed by percent atheroma volume(134). However, the 
improvements on lipoprotein metabolism beyond those accounted for by weight loss 
suggest a direct and potentially beneficial effect of CB1 blockade on cardiovascular 
disease risk.  
Downstream effects.  

Many preclinical studies with CB1 antagonists and cb1 knockout mice 
demonstrate the powerful regulatory effects of the endocannabinoid system. It not only 
regulates food consumption, but also plays an anabolic role by increasing the storage and 
decreasing the expenditure of energy. Rimonabant reduces food intake, especially of 
“palatable” food, and this effect is absent in CB1 -/- mice(11, 135-137).  Hypothalamic 
endocannabinoid content is decreased by leptin and increased in ob/ob mice(11). 
However, the hypophagic effect is transient in both diet and genetic induced models of 
obesity. Interestingly, the weight loss, change in adiposity, and normalization of 
metabolic parameters persist(137). The generation of CB1 knockout mice reinforced the 
food intake- independent effects of the cannabinoid system. CB1 knockout mice are 
leaner than wild-type littermates, a phenotype that persists even during pair-feeding 
experiments(138). Similarly, CB1-/-mice are resistant to diet-induced obesity despite 
maintaining caloric intake similar to CB1+/+ littermates(139). Studies with CB1 
antagonists and CB1 null mice have demonstrated peripheral effects of CB1 activation. 
Levels of endocanniboids in the liver and adipose tissue are comparable to those in the 
brain(139-141). Furthermore, CB1 is expressed in both tissues, as well as the enzymatic 
machinery necessary for the synthesis and breakdown of the endocannabinoids.  

 CB1 stimulation in adipocytes  increases LPL expression and inhibits adiponectin 
production(138, 142, 143). Thus, both the increased delivery of LPL-derived fatty acids 
and the decrease in their oxidation due to reduced adiponectin may contribute to 
triglyceride accumulation. On a more global scale, microarray analysis indicates that 
rimonabant reverses obesity-induced changes in adipose gene expression(144).  More 
recently, reduced levels of anandamide in adipose tissue have been proposed to underlie 
the lipolytic effects of leptin(145). Overall, the evidence suggests that adipose CB1 
inhibits lipolysis and promotes storage of triglycerides.  

The laboratory of George Kunos has clearly demonstrated a role for hepatic CB1 
in the pathogenesis of hepatic steatosis. High fat diet administration increases hepatic 
anandamide concentrations and CB1 receptor density in conjunction with decreased 
FAAH activity(139).  CB1 KO mice are resistant to high-fat diet induced increases in de 
novo lipogenesis and hepatic steatosis. Administration of the synthetic CB1 agonist, 
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Hu210, increased expression of srebp1c and its target genes (fas, acc) and increased de 
novo lipogenesis in wild-type, but not CB1 KO mice. Similar results were obtained in 
primary hepatocytes implicating hepatic CB1 as the site of action. The generation of 
hepatocyte specific knockout mice further highlights the role of hepatic CB1. Hepatocyte 
specific knockout mice gain weight normally on a high fat diet, but do not develop the 
characteristic diet-induced steatosis, dyslipidemia, or leptin resistance(146). In addition to 
stimulating SREBP1c and subsequent lipogenesis, hepatic Cb1 inhibits AMP kinase. 
Consistent with this, THC decreases hepatic AMP kinase activity(94). AMP kinase 
phosphorylates and inactivates key enzymes in fatty acid and cholesterol biosynthesis, 
decreases lipogenic gene expression, and increases fatty acid oxidation.  

Chronic alcohol consumption also promotes hepatic de novo lipogenesis and 
steatosis. Recently, chronic alcohol consumption has been shown to stimulate production 
of 2-AG from hepatic stellate cells by increasing expression of DAG lipase β(147). Again 
rimonabant treatment or genetic loss of CB1 prevented development of hepatic steatosis 
and accompanying metabolic abnormalities. Genetic deletion of CB1 in hepatocytes was 
sufficient to prevent alcohol induced hepatic steatosis. The CB1 signaling in hepatocytes 
caused by production of 2-AG in stellate cells demonstrates that paracrine CB1 signaling 
exists outside of the central nervous system.  

 A direct role in regulation of glucose metabolism has also been described for the 
EC system. Hepatocyte specific knockout mice are immune to diet induced insulin 
resistance(146). Rimonabant increases skeletal muscle basal oxygen consumption and 
glucose uptake(148). Administration of a synthetic CB1 agonist causes glucose 
intolerance and insulin resistance in wild-type mice, but not in CB1 germline or 
hepatocyte-specific knockout mice(146). Alterations in adiponectin levels have been 
proposed to mediate a portion of the effect of CB1 on insulin sensitivity(149).  

While loss of CB1 function clearly prevents, and even reverses, obesity and 
disorders of lipid and glucose metabolism, the evidence that stimulation of CB1 causes 
metabolic abnormalities derives exclusively from the use of synthetic agonists. 
Furthermore, until the generation of hepatocyte specific knockout mice the effects of 
endocannabinoids on food intake and body weight had not been disassociated from the 
peripheral metabolic effects. In my work, a synthetic inhibitor of endocannabinoid 
breakdown was used to acutely increase levels of endocannabinoids. This approach 
enabled the demonstration that endogenously produced cannabinoids influence metabolic 
parameters independent of effects on food intake, and provided insight into the 
responsible mechanisms.  
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 CHAPTER 2  
VLDL hydrolysis by LpL activates PPAR-α through  

generation of unbound fatty acids.  
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ABSTRACT 
 
 Recent evidence suggests that lipoproteins serve as circulating reservoirs of PPAR α 
ligands that are accessible through lipolysis.  The present study was conducted to 
determine the biochemical basis of PPAR α activation by lipolysis products and their 
contribution to PPAR α function in vivo. PPAR-α activation was measured in bovine 
aortic endothelial cells (BAEC) following treatment with human plasma, VLDL lipolysis 
products, or oleic acid. While plasma failed to activate PPAR α, oleic acid performed 
similarly to VLDL lipolysis products. Therefore, fatty acids are likely to be the PPAR α 
ligands generated by VLDL lipolysis.  Indeed, unbound fatty acid concentration 
determined PPAR-α activation regardless of fatty acid source, with PPAR α activation 
occurring only at unbound fatty acid concentrations that are unachievable under 
physiological conditions without lipase action. In mice, a synthetic lipase inhibitor 
(poloxamer-407) attenuated fasting-induced changes in expression of PPAR α target 
genes.  Apolipoprotein CIII (apoCIII), an endogenous inhibitor of lipoprotein and hepatic 
lipase, regulated access to the lipoprotein pool of PPAR α ligands, since addition of 
exogenous apo CIII inhibited, and removal of endogenous apoCIII potentiated, lipolytic 
PPAR-α activation.  These data suggest that the PPAR α response is generated by 
unbound fatty acids released locally by lipase activity and not by circulating plasma fatty 
acids.   
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INTRODUCTION 
The peroxisomal proliferator activated receptor (PPAR) family of nuclear 

hormone receptors functions as transcriptional nodal points in the regulation of energy 
metabolism and inflammation (1).  Three PPAR isotypes have been identified: PPAR α 
and PPAR δ, which stimulate fatty acid oxidation and share many target genes, but still 
differ in tissue distribution and functional effects, and PPAR-γ which activates lipid 
storage and adipogenesis.  In vitro analyses demonstrate that PPARs are activated by high 
concentrations of fatty acids and their derivatives although the physiological context and 
relevance of these effects have remained unclear (2, 3). Together these data have led to 
the view of PPARs as lipid sensors; despite this, the upstream factors determining 
generation and delivery of the lipid ligands are poorly understood. 

Intracellular fatty acids can be generated by three main sources: de novo 
lipogenesis, enzymatic hydrolysis, or uptake from extracellular sources.  Plasma non-
esterified fatty acids (NEFA) circulate bound to albumin or can be generated locally by 
vascular lipases acting on lipoproteins.  Lipolytic processing of lipoproteins appears to be 
an important source of PPAR α and δ ligands as reported by us and others (4-6). In vitro, 
lipoprotein lipase (LpL) mediated lipolysis of VLDL stimulates PPAR α and PPAR δ 
activity and downstream responses, while similar quantities of NEFA from plasma fail to 
recapitulate these effects (4-6). Lipolysis of HDL by endothelial lipase also generates 
PPAR α ligands (7).  In mouse models, transgenic LpL overexpression and treatment 
with a pharmacological LPL activator, NO-1886, indicate that LpL lipolytic products are 
sufficient to promote PPAR α dependent peroxisomal proliferation and induction of 
PPAR α target genes; likewise, cardiac specific LpL-deficient animals have reduced 
expression of PPAR α target genes (6, 8, 9).  Together these data reveal that specific 
lipoproteins serve as circulating pools of PPAR α and δ ligands. 

The unexplained observation that VLDL lipolysis products activate PPAR α while 
NEFA from plasma do not remains a key unresolved issue in understanding how FAs and 
their handling influence cellular responses.  Differences in chemical composition could 
potentially account for the effective activation of PPAR α by triglyceride-rich lipoprotein 
lipolysis metabolites as opposed to plasma NEFA.  For example, VLDLs contain 
retinoids, phospholipids, and other non-fatty acid compounds that may play a role in 
activating PPAR α. Alternatively, the source and delivery of the fatty acid may alter its 
cellular metabolism and signaling properties. For example, arachidonic acid released by 
phospholipase A2-mediated cleavage of phospholipids is preferentially channeled to 
eicosanoid biosynthesis. Therefore, it is possible that differences in chemistry or delivery 
of lipolysis products underlie their preferential activation of PPAR α. Moreover, the 
activity of LPL is under the control of multiple additional inputs, including the action of 
apoCIII, an endogenous LPL inhibitor. Whether regulators of LPL activity such as 
apoCIII modulate PPAR activity remains unknown.  In the current study we assessed the 
biochemical basis of lipolytic PPAR α activation, the role of apoCIII in determining 
PPAR α activity, and the evidence for their contribution to PPAR α function in vivo. 
MATERIALS AND METHODS 
Cell culture, PPAR α Reporter, & Fatty Acid Uptake 
Bovine aortic endothelial cells (BAEC) were transfected with a PPAR α transactivation 
assay as previously described (6). Briefly, BAEC were grown in Dulbecco’s Modified 
Eagle’s Medium (Invitrogen) supplemented with 10% fetal bovine serum (Omega 
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Scientific), penicillin/streptomycin (Invitrogen), and L-glutamine (Invitrogen). Cells were 
seeded in 24-well plates and transfected with three plasmids using Fugene HD 
transfection reagent (Roche Diagnostics): (1) PPAR α ligand binding domain fused to 
yeast Gal4 DNA binding domain, (2) a luciferase reporter under the control of a GAL4 
promoter, and (3) constitutively expressed β-galactosidase (6). 24 hours after 
transfection, cells were treated as indicated for 18 hours. Cells were harvested and 
luciferase and β-galactosidase activity were measured by addition of substrate, luciferin 
(BD Biosciences) and chlorophenol red β-galactoside (Sigma) respectively, with 
quantification of resulting photoemission or absorbance. PPAR α activation was 
calculated as the ratio of luciferase activity to β-galactosidase activity (10).  Cell culture 
medium was analyzed for NEFA content using an enzymatic colorimetric kit (Wako) 
(11). The equilibrium concentration of unbound oleate was calculated as described by 
Spector et al (12). To assess fatty acid uptake, BAEC were incubated with 90 µM 
unlabeled oleic acid spiked with 9,10-3H oleic acid (1 µCi per well; 33.4 Ci/mmol; Perkin 
Elmer) or 10 µg/ml VLDL labelled, as previously described, with 3H trioleate (Perkin 
Elmer) as indicated for 20 minutes (13). Cells were washed with ice-cold PBS and lysed 
with 0.1 M NaOH. Cell lysate was analyzed for protein concentration and cell associated 
CPM (5). All experiments were performed in triplicate. 
Lipoprotein Isolation and Characterization 
All plasma samples were obtained by the Cholesterol Research Center at Children’s 
Hospital Oakland Research Institute. Blood was collected from healthy subjects after an 
overnight fast. The protocol was approved by the Institutional Review Board of Children's 
Hospital and Research Center Oakland, and informed consent was obtained from all 
volunteers. An aliquot of plasma was added to an immunoaffinity column prepared from 
purified goat anti-human apolipoprotein CIII sera (International Immunology Corp.) 
covalently linked to Affigel-10 (BioRad Laboratories) following manufacturer’s 
instructions. Following overnight incubation at 4°C, the unbound fraction, depleted of 
apoCIII containing particles, was collected and concentrated (14). VLDLs were isolated 
from plasma or the unbound immunoaffinity column fraction by ultracentrifugation 
(d<1.006, 40,000 rpm, 24 hours). Apo B was measured by immunoturbidimetric assay 
(Bacton Assay Systems and Express 550 Plus analyzer). ApoCIII was measured in triplicate 
by sandwich-style enzyme-linked immunosorbent assay with purchased goat anti-human apo 
C-III (International Immunology Corp) (14). Triglyceride content was quantified by 
enzymatic end point assay (Sigma) (15).  
In Vivo Experiments  
Male C57BL6 mice were fasted for 2 hours prior to treatment and divided into three 
groups (n=5 per group). Group 1 (Fed) were injected with saline and returned to ad 
libidum feeding. Group 2 (Fasted) were injected with saline and fasted for 24 h. Group 3 
(Fasted + P-407) were injected with poloxamer-407 (500 mg/kg, i.p.) and fasted for 24 h 
(16). Animals were sacrificed, and all harvested tissues and plasma samples were stored 
at -80°. The treatment protocol was approved by the Institutional Animal Care and Use 
Committee (IACUC) at the University of Missouri-Kansas City. RNA was isolated from 
homogenized tissue using the QAIGEN RNAeasy kit (Qiagen) (17). Relative quantitative 
PCR was performed on the ABI7900 system using SYBR green master mix in triplicate 
(Applied Biosystems) (18). All genes were normalized to an endogenous control gene 
(gusb).   The primers used were: pmp70: 5’-TGTTCAGGACTGGATGGATG-3’ 
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(forward), 5’-TGGCAAACTGGGGTTTATG -3’(reverse); cd36: 5’-
GCTTGCAAATCCAAGAATG-3’(forward), 5’- CGGCTTTACCAAAGATGTAGC-3’ 
(reverse); pparα: 5’-CCTGAACATCGAGTGTCGAA-3’(forward), 5’- 
CAGCTCCGATCACACTTGTC-3’ (reverse); mlycd: 5’-
CTCGGGACCTTCCTCATAAA-3’(forward), 5’- ATAGGCGACAGGCTTGAAAA-3’ 
(reverse); cpt1a: 5’-ACGGAGTCCTGCAACTTTGT-3’(forward), 5’-
GTACAGGTGCTGGTGCTTTTC-3’ (reverse); mcad: 5’-
GCCCAGAGAGCTCTAGACGA-3’(forward), 5’-GTTCAACCTTCATCGCCATT-3’ 
(reverse); cpt1b: 5’-CCAGATCTGCATGTTTGACC-3’(forward), 5’-
TGCTGGAGATGTGGAAGAA-3’ (reverse); acox: 5’-
CATGCGGATTAATGAGAGCA-3’(forward), 5’- TCCGACATTCTTCGATACCA-3’ 
(reverse); lpl: 5’-CAAGAGAAGCAGCAAGAT-3’(forward), 5’-
CACTGTGCCGTACAGAGAA-3’ (reverse); gusb: 5’-CATGAGAGTGGTGTTGAG 
GATCA-3’(forward), 5’-CCCATTCACCCACACAACTG-3’ (reverse) 
Statistical Analysis  
One-way ANOVA with post hoc analysis (Tukey’s HSD) was used to test for differences 
in treatment effects. Paired two tailed t-tests were used to analyze differences in PPAR α 
activation between lipoprotein fractions isolated from the same donor. All analyses were 
performed using JMP version 7.0 (SAS institute Inc.).  Data are presented as mean ± 
standard error.  
RESULTS  
Albumin inhibits PPAR α activation by VLDL lipolytic products. 
To test if differences in chemistry explain the disparity in PPAR α activation observed 
with plasma and lipolysis products, the ability of LPL/VLDL, oleic acid, and plasma to 
stimulate PPAR α was evaluated on a molar basis in BAEC. Oleic acid activated PPAR α 
similarly to VLDL lipolytic products, while plasma failed to activate PPAR α despite the 
presence of fatty acids (Fig. 1A). Given that oleic acid is the major fatty acid in plasma, 
the ability of VLDL to activate PPAR α in preference to plasma likely results from 
differential delivery rather than chemistry. To test if LPL/VLDL mediated PPAR α 
activation depends on the generation of unbound fatty acids, BAEC were incubated with 
LPL/VLDL and increasing concentrations of albumin. Albumin in combination with 
LPL/VLDL decreased PPAR α activation in a concentration-dependent fashion with half-
maximal inhibition at 0.014 mM albumin (Fig. 1B). To ensure that albumin inhibited 
delivery of FA and did not influence PPAR α activity directly, the effect of albumin on 
PPAR α activation by a synthetic ligand, WY14643. PPAR α activation by WY14643 
was not altered by addition of 0.015 mM albumin (WY14643: 33.85 ±.78 vs WY14643 + 
albumin: 33.00 ± .57 fold, p=0.51).  
Unbound fatty acid concentration determines fatty acid uptake and PPAR α 
activation. 
While at low oleic acid levels (as in Fig 1a), fatty acid uptake is related to total 
concentration, at physiological NEFA levels the unbound fatty acid concentration 
becomes the major determinant of uptake (19).  To determine the relationship between 
fatty acid uptake and PPAR α activation, fatty acid uptake and PPAR α reporter activity 
were measured in parallel in BAEC treated with varying concentrations of unbound oleic 
acid generated by varying the albumin content added to 90 µM oleic acid.  As expected, 
both fatty acid uptake and PPAR α activation increased with unbound oleic acid 
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concentration (Fig. 2A); however, the two variables displayed markedly different kinetics 
with half-maximal values achieved at 21 nM for fatty acid uptake and 286 nM for PPAR 
α activation. Further experiments with varied unbound oleic acid concentrations revealed 
that fatty acid uptake above 300 pmol/mg protein/min displayed a linear relationship with 
PPAR α activation (Fig. 2B). Interestingly, fatty acid uptake above 300 pmol/mg 
protein/min was unachievable at physiological unbound fatty acids concentrations (~6-30 
nM), explaining the failure of plasma NEFA to activate PPAR α (19, 20). Conversely, 
VLDL (10 µg/ml) treated with LpL (10 units/ml) generated fatty acid uptake (463 ± 2 
pmol/mg protein/min) sufficient to activate PPAR α. 
Lipase inhibition prevents fasting-induced increases in PPAR α target genes in vivo 
To test the contribution of lipase action to the in vivo generation of PPAR α ligands, the 
transcriptional response of PPAR α target genes to fasting was quantified in mice treated 
with a lipase inhibitor, the nonionic detergent Poloxamer-407 (P-407), or vehicle control 
at the outset of a 24-hr fast. Fasting decreased triglyceride concentrations (75 ± 14 vs. 40 
± 6 mg/dl, p<0.05), while P-407 caused severe hypertriglyceridemia (3578 ± 798 mg/dl). 
 In addition, fasting increased hepatic and cardiac expression of a PPAR α target gene 
cassette including pparα, cd36, acox, mlycd, mcad, pmp70, cpt1a, and cpt1b (Fig. 3A 
and 3B). In mice treated with P-407, hepatic transcriptional changes in response to 
fasting were absent for mlycd and cd36, diminished for pmp70, and unchanged for mcad, 
pparα, acox and cpt1b (Fig. 3A). P-407 treatment prevented the fasting response for all 
PPAR α target genes tested in the heart (Fig. 3B).  
Apolipoprotein CIII inhibits the lipolytic generation of PPAR α ligands.  
Since modifiers of lipolytic activity may also alter downstream PPAR α activation, the 
role of apoCIII, a natural inhibitor of LpL, in regulating lipolytic availability of PPAR α 
ligands was examined. Addition of apoCIII or orlistat, a synthetic lipase inhibitor, to 
VLDL decreased the resulting PPAR α activation, concurrent with decreased release of 
NEFA into the cell culture media (Fig. 4A). To determine if changes in endogenous 
apoCIII content alter lipolytic accessibility to PPAR α ligands, PPAR α activation in 
response to VLDL particles depleted of apoCIII by immunoaffinity chromatography was 
compared to activation in response to total VLDL isolated from the same plasma. 
Immunoaffinity chromatography depleted VLDL of the majority (86.2 ± 5.8%) of 
apoCIII. Transfected BAEC were incubated with VLDL or apoCIII depleted VLDL from 
the same donor. ApoCIII depleted VLDL particles activated PPAR α to a significantly 
greater extent than the VLDL particles derived from the same donor sample (Fig. 4B). 
DISCUSSION 
The data presented here demonstrate the biochemical basis for the activation of PPAR α 
by lipolysis of triglyceride-rich lipoproteins. On a molar basis, LPL lipolysis products 
activate PPAR α similarly to oleic acid, the most abundant plasma fatty acid. Thus more 
efficient delivery, rather than chemistry, likely accounts for preferential PPAR α 
activation by VLDL lipolysis products. Addition of albumin to the LPL/VLDL treatment 
abrogates PPAR α activation, indicating that lipolysis products activate PPAR α by 
generating unbound fatty acids. Since fatty acids must be liberated from albumin prior to 
becoming available for tissue uptake, the unbound fatty acid concentration is a major 
determinant of subsequent uptake (19).  Our results show that significant fatty acid 
uptake must occur prior to activation of PPAR α. In fact, PPAR α activation requires a 
threshold of fatty acid uptake that is unachievable at physiological plasma unbound fatty 
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acid concentrations. This offers a simple explanation for the failure of plasma to activate 
PPAR α despite the presence of ample fatty acids. Conversely, at physiological ratios of 
triglyceride to albumin, lipase action generates an unbound fatty acid concentration 
sufficient to drive fatty acid uptake beyond the PPAR α activation threshold. This is 
demonstrated by the ability of plasma exposed to lipase in vivo or in vitro to activate 
PPAR α (6). However, this work was done in an artificial gene reporter system and does 
not directly demonstrate PPAR α ligand binding.  

