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ABSTRACT 

Rong, Shunxing 

Role of 12/15 lipoxygenase expression in lipid metabolism, atherosclerosis 
and insulin resistance 

 
Dissertation under the direction of 

John S. Parks, Ph.D., Professor of Pathology and Biochemistry 
 

        12/15 lipoxygenase (LO) is a member of a family of enzymes that can 

catalyze the stereospecific incorporation of oxygen into polyunsaturated fatty 

acids (PUFAs), forming a series of bioactive lipid mediators. Though lipid 

mediators produced by 12/15LO have the potential to affect lipid metabolism and 

atherosclerosis, the role of 12/15LO expression in these processes has not been 

elucidated.  

        Atherosclerosis was dramatically reduced in mice lacking low density 

lipoprotein receptor (LDLr) and 12/15LO (i.e.,12/15LO-LDLrKO) compared to 

LDLrKO mice when they were fed atherogenic diets containing 

saturated/monounsaturated fatty acids (Sat/mono) or PUFAs for 16 weeks. 

Interestingly, plasma and liver cholesterol and triglyceride levels were reduced in 

12/15LO-LDLrKO vs. LDLrKO mice fed the PUFA-enriched diet. In addition, 

hepatic lipogenic gene and protein expression and triglyceride and apoB 

lipoprotein secretion were decreased in PUFA diet-fed 12/15LO-LDLrKO mice. 

Plasma VLDL in PUFA-fed 12/15LO-LDLrKO mice was enriched in triglyceride 

and cleared faster from plasma than VLDL from LDLrKO mice.  

        12/15LO expression is high in macrophages, so we performed bone marrow 

(BM) transplantation studies to determine the extent to which macrophage 
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12/15LO expression affected atherosclerosis and lipid metabolism. Reciprocal 

BM replacement resulted in plasma lipid levels and hepatic VLDL secretion rates 

that trended towards those of the donor mice, though the phenotype was not 

completely reversed, suggesting that tissue resident macrophages that are not 

completely eliminated during BM transplantation may contribute to the lipid 

phenotype. To test this hypothesis, we ablated hepatic Kupffer cells in PUFA-fed 

LDLrKO mice with GdCl3 and observed a decrease in plasma lipid levels, 

suggesting that a 12/15LO secretion product of Kupffer cells may stimulate 

hepatic lipid synthesis. Conditioned medium from in vitro incubation of 12/15LO-

LDLrKO vs. LDLrKO macrophages contained increased proinflammatory 

cytokines and a >3kD fraction of medium inhibited McArdle 7777 hepatoma cell 

triglyceride secretion. 

        Additional studies showed that PUFA-fed LDLrKO mice had increased white 

adipose tissue mass, blood glucose and insulin levels and developed insulin 

resistance compared to 12/15LO-LDLrKO mice. BM transplantation studies 

indicated a role of adipocyte 12/15LO expression in obesity development and 

glucose metabolism. 

         Results in this thesis suggest that macrophage 12/15LO expression 

regulates liver lipid metabolism by altering macrophage cytokine secretion 

profiles, which causes higher plasma lipid levels and exacerbated atherosclerosis. 

12/15LO expression in adipocyte also regulates adipose tissue fat accumulation 

and glucose metabolism. 
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Polyunsaturated Fatty Acid (PUFA) and Lipid Mediators 

PUFA and its regulation of lipid metabolism. Dietary fat is an important 

nutrient for mammals and plays roles in energy supply, signal transduction and 

membrane structure formation (1;2). However, in modern society, the over 

consumption of high fat foods induces a series of metabolic disorders, such as 

hyperlipidemia, hypercholesterolemia, obesity, diabetes and atherosclerosis. 

Dietary intervention consisting of limiting consumption of high fat diets and 

substitution of saturated fat with fat sources enriched in polyunsaturated fatty 

acids (PUFA) has been advised to prevent these disorders. In mammals, linoleic 

acid (18:2) and linolenic acid (18:3), which can only be obtained from dietary 

source rather than de novo synthesis, are essential fatty acids for the synthesis 

of other PUFAs. PUFA can negatively regulate fatty acid synthesis (3;4). In 1965, 

Allmann et al. reported that depletion of dietary linoleic acid could enhance long 

chain fatty acid synthesis (5). Recently, PUFA was found to antagonize the 

ligand binding site of liver X receptor (LXR) and inhibit sterol regulatory element 

binding protein 1c (SREBP-1c) gene transcription (6;7). LXR and SREBP-1c are 

upstream regulatory transcription factors that control the expression of fatty acid 

synthetic genes, such as fatty acid synthase (FAS), acetyl CoA carboxylase 

(ACC) and stearoyl CoA desaturase (SCD-1) (8-10). Oral administration of a LXR 

agonist to mice increases plasma triglyceride (TG) levels (11). In a mouse model 

overexpressing truncated SREBP-1c, whose NH2-terminal domain can enter the 

nucleus to activate the responsive genes without the cleavage step, lipogenesis 

was activated and triglyceride accumulated in the liver (12).  
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Lipid mediators and inflammatory regulation. PUFAs are precursor of a 

series of bioactive lipid mediators such as leukotrienes, prostaglandins, 

hydroxyeicosatetraenoic acid (HETE), hydroxyoctadecadienoic acid (HODE), 

resolvins and protectins (13-15). These lipid mediators play important roles in the 

regulation of inflammatory response. In the early injury or initiation of 

inflammation, influx of Ca2+ activates cytosolic phospholipase A2 (cPLA2), which 

catalyzes the release of arachidonic acid from phospholipid in cellular 

membranes (16). The released arachidonic acid will be catalyzed by 

lipoxygenase (LO) and cyclooxygenase (COX) to form leukotrienes and 

prostaglandins (17-19), respectively, most of which are pro-inflammatory and 

initiate the early acute inflammatory response, such as increasing blood flow and 

vessel dilation to assist migration of polymorphonuclear cells to the site of 

inflammation (20;21). Leukotriene B4 (LTB4) is reported to stimulate macrophage 

inflammatory cytokine secretion through the nuclear receptor-kappa B (NFκB) 

pathway (22-24). The physiological role of the acute inflammatory response is to 

protect tissue and repair damage. After an acute inflammatory response, 

resolution will occur to terminate the acute response instead of leading to chronic 

inflammation, which will cause tissue damage and loss of function. During the 

initial phase of inflammatory resolution, prostaglandins (PGE2, PGD2) will activate 

a lipid mediator class switch and generate pro-resolution mediators, such as 

lipoxins, resolvins and protectins (15;25;26). Lipoxins are reported to restrict the 

migration of monocytes and other acute response cells to sites of inflammation 

(27;28) as well as stimulate clearance of apoptotic cells by macrophages (29). 
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Lipoxin A4 can increase secretion of the anti-inflammatory transforming growth 

factor-β (TGF-β) (30), which suppresses pro-inflammatory signaling pathways 

(31). Resolvins and protectins are recently discovered lipid mediator families that 

can inhibit inflammatory cytokine secretion (15;32) and facilitate the resolution of 

inflammation. Thus, PUFA-derived lipid mediators are involved in the whole 

process of inflammatory response, from initiation to resolution. 

Lipid mediators and peroxisome proliferator-activated receptors (PPARs). 

In addition to their role in regulation of inflammation, lipid mediators can directly 

regulate lipid metabolism gene expression through their interaction with nuclear 

hormone receptors, such as peroxisome proliferator-activated receptors (PPARs). 

PPARs belong to the nuclear receptor superfamily that regulates lipid 

homeostasis, including fatty acid β-oxidation (33), foam cell formation (34;35) 

and adipocyte differentiation (36), by controlling transcription of genes involved in 

these pathways. There are three identified isoforms in this family: PPARα, 

PPARγ and PPARδ. PPARα is the target of the class of lipid lowering drugs 

known as fibrates, which potentiate liver fatty acid β-oxidation (37). LTB4 is 

reported to be an activating ligand for PPARα. Acyl CoA oxidase (Acox), a gene 

regulated by PPARα that catalyzes the rate limiting step of β-oxidation, was 

significantly upregulated in primary hepatocytes treated with LTB4 (38). PPARγ is 

highly expressed in adipose tissue and functions as a key regulator of adipocyte 

differentiation, lipid storage and glucose homeostasis (39;40).  Yu et. al. reported 

that several prostaglandins, PGA1, PGA2, PGD1, PGD2 and PGJ2, are ligands for 

PPARs (41). The PGJ2 dehydration product, 15-deoxy-Δ12, 14-PGJ2, can bind to 
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PPARγ and promote the differentiation of fibroblasts to adipocytes (42;43). 

PPARγ in macrophages is also activated by 12/15 LO products such as 15-HETE 

and 13-HODE (44). The activation of PPARγ in macrophages upregulates 

scavenger receptor CD36 expression, increases uptake of oxidized LDL by 

macrophages and stimulates form cell formation (34;35). 

12/15 lipoxygenase (LO) 

LO family. LOs belong to a family of non-heme iron containing enzymes that can 

stereo-specifically incorporate oxygen into PUFAs to form a series of bioactive 

lipid mediators. The LO family can be found widely in plants and animals (45). 

There are several systems for nomenclature and classification of LO family 

members either based on the positional specificity of arachidonic acid 

oxygenation (i.e., 5LO, 12LO and 15LO) or based on tissue distribution (i.e., 

platelet 12LO, leukocyte 12LO and epidermis LO). However, with the discovery 

of new LO members, this nomenclature becomes confusing because some of the 

enzymes are expressed in multiple tissues and some of the LOs may catalyze 

the formation of multiple lipid mediator products depending on the PUFA 

substrate (i.e., 18:2 vs. 20:4). In 1999, Kuhn et. al. proposed classifying the LO 

family by the phylogenetic tree (46). This classification leads to 4 subfamilies of 

LO: 12/15LO, 5LO, platelet 12LO and epidermis type LO. With this method, the 

enzymes with similar sequence, structure, and activity are grouped together 

regardless of the tissue distribution, which makes it less confusing to study the 

function of these enzymes in different animal models. 
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12/15LO species homology, tissue and cellular distribution. Murine, rat, 

bovine and porcine leukocyte 12LO, rabbit reticulocyte 15LO and human 15LO-1 

share similar sequence and enzymatic activity (47;48). Based on Kuhn’s 

classification, they belong to the same 12/15LO subfamily (46). The tissue 

distribution of 12/15LO is different among species. It was first purified and 

characterized from porcine leukocytes (49). In mice, 12/15LO is highly expressed 

in macrophages. With in situ hybridization technique, Sun and Funk described 

that 12/15LO was detectable in resident peritoneal macrophages, but not in 

macrophages isolated from other organs such as lung and bone marrow (50). 