The biphasic relationship between FA uptake and PPAR α activation may 
represent different routes of FA uptake. FA uptake is the sum of saturable and linear 
processes (21). FA uptake in the physiological range of unbound fatty acids is largely 
driven by the saturable process and, in the current study, failed to activate PPAR α. The 
saturable process likely represents the action of fatty acid transporters, such as CD36. 
Intriguingly, loss of CD36 in vivo or in vitro decreases lipid uptake without altering 
PPAR α activation (22, 23).  Thus, plasma NEFA may fail to activate PPAR α because 
they are largely taken up by CD36. However, at the higher unbound fatty acid 
concentrations achieved in the lipolytic microenvironment, a CD36 independent route of 
FA uptake may become active and lead to PPAR α activation. This CD36 independent 
route of FA uptake may reflect the action of other FA transporters, such as the fatty acid 
transport proteins, or non-protein mediated fatty acid uptake. The nature of the alternate 
route of FA uptake and how it may target FAs to the nucleus for signaling requires 
further study.   

These data suggest that VLDL can serve as a potent source of PPAR α ligands by 
generating high local concentrations of unbound fatty acids. Although tracer studies have 
shown that fatty acids derived from lipolysis of triglyceride-rich lipoproteins mix with 
plasma NEFAs, fatty acid uptake is regulated by the tissue specific activity of LpL, likely 
as a result of the high concentration of unbound fatty acids generated in the 
microenviroment surrounding active LpL (24). In fact, LpL activity has been shown to 
contribute a large portion of the FAs consumed by the heart and other tissues (25, 26).  
 Thus, increased lipase activity, and not the increased release of NEFA from adipose 
tissue, is likely to be responsible for increased PPAR α function in the fasted state. This is 
supported by our finding that injection of the nonionic detergent P-407 inhibits fasting-
induced increases in PPAR α gene expression. As P-407 inhibits lipoprotein, endothelial 
and hepatic lipase, the resulting alterations in PPAR α signaling cannot be attributed to 
the action of a specific lipase. Although many hormonal signalling pathways are altered 
during the transition to the fasting state, fasting-induced increases in several genes (mcad, 
acox, and cpt1b) are known to be dependent on PPAR α (27).  Increased hepatic 
expression of mlycd, pmp70, and cd36 in response to fasting was substantially prevented 
by P-407 administration. The absence of an effect on cpt1a is consistent with data from 
studies in PPAR α deficient mice (27, 28). In the heart, we showed that P-407 attenuated 
fasting-induced increases in expression of the PPAR α target genes that were tested. 
Together with the in vitro data, these findings suggest that lipase activity is necessary to 
activate PPAR α. Although these data are consistent with our model, P-407 is not a 
specific inhibitor of lipase activity and other effects may confound our results.  However, 
P-407 does not inhibit fatty acid uptake or intracellular lipase activity and has no direct 
effects on PPAR α function (29-31). Furthermore, LpL deficiency decreases expression 
of PPAR α target genes and mitigates cardiac myopathy induced by PPAR α 
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overexpression (22). The current study supports the importance of LpL in PPAR α 
activation in vivo and builds upon the genetic models to demonstrate that 
pharmacological inhibition of LpL limits PPAR α activation by endogenous mechanisms. 
 A number of other observations support a key role of lipase activities in the 
generation of PPAR ligands. Lipolysis of HDL by endothelial lipase increases acox 
expression and inhibits leukocyte adhesion in a PPAR α dependent manner (7). Cardiac 
specific LpL knockout animals display reduced cardiac expression of PPAR α target 
genes despite increased uptake of plasma NEFA (25, 32). Conversely, mice over-
expressing lipoprotein lipase in skeletal muscle, but not those overexpressing CD36, 
display peroxisomal and mitochondrial proliferation, increased oxidative fibers, and cold-
tolerance, hallmarks of PPAR α and δ activation (33, 34). Chronic exposure to heparin-
releasable lipase activity also increases mitochondrial proliferation and binding of PPAR 
δ to the PPAR response element in the cpt1b promoter in skeletal muscle (35).  NO-1886, 
a pharmacological LpL stimulator, activates fatty acid oxidation genes and protects 
against high-fat induced weight gain and hepatic steatosis, effects closely resembling 
those seen with PPAR α activation (9). Likewise, the activity of LpL in skeletal muscle 
has been shown to regulate uncoupling protein 3, a PPAR α and δ responsive gene, 
independent of NEFA levels (36).  Taken together these findings in animal models 
support the role of lipolysis products as determinants of PPAR α and δ function 
irrespective of plasma NEFA levels.   
  While our results focus on the delivery of PPAR α ligands from extracellular 
sources, intracellular fatty acids generated by de novo lipogenesis or enzymatic 
hydrolysis may also activate PPAR α. Impaired PPAR α dependent gene expression in 
hepatocyte-specific fatty acid synthase deficient mice suggests a specific role for de novo 
lipogenesis products as PPAR α ligands (37). The relevant FAS product bound to PPAR 
α was recently identified as 16:0/18:1-GPC (38). Hepatocyte specific knockout of another 
lipogenic enzyme, acetyl CoA carboxylase 1, had no effect on PPAR α dependent gene 
expression, suggesting that alternative sources of PPAR α ligands exist (39).  
Accordingly, recent in vitro work has shown that genetic manipulation of access to 
hepatic lipid droplets alters PPAR α activity (40). Given the potential for intracellular 
generation of PPAR α ligands, our findings may be particularly relevant to cells with low 
rates of lipogenesis and small TG stores.   
  The evidence for LPL-mediated PPAR α activation suggests that other parameters 
that determine LPL activity might also influence PPAR α activation. The biochemical 
function of apoCIII makes it a likely candidate for modulation of lipolytic PPAR α and δ 
activation. ApoCIII, an 8.8-kDa exchangeable apolipoprotein, is linked to metabolic and 
cardiovascular disease by strong epidemiological and genetic data, but the biology 
underlying these observations remains incompletely understood (41). In vitro, apoCIII 
inhibits lipoprotein lipase, hepatic lipase, heparin sulfate proteoglycan interactions, and 
hepatic receptor mediated clearance (42). Recently, apoCIII has been found to have a 
number of proinflammatory properties including activation of toll-like receptor 2 (43).  
The present findings demonstrate that apoCIII can play an additional role in PPAR α 
mediated metabolic and inflammatory functions by controlling lipolytic generation of 
PPAR α ligands. Since apoCIII expression is suppressed and LpL activity is stimulated 
by PPAR α, a positive feedback system may exist (44). Individuals with high apoCIII 



 

   

33 

levels may have impaired generation of endogenous PPAR α ligands and hence be 
particularly likely to benefit from synthetic PPAR α ligands.   

In summary, our results demonstrate that lipolysis of VLDL provides the unbound 
fatty acid concentration required for activation of PPAR α by an extracellular source and 
that apoCIII is an important player in modulating this process. Future efforts will 
characterize the CD36-independent route of FA uptake activated at high-unbound FA 
concentrations that is responsible for PPAR α activation by extracellular sources.  
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Figure 1 
A.  

 
B.  

 
Figure 1: VLDL derived fatty acids serve as potent PPAR α ligands due to efficient 
delivery. BAEC were transfected with the PPAR α-LBD-GAL4 reporter system, as 
described in methods, treated for 18 hours and cell lysate assayed for luciferase and β-
galoctosidase activity. A) BAEC were exposed to various concentrations of LPL (1, 3, or 
10 units/ml) and VLDL (1, 3, 10, or 30 µg/ml), oleic acid (0, 5, 10, or 20 µM at an 
unbound oleic acid concentration of 2450 nM) or plasma (0-5% v/v).  This produced a 
range of NEFA concentrations, as measured in the cell culture media at the end of 
treatment.  For oleic acid, a linear relationship exists between oleic acid added and NEFA 
concentration in the cell culture media (data not shown), such that ~60% of NEFA added 
remains in the media following incubation with cells. PPAR α activity is presented as 
percentage of activation by 10 µM Wy14643, a synthetic PPAR α ligand. B) Transfected 
BAEC were incubated with VLDL (10 µg protein/ml) and LpL (10 units/ml) and 
increasing concentrations of albumin in triplicate. PPAR α activity is expressed as fold 
activation over control.   
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Figure 2 
 
A.  

 
B. 

 
Figure 2: Fatty acid uptake determines PPAR α activation.  
A) In parallel experiments, BAECs were treated with oleic acid (90 µM) and varying 
concentrations of albumin, and PPAR α activation and fatty acid uptake were determined 
as described in Methods. B. Varying total (0-180 µM) and unbound oleic acid 
concentrations (0-2450 nM) were used to generate a range of fatty acid uptake. Fatty acid 
uptake above 300 pmol/mg protein/min displayed a strong linear relationship with PPAR 
α activation (r2=.98, p<0.05).  
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Figure 3 
 
A. 

 
B. 

 
 
Figure 3: Poloxamer-407 inhibits the transcriptional response to fasting in vivo 
Following an initial 2-hour fast, 9-week old male C57Bl6 mice were treated with saline 
or P-407 (500 mg/kg, i.p.) and fasted for an additional 24-hours. A group of saline 
injected animals was fed ad-lib for the 24-hour period. Abundance of mRNA for PPAR α 
target genes was determined by RT-PCR and normalized to a control gene (gusb) in the 
liver (A) and heart (B).  Groups not sharing a common superscript letter are significantly 
different (p<0.05).  
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Figure 4 
A.  

 
B. 

  
 
Figure 4: Apolipoprotein CIII regulates access to lipoprotein derived PPAR α 
ligands. A) PPAR α activation (solid bars) in BAEC were transfected as described in 
Figure 1 and treated with LpL (10 units/ml), VLDL (10 µg protein/ml), Orlistat (10 µM), 
ApoCIII (3 ug/ml) as indicated for 18 hours. Cell culture media was assayed for fatty 
acids. Groups not sharing a common superscript letter are significantly different (p<0.05). 
B) BAEC were transfected as described in Figure 1 and treated with total VLDL or 
apoCIII depleted VLDL (10 ug protein/ml) and LpL (3 units/ml).  The difference 
between the VLDL treatments was significant (p=0.002) by paired two-tailed t-test. 
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ABSTRACT 
The endocannabinoid (EC) system regulates food intake and energy metabolism. 
Cannabinoid receptor type 1 (CB1) antagonists show promise in the treatment of obesity 
and its metabolic consequences. Although the reduction in adiposity resulting from 
therapy with CB1 antagonists may not fully account for the concomitant improvements in 
dyslipidemia, direct effects of overactive EC signaling on plasma lipoprotein metabolism 
have not been documented. The present study used a chemical approach to evaluate the 
direct effects of increased EC signaling in mice by inducing acute elevations of 
endogenously-produced cannabinoids through pharmacological inhibition of their 
enzymatic hydrolysis by isopropyl dodecylfluorophosphonate (IDFP).  Acute IDFP 
treatment increased plasma levels of triglyceride (TG) (2.0-3.1 fold) and cholesterol (1.3-
1.4 fold) in conjunction with an accumulation in plasma of apolipoprotein (apo)E-
depleted TG-rich lipoproteins. These changes did not occur in CB1 null mice, were 
prevented by pretreatment with CB1 antagonists, and were not associated with reduced 
hepatic apoE gene expression. IDFP treatment increased hepatic mRNA levels of 
lipogenic genes (Srebp1 and Fas). Therefore, overactive EC signaling elicits an increase 
in plasma triglyceride levels associated with an accumulation in plasma of apoE-depleted 
TG-rich lipoproteins. These findings suggest a role of CB1 activation in the pathogenesis 
of obesity-related hypertriglyceridemia and underscore the potential efficacy of CB1 
antagonists in treating metabolic disease. 
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INTRODUCTION 
Obesity elicits a cluster of interrelated disorders, termed the metabolic syndrome, that 
increases the risk of cardiovascular disease(1). Epidemiological and genetic data indicate 
that dysregulation of the endocannabinoid (EC) system increases adiposity in humans(2-
4). Pharmacological or genetic ablation of the cannabinoid type 1 receptor (CB1) in 
normal mice and diet-induced and genetic mouse models of obesity results in a transient 
hypophagic response mediated through the hypothalamus but there are also prolonged 
effects on weight loss, adiposity, and normalization of metabolic parameters, including 
plasma lipids(5-11). This suggests that the improvement in adiposity-related measures 
with CB1 inactivation is not limited to reduced food intake, a major known effect of CB1 
inactivation(5-11). CB1 activation in liver increases de novo lipogenesis and decreases 
fatty acid oxidation(12-14). High fat diet or chronic ethanol treatment increases 
cannabinoid signaling tone via increased hepatic CB1 receptor density and EC levels 
leading to CB1-mediated hepatic steatosis(12-14). These observations raise the 
possibility that aberrant EC signaling mediates development of obesity-related metabolic 
disturbances. 

The EC system consists of the cannabinoid receptors, the endocannabinoids 
(ECs), and the enzymes responsible for their synthesis and breakdown(15, 16). CB1 is a 
G-protein coupled membrane receptor that transmits its response via Gi/o protein-
mediated reduction in adenylate cyclase activity(15). The ECs, anandamide and 2-
arachidonoylglycerol (2-AG) are produced locally by N-acyl phosphatidylethanolamine 
phospholipase D and diacylglycerol lipase, respectively(15, 16). Signaling is terminated 
primarily by enzymatic breakdown of anandamide by fatty acid amide hydrolase (FAAH) 
and 2-AG by monoacylglycerol lipase (MAGL)(15-17).  

Important specific CB1 antagonists are the pharmaceutical rimonabant, with a 4-
chlorophenyl substituent, and its 4-iodophenyl analog AM251. In four large human trials, 
rimonabant at 20 mg/day resulted in clinically significant and prolonged reductions in 
body weight and waist circumference and improved cardiometabolic risk factors 
associated with obesity(18-22). There were significant improvements in plasma 
triglyceride (TG) and high-density lipoprotein (HDL) cholesterol concentrations that 
could not be fully accounted for by the expected effects of caloric restriction and weight 
loss, suggesting a direct and beneficial effect of CB1 blockade on lipid metabolism.  

Inhibition of MAGL and/or FAAH offers an attractive approach to study the 
primary effects of elevated EC signaling on specific metabolic parameters. The 
organophosphorus (OP) compound isopropyl dodecylfluorophosphonate (IDFP) inhibits 
both MAGL and FAAH in vivo in mice, raises brain 2-AG and anandamide levels greater 
than 10-fold and elicits full-blown cannabinoid behavior(17). CB1-mediated effects of 
IDFP can be clearly differentiated from off-target actions by reversal with a specific CB1 
antagonist and by their absence in CB1 -/- mice(17). This study determined the effects of 
IDFP-induced overactive EC signaling and CB1 agonism on lipid metabolism, 
independent of adiposity or food intake.  We found that elevation of EC levels was 
sufficient to increase plasma TG levels in conjunction with apolipoprotein (apo)E 
depletion of TG-rich lipoproteins. 
 
 
 



 

   

45 

METHODS 
Animals 
Tissues were provided for sub-study by Dr. Daniel Nomura in the laboratory of Dr. John 
Casida(17). Swiss Webster mice were from Harlan Laboratories. CB1 +/+ and -/- 
breeding pairs were obtained from Andreas Zimmer and Carl Lupica(23). C57/Bl6 +/+ 
controls were obtained from Jackson Laboratories.  All mice were 6-8 weeks of age, 
male, and weighed 18-23 g, with the exception of CB -/- mice (17 ± 2 g).  They were 
treated ip at 1 µl/g with DMSO or test compounds dissolved in DMSO, and sacrificed at 
the indicated times.  All experiments used Swiss Webster mice unless specifically stated 
otherwise, i.e. +/+ or -/-.  
Chemicals 
Sources for the chemicals were as follows: lipid standards from Alexis Biochemicals and 
Sigma; AM251 and WIN55212-2 from Tocris Cookson Inc.; IDFP was synthesized in the 
Berkeley laboratory(24).  
MAGL activity and monoacylglycerol levels 
MAGL activity was determined by measuring 2-AG hydrolysis using gas 
chromatography-mass spectrometry (GC-MS)(17). Tissue homogenates in 5 ml of 50 
mM Tris buffer pH 8.0 containing 1 mM EDTA and 3 mM MgCl2 were centrifuged at 
1000 g. Supernatant protein (50 µg) was incubated with 100 µM 2-AG in Tris/EDTA/ 
MgCl2 buffer (500 µl) for 1 h at 37oC then extracted with 1 ml ethyl acetate containing 10 
nmol of the internal standard 1-dodecylglycerol. After phase separation, 70 % of the 
upper organic layer was recovered, evaporated under nitrogen and derivatized by N,O-
bis(trimethylsilyl)trifluoroacetamide (200 µl) for 30 min at room temperature with 
sonication. The trimethylsilyl derivatives (1 µl aliquot) were separated on a DB-XLB 
fused-silica capillary column (30 m × 0.25 mm × 25 µm) using a temperature program of 
100 to 280 oC, and detected by electron impact ionization at 70 eV with an ion source 
temperature of 250 °C.  A mass selective detector was used for single ion monitoring to 
quantitate individual lipids.  MAGL activity was based on the formation of arachidonic 
acid (with endogenous arachidonic acid levels subtracted) normalized for tissue weight 
and internal standard. Monoacylglycerol levels in tissues were determined as described 
previously(17). Briefly, tissues were weighed and homogenized in a mixture of 3 ml 100 
mM phosphate buffer pH 7.4 and 3 ml ethyl acetate containing 10 nmol of internal 
standard. The ethyl acetate phase was recovered and after workup the trimethylsilyl 
derivatives were analyzed by GC-MS as indicated above.  
Plasma lipids and lipoproteins 
Plasma was used for determination of lipid and lipoprotein profiles. Total TG and 
cholesterol were analyzed by enzymatic end-point measurements utilizing enzyme 
reagent kits (Sigma) with HDL-cholesterol concentration determined by measurement 
directly after polyethylene glycol-mediated precipitation of apoB(25).  For ion mobility 
analysis of lipoprotein particle concentrations, 1 part plasma was incubated with 4 parts 
albumin-binding agent (reactive green 19 dextran), layering this mixture on top of 
deuterium oxide, and spinning in an ultracentrifuge to isolate the lipoproteins(26). The 
lipoprotein fraction was injected into the ion mobility instrument which utilizes an 
electrospray to create an aerosol. The particles were then passed through a differential 
mobility analyzer coupled to a condensation particle counter, where particle diameter and 
quantity were determined. 
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Lipoprotein fractionation 
VLDL , IDL, LDL and HDL fractions were separated from pooled plasma by sequential 
density ultracentrifugation(27). ApoB100, B48, E and C in each fraction were quantified 
by measuring Coomassie band intensity after separation by denaturing gradient gel 
electrophoresis. Lipid compositions were determined as described above.  
Determination of VLDL particle composition 
Phospholipids were analyzed by enzymatic end-point measurements utilizing an enzyme 
reagent kit (Waco Diagnostics). Protein was determined by the method of Lowry et 
al.(28).  Free cholesterol was measured by the method of Allain et al in the absence of 
cholesterol ester hydrolase(29).  Cholesterol ester concentration was calculated as (total 
cholesterol – free cholesterol) x 1.68.  
Measurement of lipogenic gene transcripts 
Fresh liver was flash frozen with liquid  nitrogen and stored at -80oC until analyzed. RNA 
was isolated and cDNA synthesized. RTq-PCR was performed on the ABI 7900 Real 
Time PCR instrument using SYBR green gene expression assays. All values were 
adjusted to an appropriate control gene (GusB).  
Western Blot, ELISA, and Exchange Assay 
Lipoproteins were transferred to polyvinylidene difluoride (PVDF) membranes and 
probed with primary and secondary antibodies diluted in Tris-buffered saline with 0.05% 
Tween. HRP-conjugated secondary antibodies were detected using West Femto 
chemiluminescent substrate (Pierce). ApoE was quantified in triplicate by sandwich-style 
enzyme-linked immunosorbent assay. For the exchange assay, 27 micrograms of HDL 
total protein was incubated with 33 micrograms of apoE -/- VLDL in 1 ml of PBS for 18 
h at 37°C. Following incubation, the VLDL was recovered as described above, and 
analyzed by western blot.  
Statistical analyses 
Results are presented as mean ± standard deviation.  One-way and two-way analysis of 
variance was used to test significance of treatment effects and interactions with 
genotypes, respectively. Post-hoc analysis (Student’s unpaired t-test) examined 
significance of individual treatment and/or genotype effects. Significance is given as  
*p<0.05, **p<0.01, and ***p<0.001. NS, not significant, ND, not detected. All analyses 
were performed using JMP version 7.0.  
RESULTS 
IDFP inhibits MAGL activity and elevates 2-AG levels in liver, muscle and adipose 
tissue 
To test the ability of IDFP to inhibit MAGL in peripheral tissues, MAGL activity and 2-
AG levels were determined in liver, skeletal muscle, white adipose tissue (WAT) and 
brown adipose tissue (BAT) from IDFP treated mice.  IDFP (10 mg/kg, ip, 4 h) inhibited 
2-AG hydrolytic activity in liver, skeletal muscle, white adipose tissue (WAT) and brown 
adipose tissue (BAT) by 78-97 % and raised 2-AG levels in liver, muscle and BAT by 5-
13-fold (Fig. 1). 2-Oleoyl- and 2-palmitoylglycerol levels were also elevated in these 
tissues but 1-oleoyl- and 1-palmitoylglycerol were less affected (Table 1).  
CB1-dependent effects of IDFP on plasma lipid levels and hepatic lipogenic gene 
expression 
To test the effects of increased endocannabinoid levels of plasma lipids, triglycerides, 
cholesterol, and lipoprotein particle count were determined in plasma from mice 
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administered IDFP (10 mg/kg, ip, 4 h) or DMSO as a vehicle control. CB1 -/- mice and 
CB1 antagonist pre-administration were used to determine the CB1 dependence of IDFP 
effects. IDFP significantly increased plasma TG (2.0-3.1-fold) (Fig. 2A) and cholesterol 
(1.3-1.4-fold) levels (Fig. 2B) and very low density lipoprotein (VLDL) mass (2.1-fold) 
(Fig. 2C) 4 h after administration. Each of these effects was completely ablated by 
pretreatment with the CB1 antagonist AM251 and was absent in CB1 -/- mice (Fig. 2). 
HDL-cholesterol levels were unaffected (Table 2).  The increased TG and cholesterol 
levels were largely in the plasma VLDL fraction, accompanied by small alterations in 
particle composition mainly due to reduced protein content (Table 3). To affirm the effect 
of acute CB1 stimulation to regulate plasma lipids levels, mice were treated with the 
synthetic CB1 agonist, WIN55212-2. WIN55212-2 recapitulated the hyperlipidemic 
effects of IDFP raising plasma TG levels and VLDL mass (Fig. 3). To gain insight into 
which endocannabinoid stimulates the increase in plasma lipids, mice were treated with a 
FAAH-selective inhibitor (URB597). URB597 had no significant effect on plasma lipids 
indicating that anandamide elevation alone was not responsible (Fig. 3). To confirm 
stimulation of hepatic CB1, the expression of known CB1 stimulated genes were 
determined in IDFP treated mice. IDFP increased hepatic expression of the genes for both 
sterol regulatory element binding protein-1c (SREBP-1c) and fatty acid synthase (FAS), 
changes which were prevented by AM251 and not found in CB1 -/- mice (Fig. 4.)  
CB1-dependent effects of IDFP on apolipoprotein content of TG-rich-lipoproteins 
As apolipoproteins are responsible for directing the metabolism of lipoproteins, the 
effects of IDFP on apolipoprotein content was determined. Consistent with the effects of 
IDFP treatment on plasma TG concentrations, there were substantial increases in VLDL 
apoB100 and apoB48 (Fig. 5).  However, there was no concurrent increase in VLDL 
apoE with IDFP treatment, resulting in a reduced ratio of apoE to apoB. IDFP treatment 
also increased the apoAI content of the VLDL fractions. Similar changes in 
apolipoproteins, although of much lesser magnitude, were observed in the intermediate 
density lipoprotein (IDL) and low density lipoprotein (LDL) fractions (Fig. 6). 
Interestingly, HDL apoE content was increased by 3.1-fold in IDFP-treated mice, and this 
was negated by AM251 (Fig. 6). To determine if alterations in expression of the 
apolipoproteins contributed to changes in plasma concentrations, the effect of IDFP on 
hepatic mRNA levels of apoE, apoAI, apoAV, and apoCIII was determined. IDFP had no 
effect on hepatic transcript levels of apoE, apoAI, apoAV, and apoCIII (Table 4). 
CB1-dependent effects of IDFP on apoE exchange 
To further investigate the effects of IDFP on apoE partitioning an in vitro exchange assay 
was established. Isolated HDL from animals was used as an apo E source and incubated 
with VLDL particles isolated from apo E -/- mice. Western blot analysis confirmed that 
IDFP increases HDL apo E content in a CB1 dependent manner (Fig. 7a). Following an 
18 h incubation, ultracentrifugation was performed to collect the d<1.006 mg/ml fraction. 
Western blot analysis demonstrated that an apo E donor, HDL, and a TG-rich apo E 
acceptor, apo E -/- VLDL, were necessary to recover apo E in the d<1.006 mg/ml 
fraction. Interestingly, while HDL isolated from DMSO and Am251/DMSO treated 
animals readily transferred apo E to the VLDL fraction, HDL from IDFP animals, despite 
a higher apo E content, failed to transfer apo E (Fig 7b). Interestingly, when examined by 
ELISA, plasma apoE content in IDFP treated animals was drastically reduced compared 
to the levels observed in DMSO and AM251/IDFP treatment (Fig 8). 
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Discussion 
The involvement of the EC system in regulation of plasma lipid and lipoprotein 
metabolism has been demonstrated in several clinical trials by the effects of treating 
obese patients with the CB1 antagonist rimonabant(18-22).  These effects include 
reductions in plasma TG and small LDL particles and increases in HDL cholesterol. A 
major determinant of these changes is the weight loss resulting from reduced caloric 
intake, but post-hoc analysis suggests that this is not sufficient to explain the full 
magnitude of the drug’s effects(22). To determine the contribution of elevated EC 
signaling to plasma lipid and lipoprotein metabolism, independent of food intake or 
adiposity, we used IDFP to acutely raise systemic levels of 2-AG by inhibiting its 
hydrolysis.  

The present study establishes that overactive EC signaling is sufficient to acutely 
elicit hypertriglyceridemia in a CB1-dependent manner characterized by accumulation of 
TG-rich lipoproteins. Hepatic de novo lipogenic gene transcript levels were elevated upon 
overactive EC signaling as also observed under chronic ethanol or high-fat diet 
administration(13, 14). Hypertriglyceridemia can result from increased hepatic 
production or decreased catabolism of TG-rich lipoproteins, which undergo lipolytic 
processing to remnant particles that can be cleared from plasma through apoE-mediated 
receptor endocytosis.  

We propose that defective clearance of TG-rich lipoproteins in IDFP-treated mice 
results from decreased apoE-mediated whole particle uptake. This might explain previous 
reports that CB1 -/- mice have reduced TG levels despite the stimulatory effect of CB1 
activation on adipose tissue lipoprotein lipase activity(6, 12). Indeed, IDFP-induced CB1 
signaling resulted in both apoE depletion and apoAI enrichment of VLDL particles.  
ApoAI is normally associated with HDL particles, but has been observed on TG-rich 
lipoproteins in the genetic absence of apoE. ApoE plays a multifunctional role in 
intravascular and cellular lipid metabolism, primarily as a ligand for the seven identified 
members of the LDL receptor family and for cell surface heparin proteoglycans(30, 31). 
Although apoE is expressed throughout the body, circulating apoE largely originates 
from the liver, where both newly-synthesized and recycled apoE is secreted(30, 31). It is 
interesting to note that IDFP-induced increases in plasma TG values in +/+ mice reached 
levels similar to those in apoE -/- mice(32, 33). As shown here for IDFP-treated wild-
type mice, apoE -/- mice similarly have high concentrations of apoAI in native apoB-
containing lipoproteins, and accumulation in plasma of apoB48 particles, which rely 
solely on apoE for receptor-mediated clearance. Additionally, TG-rich lipoproteins in 
apoE -/- mice turn over slowly and are enriched in sphingomyelin at the expense of 
phosphatidylcholine(32, 33).  

IDFP-treated mice do not develop the severe hypercholesterolemia characteristic 
of apoE -/- mice. This might be due to the short treatment period coupled with the slower 
turnover of cholesterol-rich compared to TG-rich lipoproteins. Alternatively, depletion of 
apoE may not be sufficient to cause hypercholesterolemia; individuals with the apoE2/E3 
genotype have decreased concentrations of apoE3 protein, but display decreased LDL 
cholesterol levels(34). The coupling of apoE depletion in TG-rich lipoproteins with 
increased apoE content of HDL particles suggests that CB1 activation may alter the 
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partitioning of secreted apoE or cause a conformational change in apoE on HDL or 
VLDL resulting in altered equilibration between these apoE pools.  

The discordant results obtained by a denaturing gel and ELISA suggest a possible 
conformational change in apo E on VLDL. As the antibody used is polyclonal, stearic 
hindrance is more likely to account for the discrepancy than differential epitope exposure. 
A buried, and perhaps more structurally necessary conformation, of apo E is consistent 
with the failure of apoE to transfer between lipoproteins.  The exchange assay suggests 
that the altered equilibration of apo E results from a failure of HDL to release apo E. A 
similar situation has been observed in a mouse model of kidney failure, where apoE rich 
HDL appear and apoE depleted VLDL accumulate causing hypertriglyceridemia(35).  
The resulting apoE made the VLDL a poor substrate for LPL and receptor binding, and 
importantly injection of normal HDL or apoE reversed binding defects.  Altered 
equilibration of apo E also has been noted in humans and linked to disease. Even among 
VLDLs, there exist apo E positive and negative fractions.  Apo E free VLDL has a higher 
half-life within plasma, and individuals with a greater proportion of this fraction DL 
higher triglyceride levels(36, 37). Conversely, apoE is enriched in HDL from individuals 
with cardiovascular disease(38).  The mechanism by which CB1 activation alters apoE 
exchange and thus distribution remains to be elucidated. 

Although hepatic CB1 activation is likely the target of our observed effects, we 
cannot exclude centrally-mediated actions upon peripheral tissues since brain EC levels 
are elevated as well(17). The development of peripheral CB1 antagonists that do not 
cross the blood-brain barrier and tissue-specific CB1 -/- mouse models will aid in 
addressing this issue.  
  IDFP effects on TG metabolism could result from its inhibition of MAGL and/or 
FAAH. Notably, fibrogenic stimuli elevate hepatic 2-AG whereas high-fat diet elevates 
anandamide levels and both ECs are implicated in pathogenesis of hepatic steatosis(12-
14). Although we show here that FAAH inhibition alone (by URB597) is not sufficient to 
elicit acute hypertriglyceridemia, evaluation of the specific effects of 2-AG will require 
development of a selective MAGL inhibitor or a MAGL -/- mouse model.  Moreover, 
IDFP off-targets, such as hormone-sensitive lipase, neuropathy target esterase, 
carboxylesterase-N and α/β hydrolases 3 and 6(17), may potentiate the EC actions 
observed here. However, the complete reversal of IDFP effects by pharmacological 
(AM251 and rimonabant) or genetic (CB1 -/- mice) ablation of CB1 unequivocally 
ascribes the metabolic abnormalities to the EC system.  