Furthermore, they reported that only 30-40% of resident peritoneal macrophages 

express high levels of 12/15LO, which suggested that this enzyme was specific 

to certain subsets of macrophages. In a recent study, they reported that there 

was only residual expression of 12/15LO in thioglycollate-elicited peritoneal 

macrophage compared to resident peritoneal macrophage (51). However, there 

was evidence of 12/15LO expression in other tissues. When bone marrow in 

apoE knockout mice was replaced with 12/15LO, apoE double knockout bone 

marrow, there was only residual 12/15LO expression detectable in most of the 

organs compared to apoE knockout mice receiving bone marrow from apoE 

knockout mice, which indicated that 12/15LO was mainly expressed in bone 

marrow derived cells such as macrophages (52). Interestingly, when apoE 

knockout mouse bone marrow was replaced with 12/15LO deficient bone marrow, 

adipose tissue and kidney still expressed high levels of 12/15LO, indicating that 

the parenchymal cells in these organs also express this enzyme (52). Cell culture 
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studies showed that 12/15LO expression was increased when 3T3-L1 

preadipocyte cells were differentiated to mature adipocytes (53). In vitro studies 

also showed that 12/15LO was detectable in pancreatic islet cell lines such as 

NIT-1 and β-TC3 cells (54;55), but expression in primary pancreatic β cells was 

not reported. In addition, 12/15LO was expressed in endothelium of 12/15LO 

transgenic mouse generated using the whole 12/15LO genomic sequence 

including the 7kb upstream promoter and 2kb downstream enhancer element 

(56), suggesting that 12/15LO was also likely expressed in endothelial cells. The 

human 15LO-1 expression was mainly found in epithelial cells in the upper 

airway, reticulocytes, and macrophages (57). With respect to cellular localization, 

12/15LO is predominantly found in the cytosol. In cell culture studies, addition of 

low density lipoprotein (LDL) resulted in recruitment of 12/15LO to the cell 

membrane (58). This recruitment could be blocked by addition of LDL receptor 

related protein (LRP) anti-serum, which indicated the involvement of LRP in the 

process of 12/15LO translocation and activation (58;59). 

12/15LO enzyme activity. The substrates of 12/15LO are free PUFAs, such as 

arachidonic acid, linoleic acid and α-linolenic acid (57), as well as the esterified 

forms of these fatty acids in the phospholipid (PL) and cholesterol ester (CE) 

fraction of LDL. 12/15LO catalyzes the oxygenation of arachidonic acid with dual 

positional specificity to form 12 hydroperoxyeicosatetraenoic acid (12pHETE) 

and 15pHETE. The C12 and C15 oxygenation activity of this enzyme is not equal 

(60) and varies among species. Murine leukocyte 12LO produces more 

12pHETE than 15pHETE, while human 15LO-1 produces more 15pHETE than 
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12pHETE due to several amino acids difference in the fatty acid binding domain 

(60;61). The linoleic acid product catalyzed by 12/15LO is 13 

hydroperoxyoctadecadienoic acid (13pHODE). These hydroperoxy products are 

rapidly reduced to form 12HETE, 15HETE and 13HODE, respectively (13). In 

cooperation with 5LO, 12/15LO can also catalyze the formation of lipoxins from 

arachidonic acid (14;62). Unlike the free radical mediated PUFA oxidation, the 

reaction catalyzed by 12/15LO is stereospecific with predominantly S 

stereoisomers formed such as 12 (S)-HETE, 15 (S)-HETE and 13 (S)-HODE (63). 

12/15LO and atherosclerosis. As we reviewed above, 12/15LO can oxidize the 

esterified form of PUFAs in LDL, which can accelerate the formation of foam cells. 

In addition, 15LO-1 enzymatic activity was detected in human atherosclerotic 

lesions (64-66). These data suggest that 12/15LO might be involved in 

development of atherosclerosis. Several studies have been carried out to 

evaluate the role of 12/15LO on atherosclerosis. Some of these studies 

demonstrated that 12/15LO was a pro-atherogenic enzyme (52;56;67-70), 

whereas others suggest that it attenuated atherosclerosis (71;72). 

        The first animal model used to study the effect of 12/15LO on 

atherosclerosis was the human macrophage-specific 15LO-1 transgenic rabbit 

(72). The results showed that the human 15LO-1 transgenic rabbit fed a high 

cholesterol diet developed less atherosclerosis than wild type littermates, 

suggesting that 12/15LO expression was anti-atherosclerotic. Following this 

study, the 12/15LO knockout mouse model was created by Funk’s group (72) 

and a series of atherosclerosis studies were performed in different mouse 
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atherosclerosis susceptible backgrounds. Studies from this group reported that 

12/15LO promoted atherosclerosis by increasing in vivo oxidative status 

(52;68;69). Antioxidant supplementation of LDLrKO mice attenuated 

atherosclerosis to a similar level as 12/15LO-LDLr double knockout mouse (70). 

These studies suggested a relationship between atherosclerosis and the 

oxidative activity of 12/15LO. 12/15LO was also reported to increase endothelium 

expression of intercellular adhesion molecule 1 (ICAM-1), which in turn increased 

recruitment of macrophages to atherosclerotic lesions and exacerbated the 

development of atherosclerosis (56;67;73). These mouse model studies 

suggested that 12/15LO expression was pro-atherosclerotic. However, in a 

recent study, Merched et al. provided opposing evidence that 12/15LO 

expression protected mice from atherosclerosis development (71). They 

performed studies with 12/15LO deficient and human 15LO-1 transgenic mice. 

They also replaced apoE knockout mice with 12/15LO-apoE double knockout 

mouse bone marrow and studied the development of atherosclerosis. Results 

from all these mouse models came to the same conclusion that 12/15LO 

expression was anti-atherosclerotic. They proposed that the anti-inflammatory 

lipid mediators produced by 12/15LO, such as lipoxin A4, resolvins and 

protectins, protected the mice from atherosclerosis (32;71). 

12/15LO and diabetes: The expression of 12/15LO in pancreatic islets and 

insulin-releasing cell lines has made this enzyme a candidate for diabetes 

studies (55). 12-HETE, a 12/15LO product, induced apoptosis in pancreatic islet 

cell lines, suggesting that 12/15LO might be involved in type 1 diabetes (54;55). 
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In 2008, McDuffie et al. reported that 12/15LO deficient mice had improved 

glucose tolerance and reduced severity of insulitis in non-obese diabetes 

background (74). When challenged with glucose, the islet from 12/15LO deficient 

mice secreted more insulin and mice responded faster to the clearance of excess 

blood glucose than control mice (75). These studies showed that 12/15LO 

products were toxic to pancreatic β cells and could cause damage to pancreatic 

islets and induce type 1 diabetes. However, recent studies from the same group 

also showed that the inflammatory response caused by 12/15LO products could 

impair insulin signaling pathways and induce insulin resistance and type 2 

diabetes (53;75). When 12/15LO deficient mice were challenged with a western 

diet, fasting glucose and insulin levels were lower than wild type mice. Both 

glucose and insulin tolerance of 12/15LO knockout mice were improved 

compared to control mice. In addition, they showed decreased macrophage 

infiltration into adipose tissue in 12/15LO deficient mice (76). Based on these 

studies, 12/15LO and its enzymatic products may have dual effects on the 

development of diabetes. The toxic effect of 12-HETE can damage pancreatic 

islets and induce type 1 diabetes. At the same time, 12/15LO can impair the 

insulin signaling pathway and cause insulin resistance. 

Lipid and lipoprotein metabolism 

Lipid synthesis, secretion and hepatic steatosis: Lipid synthesis is a highly 

controlled process involving the catalytic activity of a series of enzymes. 

Cholesterol synthesis starts from the precursor, acetyl-CoA (77). Three acetyl-

CoA units are first catalyzed by thiolase and β-Hydroxy-β-methylglutaryl-CoA 
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(HMG-CoA) synthase to form HMG-CoA (78). The next step is the rate limiting 

step of the cholesterol synthesis process, in which HMG-CoA is catalyzed by 

HMG-CoA reductase to form mevalonate (79). Then mevalonate is converted 

and condensed to form the 30 carbon linear intermediate-squalene, which is 

finally converted to cholesterol. 

        The first and rate limiting step of fatty acid synthesis is the formation of 

malonyl-CoA from acetyl CoA catalyzed by acetyl CoA carboxylase (ACC) (80). 

The long chain fatty acids are then assembled in repeating reactions catalyzed 

by a multi-enzyme complex, fatty acid synthase (FAS) (81). This cytosolic 

process involves adding acetyl-CoA via malonyl-CoA to a growing carbon chain 

until palmitate (16:0) is formed. Palmitate is a fatty acid precursor of other long 

chain fatty acids and unsaturated fatty acids that are formed by enzymes, such 

as very long chain fatty acid elongases (ELOVLs) and stearoyl-CoA desaturase 

(SCD), located in the smooth endoplasmic reticulum or mitochondria (82-85). 

The synthesized fatty acids can be assembled into triglycerides by enzymes such 

as acyl-CoA diacylglycerol acyltransferase (DGAT) (86;87). Cholesterol and TG 

in the liver are assembled with apolipoprotein B to form very low density 

lipoproteins (VLDL), which are secreted into the blood stream to deliver 

cholesterol and TG to extrahepatic tissues for utilization or storage. When fatty 

acid and TG synthetic rates exceed the hepatic lipid removal rate (secretion and 

oxidation), TG will accumulate in hepatocytes leading to hepatosteatosis (88). 

Plasma lipoprotein metabolism: ApoB-containing lipoproteins are major lipid 

carrying particles that transfer dietary and de novo synthesized lipids to 
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peripheral tissues for storage and utilization. Chylomicron and VLDL are TG 

enriched apoB lipoproteins secreted by the intestine and liver, respectively. In the 

blood stream, TG in these particles is hydrolyzed by lipoprotein lipase (LPL) and 

hepatic lipase (HL) to release fatty acids for energy utilization by muscle or 

storage by adipose tissue (89). During TG lipolysis, chylomicron and VLDL 

particles become smaller remnant particles or intermediate density lipoproteins 

(IDL), on which the LDL receptor binding domain of apoB and apoE are exposed 

(90;91).  These particles are taken up rapidly by different lipoprotein receptors 

such as LDL receptor, apoE receptor and LRP (92). Some of the IDLs with little 

or no apoE, which has high affinity to LDL receptor, are further hydrolyzed to 

form LDL. LDL particles are removed from the circulation by the LDL receptor 

primarily in the liver (~75% of plasma LDL) as well as in peripheral tissues. LDL 

can also be oxidized by some enzymes such as NADPH oxidase, cytochrome 

P450 and lipoxygenase (93). Scavenger receptors such as SR-A and CD36 on 

monocytes and macrophages have high affinity for binding and uptake of 

oxidized LDL (94). There is another lipoprotein particle in the circulation, high 

density lipoprotein (HDL), which plays important roles in transferring excess 

cholesterol from the peripheral tissue back to liver for excretion. Unlike apoB 

containing lipoproteins, the primary apolipoprotein on HDL is apoA-1, which is 

synthesized and secreted from liver and intestine (95;96). The lipid-free apoA-1 

is quickly loaded with phospholipid and free cholesterol via ATP binding cassette 

transporter A1 (ABCA1) to generate pre-β HDL (97). Excess cellular cholesterol 

is transferred to pre-β HDL by ATP binding cassette transporter G1 (ABCG1) and 
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converted to cholesterol ester by lecithin: cholesterol acyltransferase (LCAT) (98). 

The cholesterol ester in mature HDL is removed from the circulation via SR-BI in 

the liver for excretion (99-101). 

Pathological process of atherosclerosis: Atherosclerosis is the most common 

cause of disability and death in westernized societies. The development of 

atherosclerosis is a complex process with many risk factors, such as 

hypercholesterolemia, inflammation, hypertension and diabetes. Among these 

risk factors, elevated blood cholesterol and cholesterol loaded artery wall 

macrophages are the most significant driving forces for the development of 

atherosclerosis (102;103). An early step in atherosclerosis development is the 

formation of fatty streaks in arteries. When LDL in the blood stream enters the 

subendothelial space of arteries, the lipids in LDL can be modified by different 

oxidative enzymes to form oxidized LDL with pro-inflammatory and pro-

atherogenic properties (102). Oxidized LDL has a high affinity for binding to 

macrophage scavenger receptors (104), leading to unregulated oxidized LDL 

particle uptake and cholesterol accumulation in the macrophages, ultimately 

resulting in foam cell formation. During this process, adhesion molecules on 

endothelial cells, such as vascular cell adhesion molecule 1 (VCAM-1) are 

induced to facilitate the infiltration of monocytes from the blood stream to the 

artery wall to differentiate into macrophages (105), resulting in increased foam 

cell formation. With the accumulation of cholesterol loaded foam cells in the 

vascular intima, the fatty streak of the first stage of atherosclerosis is formed. In 

response to the inflammation generated during the fatty streak formation, smooth 
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muscle cells may migrate into the intima, proliferate and release extracellular 

matrix proteins to form a fibrous cap that covers the foam cells under the fatty 

streak (106). The cell-cell interaction and inflammatory environment in the 

atherosclerotic plaque will induce foam cell apoptosis/necrosis (106;107), which 

releases cholesterol into the extracellular space to form the necrotic core. 

Regulation of lipid metabolism  

Liver X receptor (LXR) and lipid metabolism: The LXR nuclear receptor family 

includes LXRα, which is highly expressed in the liver, and LXRβ, which is 

ubiquitously expressed (108). LXRs are important regulators of cholesterol 

homeostasis that are activated in association with elevated intracellular 

cholesterol level, activating a series of genes involved in cholesterol efflux to 

protect cells from damage due to excess cholesterol accumulation (109). 

Oxysterols are endogenous ligands for LXR (110). In mice, the activation of 

LXRs induces the expression of Cyp7a1, a rate limiting enzyme for bile acid 

synthesis, which increases bile acid synthesis and hepatic cholesterol secretion 

into bile (111). Another set of target genes for LXRs are ATP binding cassette 

transporters (ABC), such as ABCA1, ABCG1, ABCG5 and ABCG8. ABCG5 and 

ABCG8 form a heterodimer complex in hepatocytes to mediate cholesterol efflux 

from liver into bile and in intestinal enterocytes to limit cholesterol and plant sterol 

absorption from the intestinal lumen (112). As mentioned previously, ABCA1 and 

ABCG1 are important transporters for cellular cholesterol efflux to HDL for 

reverse cholesterol transport. In addition to their role in regulating cholesterol 

metabolism, LXRs also activate hepatic lipogenesis. An array of fatty acid 
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synthetic genes are targets for LXRs, including sterol response element binding 

protein 1c (SREBP-1c), ACC, FAS and SCD-1 (113;114). The increased fatty 

acid provides substrate for cholesterol ester formation, which also protects cells 

from the damage by excess free cholesterol. 

Peroxisome proliferator-activated receptors (PPAR) and lipid metabolism: 

The PPAR family contains three subtypes: PPARα, PPARγ and PPARδ, which 

are believed to play important roles in different aspects of energy homeostasis. 

PPARα potentiates fatty acid β oxidation, especially in liver. In PPARα-/- mice, 

large amounts of lipid accumulated in liver and plasma, which indicated a role of 

PPARα in regulation of fatty acid uptake and utilization by liver (115;116). PPARγ 

is highly expressed in macrophages and adipocytes, where it can regulate 

adipocyte differentiation, LDL uptake, and lipid storage. In adipose tissue, PPARγ 

activation can upregulate genes, such as fatty acid transport protein (FATP) and 

CD36, that are involved in fatty acid uptake and TG synthesis and storage (117). 

In macrophages, the upregulation of CD36 will increase oxidized LDL uptake by 

macrophages and facilitate the formation of foam cells (34;35). A synthetic ligand 

for PPARγ is also used for treatment of type 2 diabetes. The regulatory role of 

PPARδ on lipid metabolism still needs to be defined. The abundant expression of 

PPARδ in muscle suggests that it might regulate fatty acid utilization (118). 

SREBPs and liver lipid synthesis: SREBPs belong to a helix-loop-helix-leucine 

zipper transcription factor family, which are activated by proteolytic processing 

(119) to upregulate cholesterol and fatty acid synthetic gene expression. There 

are three SREBP isoforms encoded by the mammalian genome: SREBP-1a, 
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SREBP-1c and SREBP-2. SREBP-1a, which is predominantly found in cultured 

cells, is a potent activator of all SREBP responsive genes (120;121), whereas 

SREBP-1c and SREBP-2 are predominantly found in intact tissues such as liver 

(122). SREBP-1c is responsible for the regulation of fatty acid synthetic genes 

(119). SREBP-1c transgenic mice express high levels of fatty acid synthetic 

genes and develop severe fatty liver, while SREBP-1c-/- mice exhibit decreased 

fatty acid synthesis and lower plasma TG concentration and liver TG content 

(12;123). SREBP-2 preferentially activates genes responsible for cholesterol 

metabolism. In SREBP-2 overexpressing mouse liver, expression of HMG-CoA 

reductase, the rate limiting enzyme in cholesterol biosynthesis, increased 

dramatically (124). 

Inflammation, diabetes and lipid metabolism disorders: Studies have 

provided evidence that the inflammatory response is involved in the development 

of metabolic disorders such as obesity, type 2 diabetes and dislipidemia. Anti-

inflammatory reagents such as sodium salicylate and aspirins improve insulin 

resistance in type 2 diabetes patients (125;126). Recent studies showed that 

inflammatory cytokines such as TNFα and IL-6 can activate the c-Jun N-terminal 

kinase (JNK) pathway, which induces insulin resistance through phosphorylation 

of serine residues on insulin receptor substrate-1 (IRS-1) (127). There is also 

evidence that inflammatory cytokines regulate hepatic lipid synthesis and 

secretion. Acute administration of TNFα and IL-6 increases 3H-H2O incorporation 

into fatty acid in rat liver (128;129). These cytokines are also reported to increase 

liver TG secretion (130). But it is not clear yet whether the inflammatory cytokines 
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regulate liver lipogenesis directly or indirectly by regulating the insulin signaling 

pathway.  

        Obesity, type 2 diabetes, non-alcoholic hepatic steatosis and dyslipidemia 

are risk factors that cluster together. Insulin, an important regulator of blood 

glucose, increases glucose uptake by muscle and adipose tissue, increases 

glycogen synthesis by liver, and inhibits liver glycogenolysis and 

gluconeogenesis (131-134). In addition, insulin promotes hepatic lipid synthesis 

(131). In the fed state, elevated insulin will stimulate SREBP-1c activity and direct 

the liver to utilize the excess glucose for lipogenesis. With insulin resistance, 

insulin loses its ability to control blood glucose level through these pathways. 

However, lipogenesis is still active in type 2 diabetes patients and animal models 

of insulin resistance, which induces hepatic steatosis (135). 
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Statement of research intent 

        12/15LO belongs to the non-heme iron-containing lipoxygenase family and 

exhibits a high level of expression in macrophages compared to other cell types. 

This enzyme interacts with PUFAs to form biologically active lipid mediators. 

Both PUFAs and lipid mediators are potential ligands for a series of regulatory 

receptors that control lipid metabolism, insulin signaling, and inflammatory 

pathways. With the development of transgenic techniques, roles of 12/15LO and 

its products on physiological and pathological processes have been studied. 

However, there is still disagreement about the pathophysiological role of this 

enzyme. First, the role of 12/15LO expression on development of atherosclerosis 

has been debated for the past fifteen years. Results from different laboratories 

are not consistent regarding whether 12/15LO expression is pro-atherogenic or 

anti-atherogenic. Second, even though products of 12/15LO are potential ligands 

for lipid metabolism regulatory proteins, the role of 12/15LO on lipid metabolism 

still needs to be carefully studied. Finally, there is evidence that 12/15LO 

expression may alter glucose metabolism, but it is not clear whether the diabetes 

mellitus induced by 12/15LO expression is caused by damage to pancreatic β 

cells (type 1 diabetes) or results from inhibiting insulin signaling (type 2 diabetes). 

In this thesis, 12/15LO deficient mice were crossed into the LDL receptor 

knockout mouse (12/15LO-LDLrKO) background to address several questions. 

First, lipid metabolism and atherosclerosis was studied in these mice fed an 

atherogenic diet enriched in the PUFAs that are substrates of 12/15LO that drive 

production of bioactive lipid mediators. Second, we studied possible mechanisms 
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by which 12/15LO expression in macrophages regulates hepatic lipid metabolism. 

Finally, we explored the metabolic phenotype of PUFA-fed 12/15LO deficient 

mice to provide insight into how 12/15LO expression affects glucose metabolism. 

Results from these studies will increase our understanding of the mechanisms by 

which 12/15LO expression regulates lipid and glucose metabolism and the 

development of atherosclerosis. 



 20

REFERENCE LIST 
 
 1.  Kummerow,F.A. 1983. Modification of cell membrane composition by 

dietary lipids and its implications for atherosclerosis. Ann. N. Y. Acad. Sci. 
414:29-43. 

 2.  Ganong,B.R. 1991. Roles of lipid turnover in transmembrane signal 
transduction. Am. J. Med. Sci. 302:304-312. 

 3.  Price,P.T., Nelson,C.M., and Clarke,S.D. 2000. Omega-3 polyunsaturated 
fatty acid regulation of gene expression. Curr. Opin. Lipidol. 11:3-7. 