Our short-term studies in fasted mice show that CB1-mediated reduction in 
plasma TG clearance does not require alterations in food intake or body weight.  The 
findings, however, do not define the contribution of this mechanism to longer-term 
effects of CB1 activation, particularly in the context of changes in adiposity, or to its role 
in humans.  It may be, for example, that increased hepatic secretion of TG-rich 
lipoproteins would result from chronic CB1-induced activation of hepatic lipogenic 
pathways with high fat diet or ethanol intake(12-14). Moreover, our studies do not 
identify direct impacts of CB1 activation on HDL metabolism, as might be expected 
given the weight-independent effects of rimonabant on HDL levels in humans(22).  In 
view of the much greater turnover time of HDL than TG-rich lipoproteins, such effects 
may require a longer duration of CB1 activation. Other factors, such as cholesteryl ester 
transfer protein activity, which is absent in mice, may also be required(39). It is of 
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interest, however, that the apoE content of HDL was increased by CB1 activation, and 
this, coupled with VLDL enrichment of apoAI, might lead to changes in HDL production 
or clearance that would be apparent with a longer duration of IDFP treatment. 
Unfortunately long-term IDFP treatment is not an option because of probable delayed 
non-CB1 dependent central nervous system toxicity(24). 

ECs are elevated prior to the onset of obesity, implicating hyperactive EC 
signaling as a cause of metabolic disease rather than a consequence(11). Despite 
encouraging clinical data, rimonabant failed to gain Food and Drug Administration 
approval due to psychiatric side effects, illustrating both the promise of targeting the EC 
system for treatment of obesity-related metabolic disturbances and the need to better 
understand the basic biology and pharmacology involved. It may then be possible to 
develop CB1 antagonists that limit adverse psychological side effects while achieving the 
desired metabolic endpoints.   

Future work may also focus on understanding the mechanisms leading to apoE 
depletion of TG rich lipoproteins.  Determining the prevalence of apoE depleted TG rich 
lipoproteins, and corresponding HDL apoE enrichment, in dyslipidemic individuals 
would be of great interest. If the mechanisms controlling apoE depletion are better 
understood it may be possible to favorably alter apoE distribution, and thus plasma lipid 
levels.  
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Figure 1 
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Figure 1: IDFP inhibition of MAGL activity (A) and elevation of 2-AG levels (B) in 
liver, muscle and adipose tissue (WAT and BAT). Mice were treated with dimethyl 
sulfoxide (DMSO) or IDFP (10 mg/kg, ip, 4 h). n=3-4. 
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Figure 2 

 
Figure 2: CB1-dependent effects of IDFP on plasma TG (A) and cholesterol (B) 
levels and lipoprotein profiles (C). Mice were treated with DMSO or IDFP (10 mg/kg, 
ip, 4 h) alone or 15 min following AM251 (10 mg/kg, ip). n=5-21. 
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Figure 3 

 
Figure 3: WIN55212-2 and URB597 effects on plasma TG (A) and cholesterol (B) 
levels and lipoprotein profiles (C). Mice were treated with DMSO or WIN55212-2 or 
URB597 (10 mg/kg, ip, 2 h). n=5. 
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Figure 4  

 
 
Figure 4: CB1-dependent effects of IDFP on hepatic expression of FAS (A) and 
SREBP-1c (B). RNA was isolated from the mice used for the experiment in Fig. 2. 
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Figure 5 

 
Figure 5. CB1-dependent effects of IDFP on apolipoproteins in the VLDL fraction. 
Mice were treated as in Fig. 2 and plasma from 10 mice was pooled for analysis. VLDL 
apolipoprotein composition was quantitated based on Commassie staining.  
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Figure 6  

 
Figure 6: CB1-dependent effects of IDFP on apolipoproteins in IDL (A), LDL (B), 
and HDL (C) fractions. The experimental conditions and results for the VLDL fractions 
are given in Fig. 5. 
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Figure 7 

 

 
Figure 7: CB1-dependent effects of IDFP on ApoE HDL content (A) and exchange 
(B). HDL from Fig. 5 was subject to western blot analysis (A). HDL from animals treated 
as indicated was incubated with apoE -/- VLDL/IDL from Fig 8 for 18 hr and then the 
d<1.006 mg/ml fraction was collected and analyzed by western blot.  
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Figure 8 

 
Figure 8: CB1-dependent effects of IDFP on plasma ApoE immunoreactivity. 
Plasma from animals in Fig 2 was analyzed by ELISA for apoE content. n=6-7.
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Table 1. IDFP elevation of 2- and 1- palmitoylglycerol and 2- and 1-oleoylglycerol 
levels in liver, skeletal muscle, and adipose tissuea 
 

 
Monoacylglycerol (nmol/g) 

 
Tissue and  

         treatment 2-palmitoyl 1-palmitoyl 2-oleoyl 1-oleoyl 
 
Liver 

    

Control 0.39 ± 0.01 1.1 ± 0.2 3.8 ± 0.7 1.1 ± 0.1 
IDFP 3.5 ± 1.6 * 3.0 ± 1.1 * 45 ± 15* 3.6 ± 1.5* 
Skeletal Muscle     
Control  0.52 ± 0.03 4.0 ± 0.5 3.2 ± 2.2 2.6 ± 0.1 
IDFP 6.3 ± 0.5*** 4.7 ± 0.3 25 ± 4.3 ** 2.5 ± 0.7 
WAT     
Control 3.8 ± 0.4 6.2 ± 0.6 18 ± 3 14 ± 3 
IDFP 6.7 ± 0.8** 7.1 ± 0.7 44 ± 12* 22 ± 6 
BAT     
Control  4.7 ± 1.7 9.2 ± 3.2 18 ± 8.7 17 ± 10 
IDFP 
 

13 ± 4.2* 21 ± 7 66 ± 25* 22 ± 3 

a The experimental conditions are given in Fig. 1 which also includes the data for 2-arachidonoylglycerol. 
n=3-4.  
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 Table 2. Test for possible IDFP and AM251 effects on HDL cholesterola  
 
 
Mouse model 
and treatment 

 
HDL cholesterol  
(mg/ml) 

 
Swiss Webster  

 

    DMSO 0.78 ± 0.39 
    AM251 0.81 ± 0.03 
    IDFP 0.84 ± 0.19 
    AM251/IDFP 0.79 ± 0.14 
CB1 +/+   
    DMSO 0.51 ± 0.15 
    IDFP 0.50 ± 0.14 
CB1 -/-  
    DMSO 0.47 ± 0.23 
    IDFP 0.38 ± 0.10 
 
a Treatment protocols were as in Fig. 2. n=5-11.
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Table 3. CB1-dependent effects of IDFP on VLDL compositiona  
 
 
Measurement 
 

 
VLDL (mg/ml) 

 
Triglycerides 

 

Control 0.26 (62) 
IDFP 0.94 (68) 
AM251/IDFP 0.35 (68) 
Ratio (IDFP/control) 3.6 

Free cholesterol  
Control 0.010 (2.5) 
IDFP 0.033 (2.3) 
AM251/IDFP 0.013 (2.6) 
Ratio (IDFP/control) 3.3 

Cholesterol ester  
Control 0.034 (8.0) 
IDFP 0.077 (5.6) 
AM251/IDFP 0.022 (4.4) 
Ratio (IDFP/control) 2.3 

Total phospholipids  
Control 0.053 (13) 
IDFP 0.20 (14) 
AM251/IDFP 0.063 (12) 
Ratio (IDFP/control) 3.8 

Protein  
Control 0.065 (15) 
IDFP 0.13 (9.2) 
AM251/IDFP 0.066 (13) 
Ratio  (IDFP/control) 
 

2.0 

 



 

   

65 

Table 4. Test for possible IDFP effects on hepatic mRNA expression of 
apolipoproteinsa   
  
  

Fold-expression 
Lipoprotein Control IDFP 

 
 
Apo AI 

 
1.0 ± 0.49 

 
0.95 ± 0.17 

Apo AV 1.0 ± 0.34 0.90 ± 0.25 
Apo CIII 1.0 ± 0.28 1.08 ± 0.27 
Apo E 1.0 ± 0.30 1.15 ± 0.29 
 
a Treatment protocols for the Swiss Webster mice were as in Fig. 2. n=11. 
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CHAPTER 4 
Overactive endocannabinoid signalling promotes hepatic steatosis and global 

transcriptional changes.  
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Abstract 
 
Endocannabinoids regulate energy balance and lipid metabolism by stimulating the 
cannabinoid receptor type 1 (CB1). Genetic deletion and pharmacological antagonism 
have shown that CB1 signalling is necessary for the development of obesity and related 
metabolic disturbances. However, the sufficiency of endogenously produced 
endocannabinoids to cause hepatic lipid accumulation, independent of food intake, has 
not been demonstrated.  Here, I show that administration of isopropoyl dodecyl 
fluorophosphonate (IDFP), a pharmacological inhibitor of endocannabinoid degradation, 
increases hepatic triglycerides in mice. These effects involve increased CB1 signaling, as 
they are mitigated by CB1 antagonist (AM251) pre-administration and in CB1 knockout 
mice. Despite the strong physiological effects of CB1 on hepatic lipid metabolism, little 
is known about the downstream targets responsible for these effects.  To elucidate 
transcriptional targets of CB1 signaling, we performed microarrays on hepatic RNA 
isolated from DMSO (control), IDFP and AM251/IDFP treated mice. The expression 
pattern of IDFP mice segregated from DMSO in hierarchal cluster analysis and AM251 
pre-administration reduced (>50%) most (303 out of 533) of the IDFP induced 
alterations. Pathway analysis revealed that IDFP altered expression of genes involved in 
lipid, fatty acid and steroid metabolism, the acute phase response, and amino acid 
metabolism in a CB1 dependent manner. PCR confirmed array results of most key target 
genes in multiple independent experiments. Overall, I show that IDFP creates hepatic TG 
accumulation, at least in part through the CB1 receptor, and identify novel cannabinoid 
responsive genes.         
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Introduction 
Obesity elicits a cluster of interrelated disorders, termed the “metabolic 

syndrome”, that increase the risk of cardiovascular disease(1). Dysregulation of the 
endocannabinoid (EC) system has been linked to increased adiposity in humans by 
epidemiological and genetic data(2-4).  In four large human trials, 20 mg/day of the CB1 
antagonist rimonabant resulted in clinically significant and prolonged reductions in body 
weight, waist circumference, and components of the metabolic syndrome(5-8). The 
effects of rimonabant on plasma lipids and glycosylated hemoglobin appear to be partly 
independent of weight loss(9).  Pharmacological or genetic ablation of the cannabinoid 
type 1 receptor (CB1) in diet-induced and genetic mouse models of obesity results in a 
transient hypophagic response, followed by prolonged effects on weight loss, adiposity, 
and normalization of metabolic parameters(10-15). These effects suggest that reduced 
food intake, a major known effect of CB1 inactivation, does not fully explain the 
improvement in adiposity-related measures with CB1 inactivation. Hepatic CB1 
activation increases de novo lipogenesis through SREBP1c activation, and decreases fatty 
acid oxidation by inhibiting AMP kinase(16, 17).  Furthermore, hepatocyte specific 
deletion of CB1 prevents hepatic steatosis, hyperlipidemia, and insulin resistance on a 
high-fat diet, despite normal weight gain(18). Similarly, ethanol-induced hepatic steatosis 
is absent in hepatocyte specific CB1 -/- animals(17). Together these observations raise 
the possibility that aberrant EC signaling mediates development of the metabolic 
syndrome, both by influencing body weight and direct regulation of metabolic processes.  

While the necessity of CB1 signalling to the development of obesity and related 
metabolic disturbances has been demonstrated, it is uncertain if elevated 
endocannabinoids are sufficient to cause components of the metabolic syndrome. 
Furthermore, the molecular pathways underlying the powerful regulatory effects of CB1 
on hepatic metabolism remain largely unclear. Here, I aimed to determine the ability of 
elevated endocannabinoid to stimulate hepatic steatosis and alter hepatic gene expression 
independent of food intake.  

The EC system consists of the cannabinoid receptors, the endocannabinoids, and the 
enzymes responsible for their synthesis and breakdown. CB1 is a G-protein coupled 
membrane receptor that transmits its response via a Gi/o protein mediated reduction in 
adenylate cyclase activity(19). The endocannabinoids, N-arachidonyl ethanolamine 
(AEA) and 2-arachidonoyl glycerol (2-AG), are arachidonic acid derivatives that are 
produced locally by phospholipases, N-acyl-phosphoatidylethanolamine-selective 
phospholipase D, and sn-1-selective diacylglycerol lipases, respectively(20). Anandamide 
is a partial CB1 agonist with moderate affinity for CB1, and 2-AG is a lower affinity 
complete CB1 agonist that is present at much higher concentrations than AEA. Signaling 
is terminated by enzymatic breakdown of AEA and 2-AG by fatty acid amide hydrolase 
(FAAH) and monoacylglycerol lipase (MAG-L), respectively(20).  

To study the primary effects of elevated endocannabinoids, I chose to inhibit the 
enzymes responsible for endocannabinoid degradation since exogenously administered 2-
AG and AEA are rapidly degraded(21). The organophosphorus compound isopropyl 
dodecylfluorophosphonate (IDFP) inhibits both MAGL and FAAH in vivo and raises 2-
AG and anandamide levels(22). I have previously shown that IDFP increases circulating 
triglyceride concentrations in a CB1 dependent manner through the decreased clearance 
of TG-rich lipoproteins(23). CB1 antagonists and knockout mice can be used to assess 
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the contribution of CB1 signalling to IDFP effects. In the current study, I determined the 
CB1 dependent effects of IDFP on hepatic steatosis. In addition, to gain mechanistic 
insight into CB1 regulation of lipid metabolism, I also assayed global hepatic gene 
expression by microarray analysis of IDFP treated mice.  
Materials and methods  
Chemicals: AM251, the 4-iodophenyl analog of rimonabant which has a 4-chlorophenyl 
substituent, was obtained from Tocris Cookson Inc.  IDFP was synthesized as previously 
described(24).  
Animals: Tissues were provided for sub-study by Dr. Daniel Nomura in the laboratory of 
Dr. John Casida(22). Swiss Webster mice were from Harlan Laboratories. CB1 +/+ and -
/- breeding pairs were obtained from Andreas Zimmer and Carl Lupica(25). All 
experiments used Swiss Webster mice unless specifically stated otherwise, i.e. +/+ or -/-.  
All mice were 6-8 weeks of age, male, and weighed 18-23 g.  They were, treated i.p. at 1 
µl/g with DMSO or test compounds dissolved in DMSO, and sacrificed at the indicated 
times.  
Biochemical Analysis: Flash frozen liver samples were homogenized in 
radioimmunoprecipitation assay buffer and TG and cholesterol were analyzed by 
enzymatic end-point measurements utilizing enzyme reagent kits (Catalog # F6428 & 
T2449, Sigma & Catalog # EE3940, Siemens, respectively)(18). Protein concentration of 
the hepatic homogenate was determined by the bicinchoninic acid method(26).  
Microarray Analysis:  RNA was isolated from homogenized liver using the QAIGEN 
RNAeasy kit (Catalog # 74104, Qiagen) and cRNA synthesized using Illumina TotalPrep 
RNA amplification kit (Catalog # AMIL1791, Applied Biosystems) from isolated 
RNA(27). The cRNA was hybridized to mouseref-8 v2.0 beadchips and read on the iscan 
instrument according to manufactures instructions (Catalog # BD-202-0202, 
Illumina)(28). Data were processed using BeadStudio software 3.2 (Illumina) with 
quantile normalization, background subtraction, and multiple testing correction 
(Benjamini and Hochberg false discovery rate)(29). To quantify the effects of AM251 
preadministration relative to IDFP induced alterations a reversal metric was calculated as 
follows with DMSO fold as 1.00:   
reversal = (1 – ((DMSO fold – AM251/IDFP fold)/(DMSO fold– IDFP fold)))x100.   
The web-based data analysis tools Panther (http://www.pantherdb.org) and 
FUNCASSOCIATE 2.0 ((http://llama.med.harvard.edu/funcassociate) were used with 
default settings(30, 31).  The complete dataset is archived in the GEO database 
(accession # GSE22949). 
PCR Conformation.  Relative quantitative PCR was performed on the ABI7900 system 
using SYBR green master mix in triplicate (Applied Biosystems)(32). All genes were 
normalized to an endogenous control gene, gusb.   The primers used are given in Table 1.  
Statistical analyses. Results are presented as mean ± standard error.  One-way analysis 
of variance was used to test significance of treatment effects. Post-hoc analysis (Student’s 
unpaired t-test) examined significance (p<0.05) of individual treatment effects. All 
analyses were performed using JMP version 7.0.  
RESULTS 
1.1 IDFP produces CB1-dependent hepatic steatosis  
To test the effects of elevated endocannabinoids on hepatic lipid levels, livers from mice 
treated with IDFP or vehicle control (DMSO) were analyzed for triglyceride and 
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cholesterol content. To determine the CB1-dependence of these effects, livers isolated 
from mice pretreated with the CB1 antagonist, AM251, were also analyzed. IDFP 
treatment significantly increased hepatic triglycerides levels (Fig. 1a), while AM251 pre-
administration partially reversed this effect (Fig. 1a). IDFP had no significant effect on 
hepatic cholesterol content (Fig. 1b). The partially CB1 dependent increase in hepatic 
triglyceride levels was confirmed in CB1 -/- mice and wild-type littermates treated with 
IDFP (Fig. 2).  
1.2 Global Gene Expression  

To gain insight into the pathways activated by IDFP administration, specifically 
those dependent on CB1 activation, microarray analysis was performed on hepatic 
mRNA from DMSO, IDFP and AM251/IDFP treated animals. Of the 18,097 genes 
present on the array, 8,857 were detected in at least one of the groups at p<0.05. IDFP 
treated animals segregated well from DMSO treated animals in cluster analysis, while 
AM251/IDFP treated animals were intermingled with DMSO treated animals (fig 3).  
After correction for multiple testing, the expression of 533 genes was significantly altered 
by IDFP administration (Table 2). Of these, 230 were increased by IDFP, while 303 were 
decreased. To quantitate the ability of AM251 pre-administration to reverse IDFP 
induced changes in gene expression, the percent reversal (see methods for calculations) 
of the 533 significantly altered genes was determined. Although there was a large range 
(-128.3-310.5%), the average percent reversal (58.4 +/- 2.2%) was high, indicating that 
AM251 reversed a significant portion the IDFP effects on gene expression.  