 4.  Sessler,A.M., and Ntambi,J.M. 1998. Polyunsaturated fatty acid regulation 
of gene expression. J. Nutr. 128:923-926. 

 5.  ALLMANN,D.W., and GIBSON,D.M. 1965. FATTY ACID SYNTHESIS 
DURING EARLY LINOLEIC ACID DEFICIENCY IN THE MOUSE. J. Lipid 
Res. 6:51-62. 

 6.  Hannah,V.C., Ou,J., Luong,A., Goldstein,J.L., and Brown,M.S. 2001. 
Unsaturated fatty acids down-regulate srebp isoforms 1a and 1c by two 
mechanisms in HEK-293 cells. J. Biol. Chem. 276:4365-4372. 

 7.  Ou,J., Tu,H., Shan,B., Luk,A., DeBose-Boyd,R.A., Bashmakov,Y., 
Goldstein,J.L., and Brown,M.S. 2001. Unsaturated fatty acids inhibit 
transcription of the sterol regulatory element-binding protein-1c (SREBP-
1c) gene by antagonizing ligand-dependent activation of the LXR. Proc. 
Natl. Acad. Sci. U. S. A 98:6027-6032. 

 8.  Lopez,J.M., Bennett,M.K., Sanchez,H.B., Rosenfeld,J.M., and 
Osborne,T.F. 1996. Sterol regulation of acetyl coenzyme A carboxylase: a 
mechanism for coordinate control of cellular lipid. Proc. Natl. Acad. Sci. U. 
S. A 93:1049-1053. 

 9.  DeBose-Boyd,R.A., Ou,J., Goldstein,J.L., and Brown,M.S. 2001. 
Expression of sterol regulatory element-binding protein 1c (SREBP-1c) 
mRNA in rat hepatoma cells requires endogenous LXR ligands. Proc. Natl. 
Acad. Sci. U. S. A 98:1477-1482. 

 10.  Repa,J.J. 2000. Regulation of mouse sterol regulatory element-binding 
protein-1c gene (SREBP-1c) by oxysterol receptors, LXRalpha and 
LXRbeta. 

 11.  Schultz,J.R., Tu,H., Luk,A., Repa,J.J., Medina,J.C., Li,L., Schwendner,S., 
Wang,S., Thoolen,M., Mangelsdorf,D.J. et al 2000. Role of LXRs in control 
of lipogenesis. Genes Dev. 14:2831-2838. 



 21

 12.  Shimano,H., Horton,J.D., Shimomura,I., Hammer,R.E., Brown,M.S., and 
Goldstein,J.L. 1997. Isoform 1c of sterol regulatory element binding 
protein is less active than isoform 1a in livers of transgenic mice and in 
cultured cells. J. Clin. Invest 99:846-854. 

 13.  Walstra,P., Verhagen,J., Vermeer,M.A., Veldink,G.A., and Vliegenthart,J.F. 
1987. Demonstration of a 12-lipoxygenase activity in bovine 
polymorphonuclear leukocytes. Biochim. Biophys. Acta 921:312-319. 

 14.  Kuhn,H., Wiesner,R., Alder,L., Fitzsimmons,B.J., Rokach,J., and 
Brash,A.R. 1987. Formation of lipoxin B by the pure reticulocyte 
lipoxygenase via sequential oxygenation of the substrate. Eur. J. Biochem. 
169:593-601. 

 15.  Serhan,C.N., Hong,S., Gronert,K., Colgan,S.P., Devchand,P.R., Mirick,G., 
and Moussignac,R.L. 2002. Resolvins: a family of bioactive products of 
omega-3 fatty acid transformation circuits initiated by aspirin treatment 
that counter proinflammation signals. J. Exp. Med. 196:1025-1037. 

 16.  Clark,J.D., Lin,L.L., Kriz,R.W., Ramesha,C.S., Sultzman,L.A., Lin,A.Y., 
Milona,N., and Knopf,J.L. 1991. A novel arachidonic acid-selective 
cytosolic PLA2 contains a Ca(2+)-dependent translocation domain with 
homology to PKC and GAP. Cell 65:1043-1051. 

 17.  Jakobsson,P.J., Thoren,S., Morgenstern,R., and Samuelsson,B. 1999. 
Identification of human prostaglandin E synthase: a microsomal, 
glutathione-dependent, inducible enzyme, constituting a potential novel 
drug target. Proc. Natl. Acad. Sci. U. S. A 96:7220-7225. 

 18.  Dixon,R.A., Diehl,R.E., Opas,E., Rands,E., Vickers,P.J., Evans,J.F., 
Gillard,J.W., and Miller,D.K. 1990. Requirement of a 5-lipoxygenase-
activating protein for leukotriene synthesis. Nature 343:282-284. 

 19.  Radmark,O., Shimizu,T., Jornvall,H., and Samuelsson,B. 1984. 
Leukotriene A4 hydrolase in human leukocytes. Purification and properties. 
J. Biol. Chem. 259:12339-12345. 

 20.  Williams,T.J., and Peck,M.J. 1977. Role of prostaglandin-mediated 
vasodilatation in inflammation. Nature 270:530-532. 

 21.  Serhan,C.N., and Savill,J. 2005. Resolution of inflammation: the beginning 
programs the end. Nat. Immunol. 6:1191-1197. 

 22.  Brach,M.A., de,V.S., Arnold,C., Gruss,H.J., Mertelsmann,R., and 
Herrmann,F. 1992. Leukotriene B4 transcriptionally activates interleukin-6 
expression involving NK-chi B and NF-IL6. Eur. J. Immunol. 22:2705-2711. 



 22

 23.  Johnson,H.M., Russell,J.K., and Torres,B.A. 1986. Second messenger 
role of arachidonic acid and its metabolites in interferon-gamma 
production. J. Immunol. 137:3053-3056. 

 24.  Rola-Pleszczynski,M., and Stankova,J. 1992. Leukotriene B4 enhances 
interleukin-6 (IL-6) production and IL-6 messenger RNA accumulation in 
human monocytes in vitro: transcriptional and posttranscriptional 
mechanisms. Blood 80:1004-1011. 

 25.  Levy,B.D., Clish,C.B., Schmidt,B., Gronert,K., and Serhan,C.N. 2001. 
Lipid mediator class switching during acute inflammation: signals in 
resolution. Nat. Immunol. 2:612-619. 

 26.  Serhan,C.N., Clish,C.B., Brannon,J., Colgan,S.P., Chiang,N., and 
Gronert,K. 2000. Novel functional sets of lipid-derived mediators with 
antiinflammatory actions generated from omega-3 fatty acids via 
cyclooxygenase 2-nonsteroidal antiinflammatory drugs and transcellular 
processing. J. Exp. Med. 192:1197-1204. 

 27.  Maddox,J.F., and Serhan,C.N. 1996. Lipoxin A4 and B4 are potent stimuli 
for human monocyte migration and adhesion: selective inactivation by 
dehydrogenation and reduction. J. Exp. Med. 183:137-146. 

 28.  Serhan,C.N., Maddox,J.F., Petasis,N.A., Akritopoulou-Zanze,I., 
Papayianni,A., Brady,H.R., Colgan,S.P., and Madara,J.L. 1995. Design of 
lipoxin A4 stable analogs that block transmigration and adhesion of human 
neutrophils. Biochemistry 34:14609-14615. 

 29.  Godson,C., Mitchell,S., Harvey,K., Petasis,N.A., Hogg,N., and Brady,H.R. 
2000. Cutting edge: lipoxins rapidly stimulate nonphlogistic phagocytosis 
of apoptotic neutrophils by monocyte-derived macrophages. J. Immunol. 
164:1663-1667. 

 30.  Bannenberg,G.L., Chiang,N., Ariel,A., Arita,M., Tjonahen,E., 
Gotlinger,K.H., Hong,S., and Serhan,C.N. 2005. Molecular circuits of 
resolution: formation and actions of resolvins and protectins. J. Immunol. 
174:4345-4355. 

 31.  Lucas,M., Stuart,L.M., Savill,J., and Lacy-Hulbert,A. 2003. Apoptotic cells 
and innate immune stimuli combine to regulate macrophage cytokine 
secretion. J. Immunol. 171:2610-2615. 

 32.  Hong,S., Gronert,K., Devchand,P.R., Moussignac,R.L., and Serhan,C.N. 
2003. Novel docosatrienes and 17S-resolvins generated from 
docosahexaenoic acid in murine brain, human blood, and glial cells. 
Autacoids in anti-inflammation. J. Biol. Chem. 278:14677-14687. 



 23

 33.  Kersten,S., Seydoux,J., Peters,J.M., Gonzalez,F.J., Desvergne,B., and 
Wahli,W. 1999. Peroxisome proliferator-activated receptor alpha mediates 
the adaptive response to fasting. J. Clin. Invest 103:1489-1498. 

 34.  Nagy,L., Tontonoz,P., Alvarez,J.G., Chen,H., and Evans,R.M. 1998. 
Oxidized LDL regulates macrophage gene expression through ligand 
activation of PPARgamma. Cell 93:229-240. 

 35.  Tontonoz,P., Nagy,L., Alvarez,J.G., Thomazy,V.A., and Evans,R.M. 1998. 
PPARgamma promotes monocyte/macrophage differentiation and uptake 
of oxidized LDL. Cell 93:241-252. 

 36.  Chawla,A., and Lazar,M.A. 1994. Peroxisome proliferator and retinoid 
signaling pathways co-regulate preadipocyte phenotype and survival. Proc. 
Natl. Acad. Sci. U. S. A 91:1786-1790. 

 37.  Staels,B., Dallongeville,J., Auwerx,J., Schoonjans,K., Leitersdorf,E., and 
Fruchart,J.C. 1998. Mechanism of action of fibrates on lipid and lipoprotein 
metabolism. Circulation 98:2088-2093. 

 38.  Devchand,P.R., Keller,H., Peters,J.M., Vazquez,M., Gonzalez,F.J., and 
Wahli,W. 1996. The PPARalpha-leukotriene B4 pathway to inflammation 
control. Nature 384:39-43. 

 39.  Kubota,N., Terauchi,Y., Miki,H., Tamemoto,H., Yamauchi,T., Komeda,K., 
Satoh,S., Nakano,R., Ishii,C., Sugiyama,T. et al 1999. PPAR gamma 
mediates high-fat diet-induced adipocyte hypertrophy and insulin 
resistance. Mol. Cell 4:597-609. 

 40.  Rosen,E.D., Sarraf,P., Troy,A.E., Bradwin,G., Moore,K., Milstone,D.S., 
Spiegelman,B.M., and Mortensen,R.M. 1999. PPAR gamma is required 
for the differentiation of adipose tissue in vivo and in vitro. Mol. Cell 4:611-
617. 

 41.  Yu,K., Bayona,W., Kallen,C.B., Harding,H.P., Ravera,C.P., McMahon,G., 
Brown,M., and Lazar,M.A. 1995. Differential activation of peroxisome 
proliferator-activated receptors by eicosanoids. J. Biol. Chem. 270:23975-
23983. 

 42.  Forman,B.M., Tontonoz,P., Chen,J., Brun,R.P., Spiegelman,B.M., and 
Evans,R.M. 1995. 15-Deoxy-delta 12, 14-prostaglandin J2 is a ligand for 
the adipocyte determination factor PPAR gamma. Cell 83:803-812. 

 43.  Kliewer,S.A., Lenhard,J.M., Willson,T.M., Patel,I., Morris,D.C., and 
Lehmann,J.M. 1995. A prostaglandin J2 metabolite binds peroxisome 
proliferator-activated receptor gamma and promotes adipocyte 
differentiation. Cell 83:813-819. 



 24

 44.  Huang,J.T., Welch,J.S., Ricote,M., Binder,C.J., Willson,T.M., Kelly,C., 
Witztum,J.L., Funk,C.D., Conrad,D., and Glass,C.K. 1999. Interleukin-4-
dependent production of PPAR-gamma ligands in macrophages by 12/15-
lipoxygenase. Nature 400:378-382. 

 45.  Hamberg,M., and Samuelsson,B. 1974. Prostaglandin endoperoxides. 
Novel transformations of arachidonic acid in human platelets. Proc. Natl. 
Acad. Sci. U. S. A 71:3400-3404. 

 46.  Kuhn,H., and Thiele,B.J. 1999. The diversity of the lipoxygenase family. 
Many sequence data but little information on biological significance. FEBS 
Lett. 449:7-11. 

 47.  Borngraber,S., Kuban,R.J., Anton,M., and Kuhn,H. 1996. Phenylalanine 
353 is a primary determinant for the positional specificity of mammalian 
15-lipoxygenases. J. Mol. Biol. 264:1145-1153. 

 48.  Yamamoto,S., Suzuki,H., and Ueda,N. 1997. Arachidonate 12-
lipoxygenases. Prog. Lipid Res. 36:23-41. 

 49.  Yokoyama,C., Shinjo,F., Yoshimoto,T., Yamamoto,S., Oates,J.A., and 
Brash,A.R. 1986. Arachidonate 12-lipoxygenase purified from porcine 
leukocytes by immunoaffinity chromatography and its reactivity with 
hydroperoxyeicosatetraenoic acids. J. Biol. Chem. 261:16714-16721. 

 50.  Sun,D., and Funk,C.D. 1996. Disruption of 12/15-lipoxygenase expression 
in peritoneal macrophages. Enhanced utilization of the 5-lipoxygenase 
pathway and diminished oxidation of low density lipoprotein. J. Biol. Chem. 
271:24055-24062. 

 51.  Poeckel,D., Zemski Berry,K.A., Murphy,R.C., and Funk,C.D. 2009. Dual 
12/15- and 5-lipoxygenase deficiency in macrophages alters arachidonic 
acid metabolism and attenuates peritonitis and atherosclerosis in ApoE 
knock-out mice. J. Biol. Chem. 284:21077-21089. 

 52.  Huo,Y., Zhao,L., Hyman,M.C., Shashkin,P., Harry,B.L., Burcin,T., 
Forlow,S.B., Stark,M.A., Smith,D.F., Clarke,S. et al 2004. Critical role of 
macrophage 12/15-lipoxygenase for atherosclerosis in apolipoprotein E-
deficient mice. Circulation 110:2024-2031. 

 53.  Chakrabarti,S.K., Cole,B.K., Wen,Y., Keller,S.R., and Nadler,J.L. 2009. 
12/15-lipoxygenase products induce inflammation and impair insulin 
signaling in 3T3-L1 adipocytes. Obesity. (Silver. Spring) 17:1657-1663. 

 54.  Bleich,D., Chen,S., Gu,J.L., Thomas,L., Scott,S., Gonzales,N., 
Natarajan,R., and Nadler,J.L. 1995. Interleukin-1 beta regulates the 
expression of a leukocyte type of 12-lipoxygenase in rat islets and RIN 
m5F cells. Endocrinology 136:5736-5744. 



 25

 55.  Chen,M., Yang,Z.D., Smith,K.M., Carter,J.D., and Nadler,J.L. 2005. 
Activation of 12-lipoxygenase in proinflammatory cytokine-mediated beta 
cell toxicity. Diabetologia 48:486-495. 

 56.  Reilly,K.B., Srinivasan,S., Hatley,M.E., Patricia,M.K., Lannigan,J., 
Bolick,D.T., Vandenhoff,G., Pei,H., Natarajan,R., Nadler,J.L. et al 2004. 
12/15-Lipoxygenase activity mediates inflammatory monocyte/endothelial 
interactions and atherosclerosis in vivo. J. Biol. Chem. 279:9440-9450. 

 57.  Kuhn,H., Walther,M., and Kuban,R.J. 2002. Mammalian arachidonate 15-
lipoxygenases structure, function, and biological implications. 
Prostaglandins Other Lipid Mediat. 68-69:263-290. 

 58.  Zhu,H., Takahashi,Y., Xu,W., Kawajiri,H., Murakami,T., Yamamoto,M., 
Iseki,S., Iwasaki,T., Hattori,H., and Yoshimoto,T. 2003. Low density 
lipoprotein receptor-related protein-mediated membrane translocation of 
12/15-lipoxygenase is required for oxidation of low density lipoprotein by 
macrophages. J. Biol. Chem. 278:13350-13355. 

 59.  Takahashi,Y., Zhu,H., Xu,W., Murakami,T., Iwasaki,T., Hattori,H., and 
Yoshimoto,T. 2005. Selective uptake and efflux of cholesteryl linoleate in 
LDL by macrophages expressing 12/15-lipoxygenase. Biochem. Biophys. 
Res. Commun. 338:128-135. 

 60.  Yoshimoto,T., and Yamamoto,S. 1995. Arachidonate 12-lipoxygenase. J. 
Lipid Mediat. Cell Signal. 12:195-212. 

 61.  Sloane,D.L., Leung,R., Craik,C.S., and Sigal,E. 1991. A primary 
determinant for lipoxygenase positional specificity. Nature 354:149-152. 

 62.  Bryant,R.W., Schewe,T., Rapoport,S.M., and Bailey,J.M. 1985. 
Leukotriene formation by a purified reticulocyte lipoxygenase enzyme. 
Conversion of arachidonic acid and 15-hydroperoxyeicosatetraenoic acid 
to 14, 15-leukotriene A4. J. Biol. Chem. 260:3548-3555. 

 63.  Rapoport,S.M., Schewe,T., Wiesner,R., Halangk,W., Ludwig,P., Janicke-
Hohne,M., Tannert,C., Hiebsch,C., and Klatt,D. 1979. The lipoxygenase of 
reticulocytes. Purification, characterization and biological dynamics of the 
lipoxygenase; its identity with the respiratory inhibitors of the reticulocyte. 
Eur. J. Biochem. 96:545-561. 

 64.  Henriksson,P., Hamberg,M., and Diczfalusy,U. 1985. Formation of 15-
HETE as a major hydroxyeicosatetraenoic acid in the atherosclerotic 
vessel wall. Biochim. Biophys. Acta 834:272-274. 

 65.  Simon,T.C., Makheja,A.N., and Bailey,J.M. 1989. The induced 
lipoxygenase in atherosclerotic aorta converts linoleic acid to the platelet 
chemorepellant factor 13-HODE. Thromb. Res. 55:171-178. 



 26

 66.  Yla-Herttuala,S., Rosenfeld,M.E., Parthasarathy,S., Sigal,E., Sarkioja,T., 
Witztum,J.L., and Steinberg,D. 1991. Gene expression in macrophage-
rich human atherosclerotic lesions. 15-lipoxygenase and acetyl low 
density lipoprotein receptor messenger RNA colocalize with oxidation 
specific lipid-protein adducts. J. Clin. Invest 87:1146-1152. 

 67.  Bolick,D.T., Srinivasan,S., Whetzel,A., Fuller,L.C., and Hedrick,C.C. 2006. 
12/15 lipoxygenase mediates monocyte adhesion to aortic endothelium in 
apolipoprotein E-deficient mice through activation of RhoA and NF-
kappaB. Arterioscler. Thromb. Vasc. Biol. 26:1260-1266. 

 68.  Cyrus,T., Witztum,J.L., Rader,D.J., Tangirala,R., Fazio,S., Linton,M.F., 
and Funk,C.D. 1999. Disruption of the 12/15-lipoxygenase gene 
diminishes atherosclerosis in apo E-deficient mice. J. Clin. Invest 
103:1597-1604. 

 69.  Cyrus,T., Pratico,D., Zhao,L., Witztum,J.L., Rader,D.J., Rokach,J., 
FitzGerald,G.A., and Funk,C.D. 2001. Absence of 12/15-lipoxygenase 
expression decreases lipid peroxidation and atherogenesis in 
apolipoprotein e-deficient mice. Circulation 103:2277-2282. 

 70.  Zhao,L., Pratico,D., Rader,D.J., and Funk,C.D. 2005. 12/15-Lipoxygenase 
gene disruption and vitamin E administration diminish atherosclerosis and 
oxidative stress in apolipoprotein E deficient mice through a final common 
pathway. Prostaglandins Other Lipid Mediat. 78:185-193. 

 71.  Merched,A.J., Ko,K., Gotlinger,K.H., Serhan,C.N., and Chan,L. 2008. 
Atherosclerosis: evidence for impairment of resolution of vascular 
inflammation governed by specific lipid mediators. FASEB J. 22:3595-
3606. 

 72.  Shen,J., Herderick,E., Cornhill,J.F., Zsigmond,E., Kim,H.S., Kuhn,H., 
Guevara,N.V., and Chan,L. 1996. Macrophage-mediated 15-lipoxygenase 
expression protects against atherosclerosis development. J. Clin. Invest 
98:2201-2208. 

 73.  Bolick,D.T., Orr,A.W., Whetzel,A., Srinivasan,S., Hatley,M.E., 
Schwartz,M.A., and Hedrick,C.C. 2005. 12/15-lipoxygenase regulates 
intercellular adhesion molecule-1 expression and monocyte adhesion to 
endothelium through activation of RhoA and nuclear factor-kappaB. 
Arterioscler. Thromb. Vasc. Biol. 25:2301-2307. 

 74.  McDuffie,M., Maybee,N.A., Keller,S.R., Stevens,B.K., Garmey,J.C., 
Morris,M.A., Kropf,E., Rival,C., Ma,K., Carter,J.D. et al 2008. Nonobese 
diabetic (NOD) mice congenic for a targeted deletion of 12/15-
lipoxygenase are protected from autoimmune diabetes. Diabetes 57:199-
208. 