Two complementary approaches were used to identify functional categories 
within the data set. First, the Panther classification system was used to determine 
biological processes regulated within the dataset. This analysis accounts for the fold 
change of every gene detected, but is limited to differential analysis between two groups 
at a time. Lipid, fatty acid, and steroid metabolism was the only category to appear both 
when IDFP was compared with DMSO and when compared with Am251/IDFP (Table 3). 
To probe the CB1 dependent portion of significantly altered genes, upregulated (n=112) 
and downregulated (n=168) genes with >50% reversal and a nominal p value <0.05 
between the IDFP and IDFP/AM251 groups were queried in Funcassociate 2.0. While the 
upregulated genes were not significantly enriched for any gene ontology attributes, the 
downregulated genes were enriched in genes with roles in translation, cellular amino acid 
metabolic processes, and the acute phase response (Table 4). The altered CB1 dependent 
genes represented within the enriched pathways and biological processes are shown in 
Table 5.  
1.3 PCR Confirmation  

To confirm and extend the results of IDFP effect on gene expression, quantitative 
PCR was performed on a larger set of samples representing three independent 
experiments, including the one used to generate the array data. The CB1 dependent effect 
of IDFP was confirmed for several key components of the lipid and cholesterol 
metabolism gene set including ldlr, insg1, pgc1β, acsl1 (Fig. 4). Although there were 
significant inter-sample correlations between the array and PCR data (r=0.75), in the 
larger sample set LPIN2 was not effectively reversed by AM251 pre-administration. 
Given the effects of IDFP on the srebp2 target genes, insig1 and ldlr, we also chose to 
probe the effect of IDFP on the rate-limiting enzyme in cholesterol biosynthesis, hmgcoA 
reductase, which was not represented on the array. IDFP increased expression hmgcoA 
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reductase, an effect that was completely prevented by AM251 pre-administration (Figure 
4a).  

The CB1 dependent inhibitory effect of IDFP was confirmed for several acute 
phase (saa2, orm2, stat3) and amino acid response genes (asns, aars, eef1e1, psat1, rars) 
(Fig. 4b,c). As stat3 is an essential transcription factor involved in the acute phase 
response, we tested the effect of IDFP on the canonical stat3 downstream targets apcs and 
lbp(33). IDFP decreased expression of both apcs and lbp in a CB1 dependent manner. We 
were not able to detect significant alterations in the phosphorylation status of tyrosine 
709 in stat3 by western blot analysis (data not shown). There was good inter-sample 
correlation between the array and PCR data for all genes tested (r=0.7-1.0). The effect of 
IDFP on expression of genes involved in lipid metabolism and stat3 signaling were 
determined in CB1 -/- and wildtype littermates.  There was a significant genotype-
treatment interaction for several of the lipid metabolism genes tested, (ldlr, insig1, pgc1β, 
and acsl1), confirming the CB1 dependent effect of IDFP (Table 6).  Stat3 and its targets, 
lbp and apcs, displayed the expected trend, but did not reach significance (Table 6).  
Discussion  

The data presented here demonstrate that IDFP induces hepatic steatosis partially 
through CB1 signaling. IDFP significantly increased hepatic triglyceride levels 4 hours 
after treatment. This effect was largely mediated by the CB1 receptor, as it was mitigated 
by AM251 pre-administration and deficient in CB1 -/- mice. As neither the effects of 
AM251 nor the genetic absence of CB1 in the animals used in the current study are 
confined to the periphery, the site of CB1 action responsible for observed effects cannot 
be addressed.  However, all animals were fasted prior to and during the experimental 
period, eliminating differential energy intake as a confounding variable. Hepatic 
triglyceride content reflects the balance of secretion, uptake, synthesis, and oxidation. We 
have previously shown that IDFP decreases clearance of circulating triglycerides with no 
effect on hepatic TG secretion(23). Since CB1 antagonists increase adipose TG lipolysis, 
CB1 stimulated hepatic TG accumulation likely does not result from increased delivery 
of FA from adipose tissue(13, 34). Hepatic CB1 stimulates sprebp1c and inhibits AMP 
kinase, making both decreased oxidation and increased synthesis of fatty acids likely 
contributors to IDFP induced increase in hepatic triglyceride content(17, 18). Indeed, 
Ifound that IDFP increases expression of the lipogenic genes, fas and srebp1c, in a CB1 
dependent manner(23). The CB1 independent effects of IDFP on hepatic triglycerides 
may result from inhibition of MAG lipase or other unknown effects.  Further studies with 
specific MAG lipase inhibitors and knockout mice will be necessary to clarify the role of 
MAG lipase in the lipolytic cascade.  

This work suggests that increased cannabinoid signaling can be considered a 
cause of hepatic steatosis rather than a consequence.  As only a few genes have been 
identified as CB1 responsive in the liver, we aimed to identify novel CB1 targets 
stimulated by endocannabinoids.  Although the microarrays detected ~9000 genes in at 
least one of the sample groups, some candidate genes were not represented on the chip, 
such as hmgcoA reductase.  Comparison between the DMSO and IDFP groups yielded 
533 significantly affected genes after multiple testing correction. The 533 genes had a 
skewed distribution of p-values for the IDFP vs. AM251/IDFP comparison, making the 
dataset ill-suited for FDR analysis including the generation of q-values.  To quantify the 
CB1 dependence of the effect, a reversal metric and a nominal p-value were used to 
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screen the 533 genes. The 50% reversal cutoff for inclusion as CB1 dependent was by 
nature arbitrary, however stricter thresholds (80% cutoff) yielded similar results in the 
pathway analysis. PCR was used to validate several of the array findings in multiple 
independent experiments. 
 Hepatic CB1 has been shown to increase expression of the lipogenic genes fas, 
acc, and srebp1c. Here I identify pgc1β as a novel downstream target of CB1. This is of 
particular interest as pgc1β is a co-activator for srebp1c and is necessary for the 
development of diet-induced hyperlipidemia(35).  Likewise expression of acsl1 was 
stimulated by CB1 activation. Acyl-coA synthetases activate fatty acids into acyl-CoAs, 
providing substrates for downstream fatty acid metabolic processing, such as 
esterification and β oxidation. Acsl1 is highly expressed in the liver and hepatocyte 
specific loss of acsl1 has been shown to decrease both fatty acid oxidation and 
incorporation into triglyceride(36). Acsl1 overexpression enhances incorporation of fatty 
acids in diacylglycerol, but does not cause TG accumulation(37). The effect of raising 
pgc1β and acsl1 expression in the setting of CB1 signalling requires further study.  

Several of the key regulators of cholesterol homeostasis were increased by IDFP 
in CB1 dependent manner.  This is of particular interest as CB1 signalling regulates 
plasma lipid and lipoprotein metabolism. In clinical trials, rimonabant had greater effects 
on triglyceride and HDL cholesterol than would be expected based on the basis of weight 
loss alone(9). Hepatocyte specific CB1 -/- mice are immune to diet induced alterations in 
plasma lipoproteins, and we have previously shown that IDFP causes 
hypertriglyceridemia secondary to decreased clearance of triglyceride-rich 
lipoproteins(18, 23). The coordinated regulation of several srebp2 target genes by IDFP 
in a CB1 dependent manner may result from direct regulation of this pathway by the CB1 
signalling cascade. Alternatively, the IDFP induced decreased uptake of plasma 
lipoproteins may transiently decrease hepatic cholesterol content triggering srebp2 
activity. Although we did not detect alterations in hepatic cholesterol content, the small 
magnitude and transience of changes required to stimulate srebp2 processing may not be 
detectable by the present methodology.  
 Previous work has uncovered a complex relationship between CB1 signaling and 
inflammation. Both activation and inhibition of CB1 have been shown to have anti-
inflammatory outcomes in different contexts(38-41). In our study, IDFP decreased 
expression of acute phase proteins in a CB1 dependent manner. Interestingly, stat3 and 
several of its targets (apcs, lbp) were downregulated in IDFP treated livers.  In neurons 
CB1 activation stimulates stat3(42). Consistent with a reversal of this system in the liver, 
rimonabant administration was recently shown to potentiate stat3 activation in response 
to LPS stimulation(38). While our results demonstrate that CB1 stimulation limits hepatic 
inflammation under basal conditions, the role of CB1 on systemic inflammation in 
response to various stimuli requires further study.  

Interestingly, inflammatory signaling pathways, including stat3, influence 
metabolic regulation. Stat3 signaling mediates the hypophagic and hypoglycemic effects 
of leptin. Additionally, stat3 downregulates srebp1c, which was increased by IDFP in a 
CB1 dependent manner(43, 44). Hepatocyte specific loss of stat3 produces insulin 
resistance and increases susceptibility to ethanol-induced hepatic steatosis, lipogenic gene 
expression, and hypertriglyceridemia(43, 45). The current study raises the possibility that 
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CB1 mediated inhibition of hepatic stat3 signalling contributes to the metabolic 
disturbances caused by increased endocannabinoid signalling.  

Although CB1 signalling has been linked to ER stress and mammalian target of 
rapamycin (mTOR) signaling, the relationship between cannabinoid signaling and amino 
acid metabolism remains unclear.  mTOR is a serine/threonine protein kinase central to 
regulation amino acid metabolism and translation. THC, in a CB1 dependent fashion, 
stimulates mTOR in the hippocampus, but inhibits mTOR by stimulating ER stress in 
cancer cells(46, 47). In this study of hepatic tissue gene expression, IDFP caused a CB1 
dependent decrease in the gene cassette involved in translation and amino acid 
metabolism. The direct effects of cannabinoid signaling on ER stress and mTOR activity 
in healthy liver will require further study.  

As IDFP inhibits both MAGL and FAAH, the Cb1 dependent effects cannot be 
specifically ascribed to increases in either AEA or 2-AG levels. Future studies with 
specific chemical inhibitors or genetic manipulation of FAAH and/or MAGL will be 
necessary to confirm the relative contribution of each enzyme to the effects shown here. 
Though more specific than IDFP, the best available inhibitors of endocannabinoid 
breakdown still have off-target effects in the liver. Interestingly, the simultaneous 
elevation of AEA and 2-AG has been shown to have synergistic effects that are not 
recapitulated by raising levels of either endocannabinoid alone(48). Synthetic CB1 
agonists may bind the receptor differently and produce differential downstream responses 
than the endocannabinoids. Nevertheless, the effects of such agonists on the IDFP-
responsive genes whose effects were reversed by AM251 would be informative. The 
results support a causative role of CB1 signaling in the development of key features of 
the metabolic syndrome. Furthermore, the studies have identified novel genes responsive 
to IDFP in a CB1 dependent manner whose further study may add to our understanding 
pathways that are modulated by CB1 signaling. Future studies will validate the target 
genes and define their contribution to CB1 dependent alterations in metabolic parameters. 
The development of peripherally restricted Cb1 antagonists will be of importance in 
translating the findings from basic research, such as that presented here, to clinically 
meaningful solutions.  
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Tables 
Table 1: PCR Primers 
 Forward Reverse 
gusb CAT GAG AGT GGT GTT GAG GAT CA CCC ATT CAC CCA CAC AAC TG 
orm2 TCA TGC TTG CCT TTG ACT TG CAC GTG TGT GAC AGC CTT CT 
psat1 AGC TCA GCT CCA TCA AAT CC CAA AGC TTC GTC TCC TTT GG 
eef1e1 AAA GGC AAT GGT TCA GCA GT CGC CAG GGT GAT GTT ATG T  
aars TGG AGT GCA GAC AGA TTT GG TCA CCC ATC TCC CAG AAG TT  
rars TTG CTG CTG CTC AGA TGA TT CAT AAG GCG CAC AGT TTC AC 
asns GGG CAG AGA CAC CTA TGG AG GAA GGA AGG GCTCCA CTT TT 
acsl CAG TTC ATC GGC CTC TTC TC TCA GCT CCA AGG GTG TCA TA 
pgc1b GAG CTT TGA GGA GTC CCT GA GGC TTG TAT GGA GGT GTG GT 
ldlr ACA GTG GCG TCA GTG ACA GT CTC ATA CCA TGT GGC TGC TC 
hmgcor CTG GTG AGC TGT CCT TGA TG GCG CTT CAG TTC AGT GTC AG 
lbp TCA CAC TAC CGG ACT TCA GC GGA GCA GCT TCA GAG AGG AG 
stat3 CCC GTA CCT GAA GAC CAA GT GCA CCT TCA CCG TTA TTT CC 
apcs TGG ACA AGC TAC TGC TTT GG GAT GTG GGA TCA GCT TCA CA 
saa GGG GAA CTA TGA TGC TGC TC TGG TGT CCT CAT GTC CTC TG 
insig1 CTG TAT TGC CGT GTT CGT TG CTT CGG GAA CGA TCA AAT GT 
lpin2 CTA TGC TGC CTT TGG AAA CC CGA TGA TTT GTT CCC TTT GG 
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Table 2: Genes Significantly Altered by IDFP 

Symbol 
Entrez 

Gene ID Fold Change Nominal P-Values 
Reversal 

(%) 

  IDFP  
AM251
/IDFP  

DMSO 
vs. 

IDFP 

IDFP  
vs. 

AM251/IDFP 

DMSO  
vs. 

AM251/IDFP  
0610040J01Rik 76261 1.40 1.05 0.0033 0.0116 0.4560 87 
1110002N22Rik 68550 0.61 0.82 0.0002 0.0128 0.0328 54 
1190005F20Rik 98685 0.45 0.59 0.0000 0.0816 0.0031 26 
1200014J11Rik 66874 0.72 0.74 0.0007 0.7028 0.0052 6 
1300001I01Rik 74148 1.42 1.24 0.0001 0.1297 0.0646 43 
1300007L22Rik n/a 0.70 0.90 0.0074 0.1727 0.5277 66 
1700030K09Rik 72254 0.41 0.46 0.0014 0.2304 0.0171 9 
1700123O20Rik 58248 0.64 0.96 0.0000 0.0001 0.5039 88 
1810008A18Rik 108707 0.60 0.69 0.0002 0.1440 0.0108 22 
1810015C04Rik 66270 1.84 2.41 0.0009 0.0290 0.0001 -68 
2010011I20Rik 67017 1.57 1.19 0.0021 0.0139 0.1920 67 
2010305A19Rik 69893 0.33 0.58 0.0000 0.0013 0.0034 37 
2210412D01Rik 70178 1.48 1.09 0.0067 0.0283 0.3647 81 
2310016C08Rik 69573 2.82 1.48 0.0011 0.0253 0.0984 73 
2310044G17Rik 217732 0.72 0.96 0.0056 0.0063 0.6385 85 
2310065K24Rik 102122 0.60 0.82 0.0010 0.0014 0.1847 55 
2410002O22Rik 66975 0.59 0.91 0.0000 0.0002 0.1297 77 
2700097O09Rik 72658 0.58 1.03 0.0000 0.0000 0.6330 107 
2810021B07Rik 66308 0.57 0.64 0.0002 0.3895 0.0040 16 
2810403A07Rik 74200 0.59 0.76 0.0003 0.1108 0.0470 40 
3110001A13Rik 66540 1.78 1.30 0.0012 0.0294 0.0981 62 
3110037I16Rik 73172 0.55 0.62 0.0018 0.5287 0.0145 15 
3300001P08Rik 67684 0.51 0.79 0.0000 0.0055 0.0673 56 
4833426J09Rik 382051 1.37 1.37 0.0034 0.9701 0.0641 -2 
4932442K08Rik 67544 0.31 0.61 0.0003 0.0478 0.0662 43 
4933411K20Rik 66756 0.65 0.92 0.0003 0.0022 0.1615 77 
4933428G20Rik 58996 1.38 1.16 0.0005 0.1196 0.2460 57 
5730410E15Rik 319613 0.23 0.82 0.0001 0.0110 0.5222 77 
5730449L18Rik 66637 0.47 0.60 0.0000 0.0111 0.0049 24 
6430604K15Rik 269997 0.58 0.94 0.0007 0.0011 0.5278 85 
9630015D15Rik n/a 1.54 1.29 0.0010 0.0489 0.1580 47 

AA415398 433752 0.63 0.63 0.0016 0.9293 0.0139 -2 
Aars 234734 0.65 1.00 0.0010 0.0001 0.9958 100 

Abcc3 76408 1.47 1.49 0.0053 0.9287 0.0617 -4 
Abi3 n/a 0.39 0.69 0.0004 0.0010 0.0755 49 
Acd 497652 0.72 0.75 0.0021 0.4997 0.0258 11 

Acsl1 14081 1.79 1.05 0.0006 0.0016 0.7585 93 
Actn4 60595 1.67 1.37 0.0006 0.0280 0.0557 44 

Acvr2b 11481 0.67 0.71 0.0011 0.5634 0.0134 14 
Adnp 11538 0.66 0.83 0.0001 0.0060 0.0243 51 

Adrbk1 110355 0.63 0.66 0.0012 0.4819 0.0145 8 
Aes 14797 1.60 1.35 0.0026 0.0665 0.0787 42 