 27

 75.  Sears,D.D., Miles,P.D., Chapman,J., Ofrecio,J.M., Almazan,F., Thapar,D., 
and Miller,Y.I. 2009. 12/15-lipoxygenase is required for the early onset of 
high fat diet-induced adipose tissue inflammation and insulin resistance in 
mice. PLoS. One. 4:e7250. 

 76.  Nunemaker,C.S., Chen,M., Pei,H., Kimble,S.D., Keller,S.R., Carter,J.D., 
Yang,Z., Smith,K.M., Wu,R., Bevard,M.H. et al 2008. 12-Lipoxygenase-
knockout mice are resistant to inflammatory effects of obesity induced by 
Western diet. Am. J. Physiol Endocrinol. Metab 295:E1065-E1075. 

 77.  Bloch,K. 1965. The biological synthesis of cholesterol. Science 150:19-28. 

 78.  RUDNEY,H. 1957. The biosynthesis of beta-hydroxy-beta-methylglutaric 
acid. J. Biol. Chem. 227:363-377. 

 79.  BRODIE,J.D., WASSON,G., and PORTER,J.W. 1963. The participation of 
malonyl coenzyme A in the biosynthesis of mevalonic acid. J. Biol. Chem. 
238:1294-1301. 

 80.  WAKIL,S.J., TITCHENER,E.B., and GIBSON,D.M. 1958. Evidence for the 
participation of biotin in the enzymic synthesis of fatty acids. Biochim. 
Biophys. Acta 29:225-226. 

 81.  WAKIL,S.J., Stoops,J.K., and Joshi,V.C. 1983. Fatty acid synthesis and its 
regulation. Annu. Rev. Biochem. 52:537-579. 

 82.  Leonard,A.E., Bobik,E.G., Dorado,J., Kroeger,P.E., Chuang,L.T., 
Thurmond,J.M., Parker-Barnes,J.M., Das,T., Huang,Y.S., and Mukerji,P. 
2000. Cloning of a human cDNA encoding a novel enzyme involved in the 
elongation of long-chain polyunsaturated fatty acids. Biochem. J. 350 Pt 
3:765-770. 

 83.  Moon,Y.A., Shah,N.A., Mohapatra,S., Warrington,J.A., and Horton,J.D. 
2001. Identification of a mammalian long chain fatty acyl elongase 
regulated by sterol regulatory element-binding proteins. J. Biol. Chem. 
276:45358-45366. 

 84.  Nugteren,D.H. 1965. The enzymic chain elongation of fatty acids by rat-
liver microsomes. Biochim. Biophys. Acta 106:280-290. 

 85.  Miyazaki,M., Bruggink,S.M., and Ntambi,J.M. 2006. Identification of 
mouse palmitoyl-coenzyme A Delta9-desaturase. J. Lipid Res. 47:700-704. 

 86.  Cases,S., Stone,S.J., Zhou,P., Yen,E., Tow,B., Lardizabal,K.D., 
Voelker,T., and Farese,R.V., Jr. 2001. Cloning of DGAT2, a second 
mammalian diacylglycerol acyltransferase, and related family members. J. 
Biol. Chem. 276:38870-38876. 



 28

 87.  Farese,R.V., Jr., Cases,S., and Smith,S.J. 2000. Triglyceride synthesis: 
insights from the cloning of diacylglycerol acyltransferase. Curr. Opin. 
Lipidol. 11:229-234. 

 88.  Choi,S.S., and Diehl,A.M. 2008. Hepatic triglyceride synthesis and 
nonalcoholic fatty liver disease. Curr. Opin. Lipidol. 19:295-300. 

 89.  McCoy,M.G., Sun,G.S., Marchadier,D., Maugeais,C., Glick,J.M., and 
Rader,D.J. 2002. Characterization of the lipolytic activity of endothelial 
lipase. J. Lipid Res. 43:921-929. 

 90.  Chan,L. 1992. Apolipoprotein B, the major protein component of 
triglyceride-rich and low density lipoproteins. J. Biol. Chem. 267:25621-
25624. 

 91.  Mahley,R.W., and Ji,Z.S. 1999. Remnant lipoprotein metabolism: key 
pathways involving cell-surface heparan sulfate proteoglycans and 
apolipoprotein E. J. Lipid Res. 40:1-16. 

 92.  Beisiegel,U., Weber,W., Ihrke,G., Herz,J., and Stanley,K.K. 1989. The 
LDL-receptor-related protein, LRP, is an apolipoprotein E-binding protein. 
Nature 341:162-164. 

 93.  Young,I.S., and McEneny,J. 2001. Lipoprotein oxidation and 
atherosclerosis. Biochem. Soc. Trans. 29:358-362. 

 94.  Podrez,E.A., Febbraio,M., Sheibani,N., Schmitt,D., Silverstein,R.L., 
Hajjar,D.P., Cohen,P.A., Frazier,W.A., Hoff,H.F., and Hazen,S.L. 2000. 
Macrophage scavenger receptor CD36 is the major receptor for LDL 
modified by monocyte-generated reactive nitrogen species. J. Clin. Invest 
105:1095-1108. 

 95.  Danielsen,E.M., Hansen,G.H., and Poulsen,M.D. 1993. Apical secretion of 
apolipoproteins from enterocytes. J. Cell Biol. 120:1347-1356. 

 96.  Dixon,J.L., and Ginsberg,H.N. 1992. Hepatic synthesis of lipoproteins and 
apolipoproteins. Semin. Liver Dis. 12:364-372. 

 97.  Lee,J.Y., and Parks,J.S. 2005. ATP-binding cassette transporter AI and its 
role in HDL formation. Curr. Opin. Lipidol. 16:19-25. 

 98.  Glomset,J.A., and Verdery,R.B. 1977. Role of LCAT in cholesterol 
metabolism. Expos. Annu. Biochim. Med. 33:137-142. 

 99.  Acton,S., Rigotti,A., Landschulz,K.T., Xu,S., Hobbs,H.H., and Krieger,M. 
1996. Identification of scavenger receptor SR-BI as a high density 
lipoprotein receptor. Science 271:518-520. 



 29

 100.  Fidge,N.H. 1999. High density lipoprotein receptors, binding proteins, and 
ligands. J. Lipid Res. 40:187-201. 

 101.  Xu,S., Laccotripe,M., Huang,X., Rigotti,A., Zannis,V.I., and Krieger,M. 
1997. Apolipoproteins of HDL can directly mediate binding to the 
scavenger receptor SR-BI, an HDL receptor that mediates selective lipid 
uptake. J. Lipid Res. 38:1289-1298. 

 102.  Glass,C.K., and Witztum,J.L. 2001. Atherosclerosis. the road ahead. Cell 
104:503-516. 

 103.  Smith,J.D., Trogan,E., Ginsberg,M., Grigaux,C., Tian,J., and Miyata,M. 
1995. Decreased atherosclerosis in mice deficient in both macrophage 
colony-stimulating factor (op) and apolipoprotein E. Proc. Natl. Acad. Sci. 
U. S. A 92:8264-8268. 

 104.  Yamada,Y., Doi,T., Hamakubo,T., and Kodama,T. 1998. Scavenger 
receptor family proteins: roles for atherosclerosis, host defence and 
disorders of the central nervous system. Cell Mol. Life Sci. 54:628-640. 

 105.  Cybulsky,M.I., and Gimbrone,M.A., Jr. 1991. Endothelial expression of a 
mononuclear leukocyte adhesion molecule during atherogenesis. Science 
251:788-791. 

 106.  Ross,R. 1999. Atherosclerosis--an inflammatory disease. N. Engl. J. Med. 
340:115-126. 

 107.  Bennett,M.R. 1999. Apoptosis of vascular smooth muscle cells in vascular 
remodelling and atherosclerotic plaque rupture. Cardiovasc. Res. 41:361-
368. 

 108.  Repa,J.J., and Mangelsdorf,D.J. 2000. The role of orphan nuclear 
receptors in the regulation of cholesterol homeostasis. Annu. Rev. Cell 
Dev. Biol. 16:459-481. 

 109.  Zelcer,N., and Tontonoz,P. 2006. Liver X receptors as integrators of 
metabolic and inflammatory signaling. J. Clin. Invest 116:607-614. 

 110.  Janowski,B.A., Willy,P.J., Devi,T.R., Falck,J.R., and Mangelsdorf,D.J. 
1996. An oxysterol signalling pathway mediated by the nuclear receptor 
LXR alpha. Nature 383:728-731. 

 111.  Chiang,J.Y., Kimmel,R., and Stroup,D. 2001. Regulation of cholesterol 
7alpha-hydroxylase gene (CYP7A1) transcription by the liver orphan 
receptor (LXRalpha). Gene 262:257-265. 

 112.  Yu,L., Hammer,R.E., Li-Hawkins,J., Von,B.K., Lutjohann,D., Cohen,J.C., 
and Hobbs,H.H. 2002. Disruption of Abcg5 and Abcg8 in mice reveals 



 30

their crucial role in biliary cholesterol secretion. Proc. Natl. Acad. Sci. U. S. 
A 99:16237-16242. 

 113.  Joseph,S.B., Laffitte,B.A., Patel,P.H., Watson,M.A., Matsukuma,K.E., 
Walczak,R., Collins,J.L., Osborne,T.F., and Tontonoz,P. 2002. Direct and 
indirect mechanisms for regulation of fatty acid synthase gene expression 
by liver X receptors. J. Biol. Chem. 277:11019-11025. 

 114.  Repa,J.J., Liang,G., Ou,J., Bashmakov,Y., Lobaccaro,J.M., Shimomura,I., 
Shan,B., Brown,M.S., Goldstein,J.L., and Mangelsdorf,D.J. 2000. 
Regulation of mouse sterol regulatory element-binding protein-1c gene 
(SREBP-1c) by oxysterol receptors, LXRalpha and LXRbeta. Genes Dev. 
14:2819-2830. 

 115.  Kersten,S., Seydoux,J., Peters,J.M., Gonzalez,F.J., Desvergne,B., and 
Wahli,W. 1999. Peroxisome proliferator-activated receptor alpha mediates 
the adaptive response to fasting. J. Clin. Invest 103:1489-1498. 

 116.  Leone,T.C., Weinheimer,C.J., and Kelly,D.P. 1999. A critical role for the 
peroxisome proliferator-activated receptor alpha (PPARalpha) in the 
cellular fasting response: the PPARalpha-null mouse as a model of fatty 
acid oxidation disorders. Proc. Natl. Acad. Sci. U. S. A 96:7473-7478. 

 117.  Sfeir,Z., Ibrahimi,A., Amri,E., Grimaldi,P., and Abumrad,N. 1997. 
Regulation of FAT/CD36 gene expression: further evidence in support of a 
role of the protein in fatty acid binding/transport. Prostaglandins Leukot. 
Essent. Fatty Acids 57:17-21. 

 118.  Muoio,D.M., MacLean,P.S., Lang,D.B., Li,S., Houmard,J.A., Way,J.M., 
Winegar,D.A., Corton,J.C., Dohm,G.L., and Kraus,W.E. 2002. Fatty acid 
homeostasis and induction of lipid regulatory genes in skeletal muscles of 
peroxisome proliferator-activated receptor (PPAR) alpha knock-out mice. 
Evidence for compensatory regulation by PPAR delta. J. Biol. Chem. 
277:26089-26097. 

 119.  Brown,M.S., and Goldstein,J.L. 1997. The SREBP pathway: regulation of 
cholesterol metabolism by proteolysis of a membrane-bound transcription 
factor. Cell 89:331-340. 

 120.  Shimano,H., Horton,J.D., Shimomura,I., Hammer,R.E., Brown,M.S., and 
Goldstein,J.L. 1997. Isoform 1c of sterol regulatory element binding 
protein is less active than isoform 1a in livers of transgenic mice and in 
cultured cells. J. Clin. Invest 99:846-854. 

 121.  Shimomura,I., Shimano,H., Horton,J.D., Goldstein,J.L., and Brown,M.S. 
1997. Differential expression of exons 1a and 1c in mRNAs for sterol 
regulatory element binding protein-1 in human and mouse organs and 
cultured cells. J. Clin. Invest 99:838-845. 



 31

 122.  Shimomura,I., Shimano,H., Horton,J.D., Goldstein,J.L., and Brown,M.S. 
1997. Differential expression of exons 1a and 1c in mRNAs for sterol 
regulatory element binding protein-1 in human and mouse organs and 
cultured cells. J. Clin. Invest 99:838-845. 

 123.  Shimano,H., Shimomura,I., Hammer,R.E., Herz,J., Goldstein,J.L., 
Brown,M.S., and Horton,J.D. 1997. Elevated levels of SREBP-2 and 
cholesterol synthesis in livers of mice homozygous for a targeted 
disruption of the SREBP-1 gene. J. Clin. Invest 100:2115-2124. 

 124.  Horton,J.D., Shimomura,I., Brown,M.S., Hammer,R.E., Goldstein,J.L., and 
Shimano,H. 1998. Activation of cholesterol synthesis in preference to fatty 
acid synthesis in liver and adipose tissue of transgenic mice 
overproducing sterol regulatory element-binding protein-2. J. Clin. Invest 
101:2331-2339. 

 125.  REID,J., MACDOUGALL,A.I., and ANDREWS,M.M. 1957. Aspirin and 
diabetes mellitus. Br. Med. J. 2:1071-1074. 

 126.  Williamson,R.T. 1901. On the Treatment of Glycosuria and Diabetes 
Mellitus with Sodium Salicylate. Br. Med. J. 1:760-762. 

 127.  Aguirre,V., Uchida,T., Yenush,L., Davis,R., and White,M.F. 2000. The c-
Jun NH(2)-terminal kinase promotes insulin resistance during association 
with insulin receptor substrate-1 and phosphorylation of Ser(307). J. Biol. 
Chem. 275:9047-9054. 

 128.  Feingold,K.R., Soued,M., Serio,M.K., Moser,A.H., Dinarello,C.A., and 
Grunfeld,C. 1989. Multiple cytokines stimulate hepatic lipid synthesis in 
vivo. Endocrinology 125:267-274. 

 129.  Grunfeld,C., Soued,M., Adi,S., Moser,A.H., Dinarello,C.A., and 
Feingold,K.R. 1990. Evidence for two classes of cytokines that stimulate 
hepatic lipogenesis: relationships among tumor necrosis factor, 
interleukin-1 and interferon-alpha. Endocrinology 127:46-54. 

 130.  Nonogaki,K., Fuller,G.M., Fuentes,N.L., Moser,A.H., Staprans,I., 
Grunfeld,C., and Feingold,K.R. 1995. Interleukin-6 stimulates hepatic 
triglyceride secretion in rats. Endocrinology 136:2143-2149. 

 131.  Shimomura,I., Bashmakov,Y., Ikemoto,S., Horton,J.D., Brown,M.S., and 
Goldstein,J.L. 1999. Insulin selectively increases SREBP-1c mRNA in the 
livers of rats with streptozotocin-induced diabetes. Proc. Natl. Acad. Sci. U. 
S. A 96:13656-13661. 

 132.  Cross,D.A., Alessi,D.R., Cohen,P., Andjelkovich,M., and Hemmings,B.A. 
1995. Inhibition of glycogen synthase kinase-3 by insulin mediated by 
protein kinase B. Nature 378:785-789. 



 32

 133.  Foretz,M., Pacot,C., Dugail,I., Lemarchand,P., Guichard,C., Le,L., X, 
Berthelier-Lubrano,C., Spiegelman,B., Kim,J.B., Ferre,P. et al 1999. 
ADD1/SREBP-1c is required in the activation of hepatic lipogenic gene 
expression by glucose. Mol. Cell Biol. 19:3760-3768. 

 134.  Michael,M.D., Kulkarni,R.N., Postic,C., Previs,S.F., Shulman,G.I., 
Magnuson,M.A., and Kahn,C.R. 2000. Loss of insulin signaling in 
hepatocytes leads to severe insulin resistance and progressive hepatic 
dysfunction. Mol. Cell 6:87-97. 

 135.  Biddinger,S.B., Almind,K., Miyazaki,M., Kokkotou,E., Ntambi,J.M., and 
Kahn,C.R. 2005. Effects of diet and genetic background on sterol 
regulatory element-binding protein-1c, stearoyl-CoA desaturase 1, and the 
development of the metabolic syndrome. Diabetes 54:1314-1323. 

 
 
 



 33

Chapter II 
 
 
 

Macrophage 12/15 lipoxygenase expression increases plasma lipid level 

and exacerbates atherosclerosis 

 
Shunxing Rong, Qiang Cao, Jeongmin Seo, Lin Jia, Elena Boudyguina, Abraham 

K. Gebre, Robert C. Murphy, Perry L. Colvin, John S. Parks 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

The following manuscript is under review. Stylistic variations are due to the 

requirements of the journal. The majority of the experimentation, writing and 

interpretation in this paper were performed by Shunxing Rong. Qiang Cao, 

Jeongmin Seo, Lin Jia, Elena Boudyguina, Abraham K. Gebre, Robert C. Murphy 

were involved in some of the experiments. Perry L. Colvin helped to calculate the 

FCR in the VLDL turnover study. Dr. John Parks acted in an advisory and 

editorial capacity. 



 34

ABSTRACT 

        The role of 12/15 lipoxygenase (12/15LO) in atherosclerosis development is 

controversial. Since 12/15LO oxidizes polyunsaturated fatty acids (PUFA) to form 

bioactive lipid mediators, we evaluated atherosclerosis and lipid metabolism in 

12/15LO-LDL receptor double knockout (DK) vs. LDLr knockout (SK) mice fed a 

PUFA-enriched diet to enhance production of 12/15LO products. Compared to 

SK controls, DK mice fed PUFA-enriched diet had decreased plasma and liver 

lipid levels, hepatic lipogenic gene expression, VLDL secretion, and 

atherosclerosis as well as increased VLDL turnover. Bone marrow 

transplantation and Kupffer cell ablation studies suggested both circulating 

leukocytes and Kupffer cells contributed to the lipid phenotype in 12/15LO 

deficient mice. Conditioned medium from in vitro incubation of DK vs. SK 

macrophages contained increased proinflammatory cytokines and a >3kD 

fraction of medium inhibited McArdle 7777 hepatoma cell triglyceride secretion. 

Our results suggest a novel PUFA-induced role for macrophage 12/15LO 

expression in regulation of hepatic lipid metabolism that influences 

atherosclerosis development. 
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INTRODUCTION 

        12/15 lipoxygenase (12/15LO) belongs to a lipoxygenase family of enzymes 

that catalyze the stereospecific addition of molecular oxygen across double 

bonds in polyunsaturated fatty acids (PUFAs) to form a series of biologically 

active lipid mediators1. Based on their phylogenetic classification, murine 

leukocyte-type 12LO and human reticulocyte type 15LO (h15LO1) share about 

73% sequence similarity and belong to the same 12/15LO subfamily2. The tissue 

distribution of 12/15LO is different among species. In mice, the expression of 

12/15LO is limited to a few cell types, such as macrophage, endothelium and 

adipocyte3-5. Several studies reported that 12/15LO was highly expressed in 

macrophages4-6. When bone marrow (BM) in apoE knockout mice was replaced 

with 12/15LO-apoE double knockout BM, there was only residual 12/15LO 

expression in most of the organs, except the kidney and adipose tissue, 

compared to apoE knockout mice receiving BM from apoE knockout mice4, 

demonstrating that whole body 12/15LO expression originated primarily from BM-

derived cells, presumably macrophages. 

        The role of 12/15LO on atherosclerosis development has been a focus of 

investigation since enzyme activity was detected in human atherosclerotic 

lesions7-9. Since 1996, atherosclerosis studies on 12/15LO gene-modified 

animals have been performed by several groups. However, the outcome of these 

studies remains controversial; most studies have suggested that 12/15LO 

expression is atherogenic4, 6, 10-16, but other studies using similar experimental 

approaches have concluded that 12/15LO expression is atheroprotective17, 18. 
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One possible explanation for the inconsistent results is that diets used in these 

studies varied in fatty acid composition, resulting in formation of different 

oxidative lipid mediators by macrophages in vivo. For instance, 12/15LO 

products of arachidonic acid (20:4), such as 12HETE and 15HETE, are 

proinflammatory and can increase LDL oxidation, cytokine production, and 

endothelial activation, leading to greater atherosclerosis. However, these same 

products of 12/15LO are precursors of LXA4
19, 20, which can suppress 

inflammatory signaling. 12/15LO can also catalyze the oxygenation of n-3 fatty 

acids (20:5 and 22:6), which are substrates in the synthesis of resolvins and 

protectins, recently identified anti-inflammatory lipid mediators21, 22.  