Agtr1a 11607 1.33 1.05 0.0018 0.0128 0.5043 83 
Agxt2l1 71760 2.21 1.88 0.0028 0.4461 0.0149 27 

AI132487 104910 1.36 1.23 0.0027 0.2532 0.0362 37 
AI316807 102032 0.67 0.82 0.0014 0.1028 0.0978 43 
AI451557 102084 0.39 1.06 0.0001 0.0002 0.4905 110 
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Akap12 83397 2.49 3.38 0.0025 0.3813 0.0489 -60 
Aldoa 11674 1.62 0.94 0.0009 0.0008 0.5243 110 
Ang 11727 0.66 1.04 0.0000 0.0003 0.6759 113 

Ankzf1 52231 0.55 0.79 0.0001 0.0000 0.0740 54 
Anxa6 11749 1.56 1.24 0.0053 0.0607 0.2303 56 
Apcs 20219 0.48 1.06 0.0003 0.0014 0.7755 111 

Apol9b 71898 1.66 1.02 0.0011 0.0032 0.9361 97 
Arfl4 66182 2.52 1.74 0.0001 0.0161 0.0155 51 

Arhgap18 73910 1.58 1.25 0.0011 0.0717 0.0515 56 
Arhgap26 71302 8.47 4.03 0.0000 0.0092 0.0525 60 
Arhgap30 226652 0.44 0.77 0.0004 0.0006 0.1630 59 
Arhgef18 102098 0.64 0.80 0.0031 0.0373 0.1041 46 

Arl16 70317 0.67 0.72 0.0004 0.4244 0.0191 14 
Arl4a 11861 2.47 1.44 0.0000 0.0030 0.0171 70 

Armcx1 78248 0.39 0.62 0.0000 0.0930 0.0154 37 
Armcx3 71703 0.66 0.87 0.0006 0.0662 0.3248 63 
Arrdc4 66412 1.82 1.27 0.0053 0.0793 0.1019 67 
Asb3 65257 0.51 0.86 0.0000 0.0011 0.1047 71 
Asns 27053 0.15 0.68 0.0000 0.0081 0.1654 62 
Atf4 11911 0.71 0.92 0.0001 0.0372 0.4707 72 

Atf7ip 54343 0.50 0.75 0.0004 0.0065 0.0497 50 
Atxn1 20238 1.45 0.99 0.0079 0.0117 0.9053 102 
Axin2 12006 0.49 0.78 0.0008 0.0508 0.2796 58 

B230312A22Rik 230088 2.52 2.74 0.0007 0.6912 0.0068 -15 
B230342M21Rik 100637 0.60 0.71 0.0011 0.3809 0.0266 28 

B4galt3 57370 0.62 0.82 0.0000 0.0000 0.0218 54 
Bap1 n/a 1.55 1.37 0.0006 0.1823 0.0063 33 

BC002199 211556 0.63 0.85 0.0001 0.0008 0.1199 61 
BC003236 n/a 2.12 1.43 0.0004 0.0186 0.0452 62 
BC005537 79555 1.47 1.27 0.0000 0.0422 0.0052 43 
BC017158 233913 0.71 0.70 0.0005 0.6648 0.0038 -4 
BC017612 170748 0.61 0.70 0.0011 0.4524 0.0414 22 
BC022224 192970 1.51 1.12 0.0006 0.0189 0.3783 77 
BC026590 230234 0.60 0.61 0.0002 0.7012 0.0030 3 
BC031353 235493 0.55 0.65 0.0061 0.5250 0.0711 22 
BC037034 231807 0.65 0.66 0.0005 0.8537 0.0079 3 
BC056474 414077 1.52 1.33 0.0079 0.3276 0.0430 36 

Bcar1 12927 1.85 0.87 0.0032 0.0031 0.2851 116 
Bcl2l1 12048 2.21 2.65 0.0001 0.2876 0.0035 -37 
Bcl2l13 94044 1.39 1.22 0.0003 0.0875 0.0098 43 
Bhlhb2 20893 1.98 0.92 0.0124 0.0150 0.4485 108 

Brf2 66653 0.63 0.76 0.0001 0.0378 0.0030 36 
Btbd12 52864 0.53 0.71 0.0006 0.0370 0.0483 39 

Btg1 12226 1.36 1.14 0.0031 0.1868 0.3779 61 
Bud13 215051 0.62 0.76 0.0020 0.0921 0.0846 35 

C430004E15Rik 97031 2.41 1.27 0.0023 0.0142 0.1165 81 
Casp1 12362 0.55 0.87 0.0012 0.0062 0.3831 71 
Ccar1 n/a 0.65 1.11 0.0000 0.0000 0.2069 130 

Ccdc120 54648 2.34 1.82 0.0136 0.3365 0.0248 39 
Ccdc130 67736 0.41 0.69 0.0000 0.0009 0.0025 47 
Ccdc131 216345 0.46 0.82 0.0000 0.0028 0.1567 66 
Ccdc134 76457 0.35 0.66 0.0000 0.0425 0.0969 48 

Ccnl1 56706 1.90 1.33 0.0029 0.0657 0.0399 63 
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Ccr5 12774 0.17 0.46 0.0000 0.0084 0.0126 35 
Cd14 12475 3.06 3.93 0.0003 0.4732 0.0484 -42 
Cd83 12522 6.86 1.96 0.0000 0.0001 0.2373 84 

Cdc42bpb 217866 1.54 1.11 0.0028 0.0357 0.3891 79 
Cdc42ep4 56699 1.50 1.23 0.0020 0.0161 0.1802 55 
Cdc42ep5 58804 4.63 1.30 0.0048 0.0161 0.4133 92 
Cdkn1a 12575 3.32 3.14 0.0004 0.8069 0.0119 8 
Cebpb 12608 1.89 2.07 0.0001 0.1576 0.0008 -19 
Chac1 69065 0.24 0.34 0.0000 0.0077 0.0011 14 

Chchd8 68185 0.43 0.64 0.0001 0.0091 0.0165 36 
Chkb 12651 1.81 1.26 0.0005 0.0151 0.0851 67 

Chordc1 66917 0.61 0.83 0.0000 0.0364 0.1206 56 
Chrd 12667 0.46 0.61 0.0001 0.0106 0.0110 28 
Cirbp 12696 2.23 1.39 0.0000 0.0068 0.1263 68 
Clk4 12750 0.87 1.12 0.0166 0.0001 0.0306 192 
Clp1 98985 0.53 0.93 0.0000 0.0003 0.4819 84 
Cml2 93673 0.52 0.84 0.0000 0.0028 0.0324 67 
Cpeb2 231207 2.91 0.58 0.0045 0.0023 0.0231 122 
Cpne8 66871 0.22 1.23 0.0001 0.0036 0.5340 130 
Crcp 12909 1.67 2.02 0.0004 0.0137 0.0001 -53 

Creb3l3 208677 1.44 1.24 0.0000 0.0849 0.0900 44 
Cry2 12953 1.62 1.75 0.0043 0.6362 0.0111 -20 
Cs 12974 1.40 1.26 0.0000 0.0430 0.0050 35 

Csnk1d 104318 1.61 1.02 0.0010 0.0026 0.7489 96 
Csnk1e 27373 1.93 1.30 0.0001 0.0055 0.0052 68 

Ctsl 13039 2.03 2.75 0.0161 0.2423 0.0078 -70 
Cttnbp2nl 80281 2.29 1.48 0.0014 0.0392 0.1084 63 

Cxcl1 14825 0.38 0.96 0.0013 0.0130 0.8186 94 
Cxcl4 56744 1.66 2.20 0.0014 0.4079 0.1316 -82 

Cyp4f15 106648 1.38 1.50 0.0094 0.4543 0.0121 -33 
D030074E01Rik 75964 2.31 1.04 0.0018 0.0035 0.7853 97 

D11Wsu47e 276852 0.32 0.61 0.0000 0.0001 0.0089 43 
D15Ertd682e 71919 0.51 0.89 0.0001 0.0006 0.3356 79 
D6Wsu163e 28040 0.50 0.72 0.0000 0.0026 0.0012 44 

D930015E06Rik 229473 2.61 0.89 0.0046 0.0061 0.6624 107 
Dact2 240025 3.25 1.23 0.0072 0.0329 0.5637 90 
Dgat2 67800 1.37 1.18 0.0056 0.0982 0.1029 53 
Dhx30 72831 0.70 0.80 0.0008 0.0112 0.0343 34 

Dnajb10 56812 0.63 0.72 0.0002 0.1252 0.0208 26 
Dnajb9 27362 0.46 0.95 0.0000 0.0045 0.7878 91 
Dnmbp 71972 6.94 3.64 0.0015 0.0656 0.0019 56 
Dok3 27261 0.48 0.84 0.0001 0.0028 0.1955 70 

Dom3z 112403 0.73 0.84 0.0002 0.0461 0.0476 40 
Dot1l 208266 2.55 1.34 0.0002 0.0056 0.1598 78 
Dph2 67728 0.52 0.97 0.0000 0.0000 0.7430 94 
Dpp8 74388 0.64 0.84 0.0005 0.0012 0.1007 56 

Dusp11 72102 0.72 0.97 0.0001 0.0001 0.5792 89 
Dusp16 70686 1.76 1.59 0.0000 0.1980 0.0031 22 
Dyrk2 69181 2.45 1.16 0.0003 0.0025 0.4973 89 

E130012A19Rik 103551 2.07 2.12 0.0013 0.8838 0.0003 -5 
Eef1e1 66143 0.57 1.14 0.0003 0.0001 0.0653 133 

EG622320 622320 0.37 0.61 0.0001 0.0672 0.0175 38 
Eif2ak2 19106 0.51 0.80 0.0000 0.0017 0.0733 59 
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Eif2b4 13667 0.73 0.95 0.0010 0.0005 0.5840 82 
Eif4ebp1 13685 0.60 0.76 0.0002 0.0897 0.0181 40 
Eif4ebp2 13688 1.44 0.96 0.0034 0.0006 0.7741 109 

Ell 13716 0.65 0.92 0.0023 0.0076 0.4978 78 
Eng 13805 1.47 1.20 0.0034 0.1104 0.0941 57 

ENSMUSG00000053
178 208595 0.44 0.64 0.0001 0.0127 0.0148 36 

Eps8l2 98845 1.58 0.63 0.0012 0.0000 0.0005 164 
Erdr1 170942 1.82 1.59 0.0045 0.4729 0.0544 28 
Es22 13897 1.47 1.26 0.0048 0.1533 0.0395 44 
Ets2 23872 1.73 1.58 0.0016 0.6055 0.0553 21 
Ext1 14042 1.57 1.70 0.0004 0.4606 0.0054 -23 
Extl1 56219 0.44 0.53 0.0011 0.2730 0.0130 16 
F11r 16456 1.51 0.89 0.0001 0.0000 0.1863 122 
Fadd 14082 0.67 0.61 0.0001 0.1722 0.0007 -18 
Farsb 23874 0.74 0.96 0.0002 0.0031 0.5957 84 
Fas 14102 0.69 1.03 0.0001 0.0013 0.7984 109 

Fastkd5 380601 0.56 1.05 0.0000 0.0000 0.5685 112 
Fbf1 217335 4.50 4.73 0.0020 0.8831 0.0285 -7 

Fbxo21 231670 1.62 0.89 0.0001 0.0001 0.3711 118 
Fbxo25 66822 0.64 0.64 0.0019 0.9652 0.0170 1 
Fbxo30 71865 0.59 0.91 0.0004 0.0105 0.4410 78 
Fbxo34 78938 1.73 1.65 0.0002 0.6224 0.0005 11 
Fcgr3 14131 0.66 1.05 0.0002 0.0003 0.6106 114 
Fem1b 14155 0.65 0.92 0.0000 0.0014 0.3568 78 
Fermt2 218952 0.54 0.56 0.0020 0.8192 0.0158 3 
Fgf21 56636 0.03 0.12 0.0000 0.0306 0.0007 9 
Fgfrl1 116701 1.54 1.02 0.0007 0.0065 0.8933 96 
Fgl1 234199 0.65 1.09 0.0004 0.0000 0.3263 125 

Fkbp4 14228 1.69 0.96 0.0007 0.0005 0.7772 105 
Flcn 216805 0.36 0.60 0.0000 0.0004 0.0103 38 
Flot1 14251 0.50 0.99 0.0000 0.0000 0.9552 99 

Flvcr2 217721 2.00 0.64 0.0043 0.0010 0.0493 136 
Fndc3b 72007 0.55 1.32 0.0004 0.0004 0.1591 171 
Foxa3 15377 0.74 0.70 0.0024 0.5906 0.0185 -17 
Foxp1 108655 2.90 1.63 0.0000 0.0012 0.0213 67 
Fpr2 14289 0.53 1.52 0.0003 0.0460 0.3430 211 
Fst 14313 5.34 4.57 0.0016 0.6367 0.0214 18 

G0s2 14373 0.29 0.16 0.0004 0.0745 0.0011 -18 
G6pc 14377 2.64 1.31 0.0004 0.0066 0.2609 81 

Gadd45b 17873 10.25 3.81 0.0001 0.0060 0.0159 70 
Gamt 14431 0.68 0.70 0.0027 0.7534 0.0256 6 
Gars 353172 0.65 0.85 0.0001 0.0186 0.0671 58 
Gbl 56716 0.64 0.70 0.0003 0.1613 0.0118 17 
Gck 103988 2.78 1.38 0.0008 0.0070 0.0700 78 

Gfod2 70575 0.36 0.77 0.0001 0.0036 0.1197 64 
Gimap9 317758 0.48 1.19 0.0013 0.0001 0.1981 137 

Gja4 14612 2.49 2.15 0.0003 0.4454 0.0235 23 
Gna12 14673 2.70 1.45 0.0000 0.0010 0.1579 74 
Gnat1 14685 0.42 1.18 0.0010 0.0002 0.2488 131 

Golga1 76899 0.52 0.68 0.0000 0.0547 0.0024 33 
Golga3 269682 0.58 0.98 0.0000 0.0000 0.8176 96 
Golph3l 229593 0.44 0.80 0.0001 0.0031 0.2321 64 
Gpatch2 67769 0.61 0.95 0.0000 0.0002 0.2483 88 
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Gtf2e1 74197 0.62 1.03 0.0003 0.0001 0.7633 109 
Gtf2h3 209357 0.62 0.70 0.0002 0.0596 0.0076 20 
H3f3b 15081 2.06 1.95 0.0000 0.5370 0.0001 10 
Hax1 23897 0.69 0.86 0.0000 0.0038 0.0354 55 

Hdgfrp2 15193 0.74 0.74 0.0006 0.8648 0.0030 -2 
Hdhd3 72748 0.69 0.57 0.0020 0.1943 0.0001 -39 
Heatr1 217995 0.57 0.98 0.0001 0.0013 0.8485 94 

Herpud1 64209 1.43 1.29 0.0014 0.1514 0.0597 34 
Hhex 15242 0.40 0.73 0.0050 0.1665 0.2822 55 
Hic2 58180 3.58 1.91 0.0005 0.0237 0.0678 65 

Hist1h1c 50708 2.92 1.00 0.0000 0.0001 0.9855 100 
Hist2h3b 319154 2.02 1.85 0.0001 0.4766 0.0007 16 
Hist2h3c1 15077 2.02 1.81 0.0000 0.2801 0.0002 20 

Hnrpl 15388 1.36 1.26 0.0001 0.1851 0.0301 28 
Iars 105148 0.65 0.97 0.0001 0.0004 0.7385 93 
Ibtk n/a 0.68 0.88 0.0025 0.0094 0.3302 64 

Icam1 15894 0.58 1.09 0.0000 0.0498 0.7575 121 
Id2 15902 0.49 0.62 0.0008 0.0503 0.0251 26 

Ifi47 15953 0.43 0.75 0.0008 0.0032 0.1946 56 
Igfbp2 16008 1.53 1.56 0.0035 0.8322 0.0001 -7 

Igtp 16145 0.66 0.79 0.0013 0.1542 0.0966 39 
Iigp2 54396 0.56 0.81 0.0006 0.0305 0.2065 57 

Il13ra1 16164 0.65 1.12 0.0016 0.0012 0.4318 134 
Il15ra 16169 0.51 0.92 0.0000 0.0018 0.4202 84 
Il16 16170 0.24 0.58 0.0015 0.0530 0.1856 45 

Impact 16210 1.42 1.36 0.0026 0.6648 0.0001 13 
Inhbe 16326 0.10 0.27 0.0000 0.0010 0.0004 19 
Insc 233752 0.53 1.86 0.0016 0.0001 0.0094 285 

Insig1 231070 1.90 1.08 0.0016 0.0057 0.6093 91 
Ipmk 69718 1.53 1.04 0.0087 0.0383 0.7879 92 
Irak3 73914 0.43 1.38 0.0003 0.0338 0.4535 166 
Irf1 16362 0.50 0.57 0.0001 0.2113 0.0022 15 

Irf2bp1 272359 0.59 0.60 0.0009 0.8987 0.0079 2 
Itgb5 16419 1.33 0.88 0.0010 0.0000 0.2405 137 
Jdp2 81703 3.82 2.13 0.0007 0.0191 0.0470 60 
Jun 16476 1.69 1.81 0.0009 0.5974 0.0096 -17 

Jund1 16478 3.17 1.50 0.0018 0.0129 0.1177 77 
Kctd2 70382 0.47 0.45 0.0014 0.7387 0.0102 -3 
Klb 83379 1.76 1.09 0.0001 0.0020 0.5108 89 

Klf13 50794 1.56 1.82 0.0060 0.1901 0.0034 -47 
Klf2 16598 1.97 2.07 0.0052 0.7692 0.0055 -10 
Klf7 93691 1.47 1.13 0.0030 0.0412 0.4411 73 

Krcc1 57896 0.74 0.80 0.0001 0.1696 0.0083 24 
Krt10 16661 1.43 1.08 0.0006 0.0124 0.3558 81 
Krt23 94179 1.84 0.54 0.0058 0.0005 0.0206 155 
Krt8 16691 2.13 1.16 0.0055 0.0160 0.5518 86 
Lars 107045 0.63 1.11 0.0000 0.0011 0.4374 129 
Lcn2 16819 0.20 2.68 0.0028 0.0000 0.0007 311 
Ldlr 16835 4.50 1.30 0.0000 0.0001 0.4476 92 

Lhfpl2 218454 0.61 0.48 0.0049 0.2992 0.0011 -34 
Litaf 56722 0.62 0.98 0.0001 0.0010 0.8448 94 
Lmo4 16911 0.69 0.95 0.0045 0.0697 0.7649 84 
Lnx2 140887 2.20 1.38 0.0114 0.0987 0.0128 68 
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LOC100041103 
1000411

03 1.37 1.03 0.0015 0.0076 0.7494 92 

LOC100044862 
1000448

62 1.41 1.26 0.0000 0.0206 0.0015 38 
LOC100045343 n/a 0.18 0.54 0.0000 0.0002 0.0305 44 

LOC100045963 
1000459

63 1.55 1.26 0.0001 0.0296 0.0879 52 

LOC100046406 
1000464

06 0.44 0.90 0.0006 0.0040 0.4710 81 
LOC100046891 n/a 0.50 0.75 0.0000 0.0003 0.0145 51 

LOC100047200 
1000472

00 0.30 0.49 0.0003 0.0079 0.0167 26 

LOC100047427 
1000474

27 4.22 1.06 0.0001 0.0003 0.6144 98 

LOC100047707 
1000477

07 1.37 1.27 0.0004 0.1873 0.0366 27 

LOC100047762 
1000477

62 2.33 3.10 0.0004 0.0378 0.0000 -57 

LOC100047834 
1000478

34 0.69 0.79 0.0039 0.1913 0.0675 32 

LOC100047911 
1000479

11 0.49 0.59 0.0000 0.2808 0.0037 20 

LOC100047934 
1000479

34 0.27 0.69 0.0001 0.0063 0.1776 58 

LOC100048105 
1000481

05 1.46 1.06 0.0080 0.0372 0.4991 87 
LOC216443 n/a 0.58 0.72 0.0001 0.0307 0.0054 34 
LOC381302 n/a 0.43 0.57 0.0000 0.0662 0.0035 25 
LOC382010 n/a 0.57 0.80 0.0006 0.0110 0.1617 55 
Loh11cr2a 67776 0.71 0.86 0.0031 0.0785 0.1872 50 

Lpgat1 226856 0.68 0.87 0.0056 0.0375 0.1943 61 
Lpin2 n/a 3.22 1.70 0.0001 0.0069 0.1290 69 
Lrfn3 233067 2.33 0.84 0.0073 0.0071 0.2294 112 
Lrg1 76905 0.56 0.98 0.0000 0.0001 0.6464 96 
Lrig1 16206 0.50 0.72 0.0001 0.0051 0.0146 44 
Lrrc29 234684 0.17 0.60 0.0000 0.0001 0.0086 52 
Lrrc3 237387 1.35 0.88 0.0022 0.0003 0.2183 134 

Lypla3 192654 0.63 0.58 0.0001 0.1976 0.0006 -12 
Lysmd4 75099 0.65 1.19 0.0011 0.0003 0.1053 155 

Lztr1 66863 0.71 0.74 0.0016 0.4831 0.0306 12 
Map3k1 26401 0.50 1.03 0.0019 0.0037 0.8088 105 
Mapk6 50772 1.62 1.56 0.0001 0.6830 0.0008 9 

Mapkapk2 17164 2.30 1.92 0.0015 0.3374 0.0024 29 
Mbc2 23943 0.67 0.72 0.0007 0.3409 0.0064 16 
Mbd3 17192 1.57 1.22 0.0007 0.0120 0.0675 61 

Mboat5 14792 1.52 0.85 0.0000 0.0000 0.0953 128 
Mcl1 17210 0.70 0.92 0.0017 0.0007 0.3423 72 

Med31 67279 0.59 0.86 0.0000 0.0010 0.1385 66 
Meis1 17268 0.57 0.62 0.0064 0.7070 0.0076 12 
Mettl3 56335 0.47 0.61 0.0001 0.0586 0.0086 26 
Mettl6 67011 0.43 1.02 0.0002 0.0000 0.8534 104 
Mknk1 17346 0.63 0.84 0.0001 0.0140 0.0579 56 
Mknk2 17347 2.02 1.78 0.0002 0.2976 0.0133 24 
Mmp15 17388 1.96 1.01 0.0021 0.0138 0.9706 99 
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Mphosph6 68533 1.65 1.65 0.0065 0.9927 0.0045 0 
Mrap 77037 1.43 1.90 0.0014 0.0439 0.0024 -113 
Mreg 381269 1.41 0.86 0.0028 0.0001 0.2647 133 
Mrm1 217038 0.45 0.61 0.0004 0.0586 0.0371 29 

Mrpl50 28028 0.73 0.78 0.0005 0.0408 0.0125 16 
Mtap7d1 245877 0.57 0.87 0.0000 0.0000 0.1030 70 

Mterf 545725 0.42 0.70 0.0000 0.0005 0.0310 48 
Mthfd2 17768 0.16 0.67 0.0000 0.0009 0.0885 61 
Mtmr3 74302 2.08 1.42 0.0000 0.0041 0.0932 61 
Mtnr1a 17773 2.00 0.88 0.0020 0.0004 0.6389 112 
Myadm 50918 1.80 1.45 0.0003 0.1614 0.0717 44 
Mycl1 16918 1.87 0.84 0.0020 0.0007 0.3935 119 
Myd88 17874 0.54 1.15 0.0000 0.0002 0.2716 132 

Narf 67608 0.55 1.04 0.0005 0.0001 0.7007 109 
Ncbp2 68092 0.51 0.64 0.0003 0.2536 0.0343 28 
Ncf4 17972 0.32 0.85 0.0011 0.0021 0.5671 78 

Ncoa5 228869 0.57 0.81 0.0000 0.0002 0.0403 55 
Ndrg1 17988 2.40 1.52 0.0009 0.0461 0.0537 63 
Ndrl n/a 2.27 1.61 0.0040 0.1439 0.0141 52 

Nedd4l 83814 0.68 1.12 0.0017 0.0014 0.3578 137 
Nfkbia 18035 1.98 1.87 0.0011 0.6242 0.0199 11 
Nfkbib n/a 3.26 2.62 0.0000 0.2077 0.0027 28 
Nmd3 97112 1.53 1.42 0.0002 0.4758 0.0156 20 
Nol10 217431 0.69 1.14 0.0007 0.0001 0.1108 145 
Nola1 68147 0.67 0.91 0.0013 0.0129 0.4790 74 
Nos3 18127 0.41 1.12 0.0016 0.0001 0.5277 120 

Nploc4 217365 1.51 1.62 0.0004 0.3253 0.0006 -23 
Nr1d1 217166 4.96 1.17 0.0001 0.0006 0.4059 96 
Nr1h4 20186 0.51 0.62 0.0000 0.0211 0.0000 23 
Nr2f6 13864 1.48 1.01 0.0026 0.0057 0.8921 98 

Nsmce1 67711 0.69 0.75 0.0003 0.1461 0.0106 22 
Nudt4 71207 1.38 1.21 0.0003 0.0955 0.0320 44 
Nup62 18226 1.40 1.25 0.0072 0.2290 0.0371 37 
Nupl2 231042 0.41 0.69 0.0000 0.0003 0.0018 49 
Obfc2a 109019 0.60 0.74 0.0024 0.2133 0.0327 34 
Optn 71648 1.35 1.08 0.0002 0.0074 0.2842 77 

Oraov1 72284 0.40 0.49 0.0003 0.2439 0.0095 14 
Orm1 18405 0.70 1.43 0.0076 0.0000 0.0021 246 
Orm2 n/a 0.41 1.79 0.0020 0.0004 0.0543 233 
Osmr 18414 0.60 1.43 0.0027 0.0529 0.3622 209 
Ovca2 246257 0.64 0.71 0.0013 0.1092 0.0310 19 
P2ry13 74191 0.22 0.51 0.0000 0.0071 0.0029 37 
P2ry6 233571 0.42 0.60 0.0004 0.0041 0.0292 31 
Pah 18478 1.52 1.51 0.0113 0.9595 0.0268 2 

Parp16 214424 1.52 1.14 0.0021 0.0954 0.5736 73 
Pdcl 67466 0.63 0.91 0.0006 0.0027 0.4792 76 
Pelo 105083 0.64 0.91 0.0000 0.0017 0.3583 75 
Per1 18626 2.67 2.46 0.0019 0.6952 0.0133 13 

Pgpep1 66522 1.54 0.74 0.0008 0.0000 0.0509 148 
Pgs1 74451 0.67 0.97 0.0001 0.0019 0.7464 91 

Phactr4 100169 0.74 0.90 0.0002 0.0051 0.0827 63 
Phf13 230936 1.70 1.05 0.0002 0.0007 0.6119 93 

Phospho2 73373 0.73 0.93 0.0000 0.0065 0.2560 73 
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Pim3 n/a 2.15 1.58 0.0107 0.1822 0.0221 49 
Pla2g6 53357 1.68 1.30 0.0005 0.0410 0.0290 55 
Plekhf2 71801 1.51 1.19 0.0001 0.0103 0.0177 63 
Plekhg5 269608 2.95 1.13 0.0006 0.0044 0.6486 93 

Plrg1 53317 0.59 1.05 0.0000 0.0000 0.5487 113 
Pls3 102866 0.63 0.93 0.0028 0.0086 0.6068 81 

Pole4 66979 0.64 1.24 0.0034 0.0001 0.0659 169 
Ppargc1a 19017 2.47 2.18 0.0059 0.5718 0.0104 20 
Ppargc1b 170826 6.78 2.16 0.0000 0.0011 0.0509 80 

Ppl 19041 2.06 1.45 0.0004 0.0551 0.0491 58 
Ppp1r10 52040 0.33 0.89 0.0001 0.0001 0.3405 83 
Ppp2r2d 52432 1.60 1.37 0.0001 0.0849 0.0014 39 
Prdm4 72843 0.61 1.08 0.0001 0.0001 0.3931 119 
Prmt3 71974 0.73 0.78 0.0022 0.3400 0.0132 20 
Prox1 19130 0.56 0.71 0.0000 0.0915 0.0019 35 
Prtn3 19152 0.26 0.31 0.0019 0.2944 0.0174 7 
Psat1 107272 0.29 0.85 0.0010 0.0265 0.4430 79 
Pscd3 19159 1.56 1.58 0.0002 0.9339 0.0244 -3 

Pscdbp 227929 3.79 2.23 0.0000 0.0253 0.0318 56 
Ptplad1 57874 0.70 0.81 0.0001 0.0260 0.0130 37 
Ptpn1 19246 0.49 0.79 0.0001 0.0125 0.1403 58 
Pus7l 78895 0.35 0.83 0.0000 0.0000 0.0352 74 
Pvr 52118 2.40 2.12 0.0007 0.4515 0.0002 20 

Pygo2 n/a 0.61 0.79 0.0000 0.0059 0.0293 45 
Qrsl1 76563 0.63 0.70 0.0025 0.1078 0.0323 18 

Rab40c 224624 0.73 0.84 0.0056 0.1304 0.0883 40 
Rab43 69834 1.77 1.30 0.0001 0.0283 0.1327 61 

Rabgef1 56715 1.57 0.97 0.0035 0.0045 0.6693 104 
Rad1 19355 0.33 0.86 0.0002 0.0003 0.4313 79 
Rars 104458 0.74 1.12 0.0001 0.0038 0.3418 147 

Rars2 109093 0.62 0.87 0.0000 0.0003 0.0030 66 
Rassf4 213391 0.43 0.64 0.0001 0.0037 0.0128 36 
Rbm5 83486 0.46 0.71 0.0000 0.0001 0.0067 46 
Rbms1 56878 1.35 1.18 0.0006 0.0526 0.0283 49 
Rce1 19671 1.55 1.16 0.0028 0.0367 0.1723 72 
Rcl1 59028 1.62 1.40 0.0000 0.0782 0.0100 35 

Reep3 28193 1.35 1.48 0.0010 0.2282 0.0010 -37 
Rell1 100532 2.92 1.11 0.0001 0.0004 0.5938 94 
Rffl 67338 1.44 1.51 0.0009 0.5373 0.0014 -15 

Rg9mtd1 52575 0.73 1.20 0.0003 0.0001 0.0294 175 
Rgs1 50778 9.29 4.51 0.0001 0.0165 0.0085 58 

Rhbdd1 76867 0.70 1.23 0.0033 0.0003 0.0949 177 
Rhob 11852 1.65 1.64 0.0007 0.9427 0.0195 2 
Rhou 69581 1.46 1.33 0.0006 0.3372 0.0146 29 
Ribc1 66611 0.31 0.53 0.0001 0.0001 0.0142 32 
Ripk4 72388 2.21 1.76 0.0000 0.0112 0.0024 38 

Rnase4 58809 0.72 0.98 0.0000 0.0001 0.5132 91 
Rnf113a1 69942 0.54 0.89 0.0003 0.0002 0.3876 76 
Rnf135 71956 0.50 0.56 0.0000 0.0677 0.0009 13 
Rnf185 193670 0.57 0.85 0.0000 0.0003 0.1032 65 
Rogdi 66049 1.44 1.14 0.0011 0.0150 0.2098 68 
Rora 19883 1.62 1.25 0.0011 0.0164 0.0928 59 
rp9 55934 0.74 0.92 0.0008 0.0003 0.3285 71 
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Rpain 69723 0.55 1.03 0.0001 0.0003 0.8024 107 
Rpp38 n/a 0.52 1.05 0.0010 0.0001 0.7117 111 
Rtn3 20168 1.60 1.00 0.0017 0.0020 0.9698 99 
Rtp3 235636 0.46 0.86 0.0001 0.0052 0.2295 74 

S100a10 20194 1.49 1.00 0.0010 0.0026 0.9713 101 
Saa2 20209 0.25 1.30 0.0034 0.0000 0.2739 139 
Saa4 20211 0.51 1.11 0.0053 0.0026 0.5097 123 
Sdc1 20969 1.75 1.76 0.0004 0.9384 0.0018 -1 

Sema4a 20351 0.60 0.61 0.0003 0.8042 0.0033 2 
Sephs2 20768 1.48 1.29 0.0011 0.1111 0.0257 41 
Sept9 53860 1.80 1.02 0.0083 0.0175 0.8471 97 
Sergef 27414 0.62 0.71 0.0007 0.3173 0.0177 23 

Serpina10 217847 0.51 0.79 0.0000 0.0000 0.0212 58 
Serpina3k 20714 1.56 1.36 0.0028 0.1531 0.0230 35 
Serpinh1 12406 2.02 1.20 0.0041 0.0347 0.2826 81 

Sesn1 140742 2.17 1.22 0.0005 0.0049 0.0318 81 
Setd1a 233904 1.47 1.33 0.0028 0.3574 0.0458 31 
Setdb2 239122 3.00 1.78 0.0033 0.0788 0.0113 61 
Sf3a3 75062 0.72 0.88 0.0001 0.0029 0.1348 58 
Sfrs1 110809 0.66 0.96 0.0000 0.0022 0.6800 89 
Sfrs3 20383 0.62 0.99 0.0002 0.0005 0.9612 99 
Sfrs4 57317 1.52 1.48 0.0013 0.7423 0.0166 8 
Sfrs7 225027 0.39 0.58 0.0000 0.0100 0.0007 30 
Sgk2 27219 1.76 1.31 0.0001 0.0601 0.1874 59 

Sgms2 74442 2.00 0.60 0.0015 0.0001 0.0522 140 
Sgpl1 20397 1.62 1.19 0.0008 0.0138 0.0839 70 

Sh3bp5l 79566 0.45 0.67 0.0000 0.0021 0.0016 39 
Sh3yl1 24057 0.59 0.57 0.0014 0.7464 0.0067 -4 
Siah2 20439 0.62 0.72 0.0019 0.2606 0.0503 27 
Sidt2 214597 1.44 1.45 0.0041 0.9524 0.0374 -3 
Skap2 54353 0.60 0.94 0.0000 0.0000 0.4750 86 

Slc15a4 100561 2.00 1.75 0.0000 0.2414 0.0011 25 
Slc20a1 20515 2.09 1.56 0.0058 0.1412 0.0173 48 

Slc25a15 18408 1.55 2.26 0.0009 0.0001 0.0000 -128 
Slc25a33 70556 1.43 1.30 0.0013 0.2662 0.0047 31 
Slc25a42 73095 1.60 1.04 0.0080 0.0442 0.8024 93 
Slc25a45 107375 0.68 0.66 0.0017 0.7774 0.0024 -6 
Slc30a1 22782 1.57 0.88 0.0000 0.0000 0.3395 122 
Slc30a5 69048 0.60 1.21 0.0001 0.0000 0.0879 152 
Slc37a1 224674 0.15 0.86 0.0002 0.0001 0.4805 84 
Slc41a2 338365 0.35 1.82 0.0004 0.0003 0.0503 225 
Slc6a6 21366 1.45 1.07 0.0012 0.0010 0.5951 85 
Slc6a9 14664 0.60 0.88 0.0019 0.0388 0.1274 70 
Slc9a1 20544 0.63 0.60 0.0017 0.6373 0.0053 -7 
Slco2a1 24059 1.50 1.16 0.0069 0.0516 0.2262 67 

Smarcad1 13990 0.60 0.94 0.0002 0.0024 0.3329 85 
Smarcc2 68094 1.65 1.09 0.0030 0.0263 0.6210 86 
Smarcd2 83796 0.70 0.57 0.0012 0.0127 0.0014 -43 
Smek2 104570 0.64 0.87 0.0006 0.0003 0.2223 64 
Snip1 76793 0.55 1.02 0.0000 0.0001 0.8433 104 
Snupn 66069 0.64 0.64 0.0019 0.9827 0.0050 0 
Snx10 71982 0.43 1.43 0.0002 0.0000 0.0250 176 
Snx11 74479 0.52 0.81 0.0002 0.0013 0.0687 61 
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Snx18 170625 1.47 1.11 0.0001 0.0019 0.2028 78 
Snx24 69226 1.43 1.12 0.0000 0.0006 0.0207 72 
Soat2 223920 0.57 0.82 0.0003 0.0077 0.1422 59 
Spnb3 20743 1.41 0.97 0.0005 0.0024 0.7884 108 
Sppl3 74585 0.72 0.74 0.0026 0.6448 0.0188 8 
Spsb1 74646 2.16 1.98 0.0013 0.7541 0.1405 16 
Srfbp1 67222 0.30 0.74 0.0001 0.0001 0.0847 63 
Stat1 20846 0.59 0.84 0.0000 0.0019 0.0612 61 
Stat2 20847 0.51 1.14 0.0000 0.0000 0.1704 128 
Stat3 20848 0.52 1.01 0.0000 0.0000 0.9316 102 
Stip1 20867 1.46 1.38 0.0025 0.5266 0.0122 18 
Stk11 20869 1.36 1.14 0.0037 0.0524 0.1824 60 
Stk24 n/a 1.40 1.06 0.0001 0.0008 0.3371 85 
Stk38l 232533 0.58 0.62 0.0001 0.5889 0.0023 10 
Stx18 71116 0.66 1.12 0.0006 0.0226 0.5811 135 
Stx5a 56389 0.62 0.87 0.0000 0.0006 0.1051 65 
Syvn1 74126 0.72 1.01 0.0002 0.0148 0.9573 102 
Tapt1 231225 0.64 0.86 0.0000 0.0005 0.0899 62 

Tatdn2 381801 1.66 1.69 0.0016 0.8397 0.0059 -5 
Tbc1d13 70296 1.50 0.89 0.0056 0.0017 0.5081 123 

Tbp 21374 0.56 0.98 0.0000 0.0000 0.7221 96 
Tbx3 21386 0.37 0.59 0.0001 0.0067 0.0153 35 

Tfb1m 224481 0.61 0.56 0.0024 0.4657 0.0072 -12 
Tfrc 22042 1.96 2.98 0.0004 0.0348 0.0024 -106 

Tgm1 21816 0.51 0.90 0.0002 0.0029 0.4478 79 
Tha1 71776 0.45 0.61 0.0001 0.0012 0.0083 29 
Tlcd1 68385 0.65 0.62 0.0002 0.6664 0.0018 -9 

Tmem185b 226351 0.54 0.66 0.0001 0.0277 0.0052 26 
Tmem186 66690 0.33 0.68 0.0000 0.0004 0.0141 52 
Tmem199 195040 0.54 0.68 0.0001 0.0341 0.0187 31 
Tmem39a 67846 0.55 1.16 0.0034 0.0014 0.4897 135 
Tmprss2 50528 2.03 1.86 0.0009 0.5180 0.0025 16 
Tmprss6 n/a 1.49 1.22 0.0013 0.0110 0.1192 55 
Tnfrsf12a 27279 1.89 2.00 0.0071 0.7570 0.0099 -13 

Tob1 22057 2.13 1.19 0.0117 0.0696 0.4825 83 
Tpm4 326618 1.53 1.34 0.0043 0.4674 0.2051 36 
Trak1 67095 1.37 1.40 0.0035 0.8453 0.0323 -9 
Trfp 56771 0.41 0.65 0.0000 0.0017 0.0197 41 

Trim39 79263 0.57 1.19 0.0000 0.0002 0.2421 143 
Trim56 384309 0.58 0.80 0.0003 0.0271 0.0302 52 

Trp53bp2 209456 1.95 1.72 0.0001 0.2248 0.0002 25 
Trp53inp1 60599 3.43 2.71 0.0002 0.1753 0.0002 30 

Tut1 70044 0.46 0.81 0.0000 0.0000 0.0253 64 
Ube2m 22192 1.49 1.54 0.0036 0.7838 0.0093 -9 

Ugt2b34 100727 1.42 1.23 0.0063 0.2413 0.0739 45 
Upf2 326622 0.58 0.81 0.0001 0.0003 0.0910 54 
Uvrag 78610 1.86 1.27 0.0000 0.0009 0.1611 68 
Vmo1 327956 0.65 0.74 0.0008 0.4172 0.0165 24 

Vps37b 330192 1.77 1.11 0.0010 0.0064 0.1440 85 
Vrk3 101568 0.62 0.75 0.0001 0.0036 0.0167 33 

Wdr20a 69641 0.63 0.98 0.0005 0.0033 0.8368 95 
Whsc2 24116 0.56 0.80 0.0001 0.0090 0.0995 55 
Wwc2 52357 0.67 0.83 0.0003 0.0376 0.0103 48 
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X99384 27355 1.51 1.10 0.0000 0.0013 0.2257 79 
Xbp1 22433 0.43 0.75 0.0000 0.0003 0.0455 57 

Ythdf1 228994 0.72 1.02 0.0007 0.0004 0.8258 107 
Zbtb24 268294 0.63 0.77 0.0014 0.1877 0.0164 36 
Zc3h7a 106205 0.70 1.24 0.0002 0.0000 0.0431 181 
Zfp207 22680 0.65 1.04 0.0000 0.0026 0.7115 112 
Zfp263 74120 0.74 0.91 0.0001 0.0019 0.1746 66 
Zfp282 101095 0.50 0.73 0.0004 0.0166 0.0250 45 
Zfp36 22695 2.24 1.87 0.0009 0.2900 0.0105 30 
Zfp46 22704 0.46 0.75 0.0001 0.0009 0.0507 53 
Zfp574 232976 0.67 0.71 0.0028 0.4405 0.0219 12 
Zfp597 71063 0.55 0.94 0.0001 0.0012 0.5281 86 
Zfp60 22718 0.24 0.85 0.0000 0.0000 0.2449 80 
Zfp672 319475 0.52 0.72 0.0003 0.0027 0.0378 42 
Zfp825 235956 0.58 0.85 0.0000 0.0032 0.1331 65 
Zfp94 22756 0.18 0.44 0.0000 0.0308 0.0066 32 

Zfx 22764 0.65 0.94 0.0001 0.0005 0.2258 82 
Zhx3 320799 1.53 1.20 0.0001 0.0246 0.0796 63 

Zranb1 360216 1.43 1.51 0.0001 0.5130 0.0058 -19 
Zswim4 212168 1.96 1.77 0.0001 0.2252 0.0002 21 
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Table 3: Panther Biological Process Analysis 

Biological Process number ±  P value 
DMSO vs. IDFP    
Cell adhesion 175 + 0.00003 
Biological process unclassified 2524 - 0.00005 
Cell structure and motility 389 + 0.00181 
Homeostasis 80 + 0.00315 
Lipid, fatty acid and steroid metabolism 401 + 0.00354 
Extracellular matrix protein-mediated 
signaling 30 + 0.00551 
Sulfur metabolism 42 + 0.01200 
Cell communication 318 + 0.01750 
Fatty acid metabolism 109 + 0.04710 
Growth factor homeostasis 7 + 0.04810 
IDFP vs. IDFP/Am251    
rRNA metabolism 45 + 0.00281 
Lipid, fatty acid and steriod metabolism 401 + 0.00471 
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Table 4: FuncAssocaite 2.0 Analysis of Genes Decreased by IDFP in a CB1 
Dependent Manner 
Attribute name Attribute ID N X LOD P_adj 
acute-phase response GO:0006953 5 28 1.37 0.008 
aminoacyl-tRNA ligase activity GO:0004812 8 45 1.37 <0.001 
ligase activity, forming carbon-oxygen 
bonds GO:0016875 8 45 1.37 <0.001 
ligase activity, forming aminoacyl-
tRNA and related compounds GO:0016876 8 45 1.37 <0.001 
tRNA aminoacylation for protein 
translation GO:0006418 7 42 1.33 <0.001 
amino acid activation GO:0043038 7 42 1.33 <0.001 
tRNA aminoacylation GO:0043039 7 42 1.33 <0.001 
acute inflammatory response GO:0002526 6 40 1.28 0.001 
tRNA metabolic process GO:0006399 11 107 1.09 <0.001 
ncRNA metabolic process GO:0034660 11 180 0.85 0.001 
translation GO:0006412 12 252 0.73 0.008 
RNA metabolic process GO:0016070 20 544 0.62 0 
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Table 5: Altered CB1 Dependent Genes Represented within the Enriched Pathways 
 

 Fold Change Nominal P-Value 
Reversal 
   (%) 

 
IDFP  AM251  

DMSO 
vs IDFP 

IDFP vs. 
AM251 

AM251 vs. 
DMSO  

Acute Phase Response       
orm1 0.70 1.43 0.008 0.000 0.002 246 
orm2 0.41 1.79 0.002 0.000 0.054 233 
saa2 0.25 1.30 0.003 0.000 0.274 139 
saa4 0.51 1.11 0.005 0.003 0.510 123 
stat3 0.52 1.01 0.000 0.000 0.932 102 
Amino Acid metabolism  
& Translation       
rars 0.74 1.12 0.000 0.004 0.342 147 
lars 0.63 1.11 0.000 0.001 0.437 129 
aars 0.65 1.00 0.001 0.000 0.996 100 
iars 0.65 0.97 0.000 0.000 0.739 93 
farsb 0.74 0.96 0.000 0.003 0.596 84 
rars2 0.62 0.87 0.000 0.000 0.003 66 
gars 0.65 0.85 0.000 0.019 0.067 58 
ncoa5 0.57 0.81 0.000 0.000 0.040 55 
eef1e1 0.57 1.14 0.000 0.000 0.065 133 
eif2b4 0.73 0.95 0.001 0.001 0.584 82 
psat1 0.29 0.85 0.001 0.026 0.443 79 
pelo 0.64 0.91 0.000 0.002 0.358 75 
asns 0.15 0.68 0.000 0.008 0.165 62 
eif2ak2 0.51 0.80 0.000 0.002 0.073 59 
Lipid, Fatty acid, and  
Steroid Metabolism       
sgms2 2.00 0.60 0.001 0.000 0.052 140 
pgc1β 6.78 2.16 0.000 0.001 0.051 80 
pla2g6 1.68 1.30 0.000 0.041 0.029 55 
mtmr3 2.08 1.42 0.000 0.004 0.093 61 
lpin2 3.22 1.70 0.000 0.007 0.129 69 
insig1 1.90 1.08 0.002 0.006 0.609 91 
chkb 1.81 1.26 0.000 0.015 0.085 67 
apol9b 1.66 1.02 0.001 0.003 0.936 97 
acsl1 1.79 1.05 0.001 0.002 0.758 93 
ldlr 4.50 1.30 0.000 0.000 0.448    92 
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Table 6: Expression of Genes involved in Stat3 signaling and Lipid Metabolism in 
WT and CB1 -/- Mice a 
Gene WT DMSO WT IDFP CB1 -/- DMSO    CB1 -/- IDFP 
Stat3 Signaling     
stat3 1.00 ± 0.15 0.43 ± 0.02 0.96 ± 0.29 0.84 ± 0.14 
lbp 1.00 ± 0.12 0.78 ± 0.13 1.00 ± 0.28 1.11 ± 0.13 
apcs 1.00 ± 0.19 0.61 ± 0.16 0.69 ± 0.27 0.64 ± 0.11 
Lipid Metabolism     
acsl1 1.00 ± 0.09ab 1.61 ± 0.34a 1.04 ± 0.16ab 0.73 ± 0.10b 
insig1 1.00 ± 0.16a 2.35 ± 0.41b 0.81 ± 0.19a 0.81 ± 0.16a 
pgc1b 1.00 ± 0.14a 4.28 ± 0.25b 1.28 ± 0.29a 2.34 ± 0.37c 
ldlr 1.00 ± 0.23a 1.50 ± 0.32b 1.05 ± 0.49a 0.81 ± 0.18a 
lpin2 1.00 ± 0.27 1.72 ± 0.25 1.03 ± 0.10 1.64 ± 0.24 
hmgcr 1.00 ± 0.04 2.17 ± 0.56 1.09 ± .026 1.21 ± 0.45 
aGroups not sharing a common superscript letter are significantly different (p<0.05). 
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Figure 1  

 
Figure 1: CB1-dependent effects of IDFP on hepatic TG (A) and cholesterol (B) 
levels. Mice were treated with DMSO or IDFP (10 mg/kg, ip, 4 h) alone or 15 min 
following AM251 (10 mg/kg, ip). n=13-15. 



 

   

95 

Figure 2 
 

 
Figure 2: CB1-dependent effects of IDFP on hepatic TG (A) and cholesterol (B) 
levels. Wild-type and CB1 -/- mice were treated with DMSO or IDFP (10 mg/kg, ip, 4 h) 
alone or 15 min following AM251 (10 mg/kg, ip). n=5-6. 
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Figure 3. 
 

 
Figure 3: Hierarchical clustering of the transcriptome of individual mice. 
Dendrogram representation of cluster analysis from BeadStudio software 3.2 (Illumina).  
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Figure 4 
 
 

 
Figure 4: CB1-dependent effects of IDFP on hepatic expression of lipid metabolism 
(A), inflammatory (B), and amino acid metabolism genes (C). RNA was isolated from 
the mice used for the experiment in Fig. 1. n=17-18. 
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CHAPTER 5 
Conclusions & Future Directions  
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 PPAR α is a transactional nodal point in the regulation of lipid metabolism 
activated by endogenous lipids and hypolipidemic agents. While fibrates are weak PPAR 
α ligands, pharmaceutical companies are pursuing stronger PPAR α ligands to maximize 
hypolipidemic potential. However, the utility of these stronger ligands has been 
hampered by side effects. Understanding the endogenous ligation of PPAR α may be key 
to achieving optimal results by pharmacological intervention. My work supports the role 
of lipoprotein-derived fatty acids as PPAR α ligands. Taken together with the work of 
Daniel Kelly’s laboratory, my data strongly suggests that the route of fatty acid uptake 
influences its ability to stimulate PPAR α. To determine if CD36 represents the saturable 
process of fatty acid uptake that fails to stimulate PPAR α, it would be interesting to 
determine the relationship between fatty acid uptake and PPAR α activation in the setting 
of altered CD36 expression. Together the data suggest that an “overflow” pathway of 
fatty acid uptake becomes active in the lipolytic microenvironment and is responsible for 
the delivery of PPAR α ligands. The existence and nature of this pathway warrants 
further study.  
 My work with IDFP successfully demonstrated direct regulation of lipid 
metabolism by endocannabioids through CB1.  IDFP induced apoE-dependent 
hypertriglyceridemia associated with apoE depleted VLDL and enriched HDL. This 
suggests that apoE distribution regulates triglyceride-rich lipoprotein metabolism. Indeed, 
work in the 1980s generated a wealth of information about apoE distribution, including 
the observation that patients with hypertriglyceridemia had a greater proportion of apoE 
free VLDL. While recent tracer studies have confirmed that the presence of apoE directs 
traffic of TG-rich lipoproteins and remnants towards whole particle uptake, little is 
known about the signals regulating apoE distribution. My work shows that CB1 
stimulation alters apoE distribution by inhibiting the transfer of apoE from HDL to TG-
rich lipoproteins in mice.  These effects should be confirmed in settings of CB1 
activation in humans. Additionally, the ability of rimonabant to influence the allocation 
of apoE among lipoproteins would be of great interest.  More broadly, the prevalence of 
aberrant apoE distribution as a cause of hypertriglyceridemia requires further study.  If 
the mechanisms regulating allocation of apoE can be understood, it may be possible to 
pharmacologically shift apoE to TG-rich lipoproteins and decrease their plasma levels. 
The necessity of apoE for chylomicron clearance combined with the newly recognized 
prognostic value of post-prandial triglyceride measurements underscore the potential 
therapeutic value of manipulating apoE levels and distribution.    
 IDFP administration generated hypertriglyceridemia and hepatic steatosis in 
fasted animals. A key unanswered question is the location of the CB1 responsible for 
IFDP observed effects. The use of tissue specific knockout models will be necessary to 
address this issue.  This is of particular interest as the adverse psychological effects 
associated with rimonabant, and other centrally active CB1 antagonists, prevent their 
clinical use. However, disassociation of feeding behavior and alterations in peripheral 
metabolism, such as those demonstrated here and by the work of George Kunos, suggest 
that blockade of peripheral CB1 may be effective in treating metabolic disease while 
limiting adverse side effects. Thus, the discovery of peripherally restricted CB1 
antagonists is a necessary next step, though one likely to be completed outside of 
academia.  
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  The contrasting origins of fibrates and rimonabant illustrate the current state of 
affairs in pharmacometabolic research.  The first fibrate was discovered after screening 
over 400 branched chain fatty acid analogous for hypolipidemic effects in rats, almost 
four decades before the discovery of PPAR α. Conversely, rimonabant emerged only 
after CB1 had been cloned and molecularly characterized. However, no amount of 
molecular detail could have predicted the outcome of the clinical trials, since assessing 
the mental health of cultured cells and rodents remains a difficult task. It is the fibrates, 
discovered by a simple chemical screen, rather than rimonabant, which was targeted to a 
specific receptor, that are still used today. This is not an isolated example as many of the 
current treatments for metabolic disease predate knowledge of their molecular 
mechanism. While no one doubts the power of molecular biology, its ability to deliver 
better treatments for metabolic disease may require better understanding of how 
individual pathways are integrated in the control of whole body physiology. Hopefully, 
the work presented here serves as a tiny step in the effort to bring mechanistic insight, 
and the promise that it carries, from the bench to the bedside.     
        

 