        To date, no atherosclerosis study has addressed the role of 12/15LO 

expression in an experimental setting in which dietary substrate fatty acids are 

enriched to drive production of 12/15LO catalyzed lipid mediators. To address 

this gap in knowledge, we compared atherosclerosis development in 12/15LO 

knockout mice in the LDLr knockout background to LDLrKO mice using an 

atherogenic diet enriched in PUFA. For comparison, we also fed a control diet 

enriched in saturated and monounsaturated fatty acids (Sat/mono), similar to that 

used in previously published studies. We observed that the PUFA-enriched diet 

reduced atherosclerosis even further in DK mice compared to those fed the 

Sat/mono diet, supporting an atherogenic role for 12/15LO. Unexpectedly, in the 

experimental setting of dietary PUFA enrichment, we observed a novel role for 

12/15LO expression in control of plasma and liver lipid metabolism. Using BM 

transplantation and Kupffer cell ablation, we provide evidence that macrophage 
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12/15LO expression in vivo in an environment of PUFA enrichment results in 

increased hepatic lipid content and plasma lipid concentrations through a 

combination of enhance liver lipid synthesis and secretion and decreased VLDL 

catabolism. In vitro studies suggest that a >3kD secretory product of PUFA-

enriched macrophages is responsible for the increase hepatic triglyceride (TG) 

secretion. Our results suggest a novel gene-diet interaction for 12/15LO that 

adversely affects lipid metabolism and atherosclerosis in mice.    
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Results 

12/15LO expression is pro-atherosclerotic in LDLrKO mice 

        To determine whether 12/15 LO expression is pro-atherosclerotic in LDLrKO 

(SK) mice, we fed DK and SK mice atherogenic diets that were enriched in either 

Sat/mono (i.e., palm oil) or PUFA (i.e., safflower oil) for 16 weeks (Supplemental 

table I). Atherosclerosis was evaluated by two measurements, percentage of 

aortic surface covered with lesion and aortic cholesterol content. DK mice fed 

either diet developed less atherosclerotic surface lesion area compare to SK 

mice (Figure 1A, B). The attenuation of atherosclerotic surface lesion area in DK 

vs. SK mice was more robust in the PUFA diet group compared the Sat/mono 

diet group (68.9% vs. 35.7%). Aortic cholesterol content was lower in PUFA-fed 

DK vs. SK mice, but similar for Sat/mono-fed mice (Figure 1C). The similar aorta 

cholesterol content of the Sat/mono-fed mice was unexpected and not readily 

explainable.  To determine the extent to which aortic surface lesion area and 

cholesterol content were associated, we performed linear regression analysis 

and found a highly significant association between the two measurements of 

atherosclerosis (Figure 1D). 

PUFA-fed DK mice have reduced plasma lipid concentrations  

        Previous studies in several mouse genetic backgrounds (i.e., apoE KO, 

LDLr KO) have not observed an effect of 12/15LO expression on plasma lipid 

concentrations10, 12. However, none of those studies used an atherogenic diet 

enriched in PUFA, substrate fatty acids for 12/15LO enzymatic activity. To 

determine whether the additional reduction in aortic surface lesion area observed 
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for PUFA vs. Sat/mono-fed DK mice (Fig 1B) was due to a reduction in plasma 

lipids, we measured plasma cholesterol and triglyceride (TG) concentrations and 

lipoprotein cholesterol distribution. Unexpectedly, DK mice fed the PUFA diet had 

significantly lower plasma cholesterol and TG concentrations (40%) compared to 

SK mice (Fig 2A-D). However, Sat/mono-fed SK and DK mice had similar plasma 

cholesterol concentrations, in agreement with previously published studies10, 12. 

Sat/mono-fed DK mice also had lower plasma TG levels (~16%) compared to SK 

mice. There was a significant association between aortic surface lesion area and 

plasma cholesterol concentration (Figure 2E), suggesting that the additional 

reduction in aortic surface lesion area in PUFA vs. Sat/mono-fed DK mice was 

due to the reduction in plasma cholesterol. After mice were fed the atherogenic 

diets for 16 weeks, plasma lipoproteins were fractionated by fast protein liquid 

chromatography and cholesterol distribution was measured. Although cholesterol 

concentration was significantly lower in all lipoprotein fractions in DK mice fed the 

PUFA diet (Figure 2F), the most striking differences were among the apoB-

containing lipoprotein particles (VLDL and LDL). 

Hepatic steatosis is improved in 12/15LO deficient mice 

        Given the critical role of liver in lipoprotein and lipid metabolism and the 

dramatic reduction in plasma VLDL and LDL cholesterol in PUFA-fed DK mice, 

we examined hepatic lipid content of the mice. Liver weight was similar among 

the four groups (supplemental figure 1). Liver cholesteryl ester (CE) content was 

significantly lower in PUFA-fed DK compared to SK mice (Figure 3B). 

Interestingly, liver TG content was 50-60% lower in DK vs. SK mice in both diet 
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groups (Figure 3D), suggesting a major effect of 12/15LO expression on liver TG 

storage. Hepatic free cholesterol (FC) and phospholipid (PL) were similar among 

the groups (Figure 3A, 3C). Finally, H & E staining showed fewer and smaller 

neutral lipid droplets in livers of DK mice in both diet groups compared to SK 

mice (Figure 3E), indicating improved hepatic steatosis in the absence of 

12/15LO expression. 

Liver lipogenic gene expression is reduced in 12/15LO deficient mice 

        Since PUFA diet feeding resulted in reduced plasma (Fig 2) and liver (Fig 3) 

lipids in DK mice, whereas the Sat/mono diet did not, the remainder of the 

studies was focused on PUFA-fed DK and SK mice. To investigate the 

underlying mechanisms contributing to the protective role of 12/15LO deficiency 

on lipid metabolism and atherosclerosis, expression of key hepatic lipid 

regulatory genes was analyzed by real time PCR after the mice were fed the 

PUFA diet for 16 weeks. Hepatic expression of fatty acid and TG synthesis-

related genes, such as sterol regulatory element binding protein-1c (SREBP-1c), 

fatty acid synthase (FAS), acetyl-CoA carboxylase-1 (ACC-1) and stearoyl-CoA 

desaturase-1 (SCD-1), were decreased in DK mice (Figure 4A). mRNA level of 

cholesterol synthetic regulatory genes, such as SREBP-2, 3-hydroxy-3-

methylglutaryl-coenzyme A (HMG CoA) synthetase and reductase, also trended 

lower in DK mice. Acyl-CoA oxidase 1 (Acox-1) and carnitine 

palmitoyltransferase 1 (CPT-1), two genes involved in regulation of fatty acid β-

oxidation, had similar expression in both genotypes of mice. Consistent with the 

decreased hepatic mRNA expression of lipogenic genes, FAS and SCD-1 protein 
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expression was 56% and 33% lower in DK compared to SK mice (Figure 4B). 

Expression of proteins involved in removal of cholesterol from the liver, such as 

ATP-binding cassette transporter A1 (ABCA1), liver X receptor (LXRα) and 

scavenger receptor B1 (SR-B1), was similar between the two genotypes 

(Supplemental figure 2B). 

VLDL secretion is reduced in PUFA-fed DK mice 

        Decreased liver lipid synthetic gene and protein expression in PUFA-fed DK 

mice suggested that lower plasma lipid levels might result from decreased 

hepatic lipid synthesis and secretion. To investigate this possibility, we measured 

VLDL secretion rate in vivo after intravenous injection of detergent to inhibit TG 

lipolysis in mice fed the PUFA diet for 12 weeks. TG secretion rates were 

measured as an increase in plasma TG mass (Fig 5A and C) or as 3H-oleate 

incorporation into plasma TG (Fig 5B and D); both measures of TG production 

were significantly reduced in DK mice. There was a significant reduction in apoB 

48 secretion rate (Figure 5G) and a trend towards decreased apoB100 secretion 

rate (Fig 5F) in PUFA-fed DK vs. SK mice. 

VLDL clearance is increased in PUFA-fed 12/15LO deficient mice 

        To evaluate plasma VLDL clearance rate as a possible mechanism for 

reduce plasma VLDL and LDL concentrations in DK mice, VLDL turnover studies 

were performed after mice were fed the PUFA diet for 16 weeks. Plasma VLDL 

from both genotypes of mice were similar in size (~49 nm diameter), but VLDL 

from DK mice were relatively enriched in TG (45 vs. 36% of total mass) and poor 

in CE (23 vs. 33%) compare to those isolated from SK mice (Supplemental table 
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II). Since the core lipid compositions were different, VLDLs from both SK and DK 

mouse were used as tracers for the turnover studies. VLDL from DK and SK 

mice were radiolabeled with 131I and 125I, respectively, mixed together, and 

injected into PUFA-fed recipient mice. 131I-VLDL tracer from DK mice was 

cleared significantly faster (p<0.05) from plasma in both genotypes of recipient 

mice compare to 125I-VLDL tracer from SK mice (Supplemental figure 3; FCR, 2.0 

± 0.3 vs. 1.0 ± 0.2 pools/day in SK recipients and 2.81 ± 0.45 vs. 1.85 ± 0.18 

pools/day in DK recipients, n=5). There was also a trend towards faster plasma 

clearance of both VLDL tracers in DK recipient mice that reached statistical 

significance for the 125I-VLDL tracer from SK mice. These data support the 

conclusion that 12/15LO deficiency in PUFA-fed mice results in hypercatabolism 

of plasma VLDL particles, which partially explains the reduced plasma apoB 

lipoprotein concentrations in DK mice. 

Increased fecal neutral sterol excretion in DK mice  

        The significantly lower plasma and hepatic cholesterol in DK mice prompted 

us to determine whether fecal neutral cholesterol excretion was also affected. 

PUFA-fed DK mice had significantly increased fecal neutral sterol excretion 

compare to their SK counterparts (Supplemental figure 4A).  Fractional 

cholesterol and fat absorption were similar between SK and DK mice 

(Supplemental figure 4B-D). 

Transplantation of DK mouse bone marrow into SK mice reversed 

atherosclerosis, but only partially restored plasma lipid phenotype.  
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        Our data indicated that the lower plasma lipid concentration in PUFA-fed DK 

mice was the result of altered hepatic lipid metabolism. However, 12/15LO is 

mainly expressed in BM-derived cells, such as macrophages4, 5. We also could 

find no detectable 12/15LO mRNA expression in isolated hepatocytes from SK 

mice, but abundant expression in macrophages (Supplemental figure 5). We 

hypothesized that macrophages were stimulating hepatic lipid synthesis, 

presumably by secreting a 12/15LO product that directly or indirectly affected 

hepatic lipid metabolism. To investigate this possibility, we transplanted BM from 

SK and DK donor mice into lethally irradiated SK and DK recipient mice. More 

than 98% of the hematopoietic cells in the circulation were replaced by the donor 

BM 4 weeks after transplantation (Supplemental figure 6). Eight weeks after 

transplantation, mice were fed the PUFA diet for 16 weeks to induce 

atherosclerosis. DK BM transplanted into DK recipients (DK→DK) resulted in 

significantly reduced plasma cholesterol and TG concentrations compared with 

SK recipients transplanted with SK BM (SK→SK) (Fig 6A-D), similar to results 

observed for non-transplanted SK and DK mice (Fig 2A-D). However, when SK 

or DK mice received BM from the opposite genotype (i.e., SK→DK or DK→SK), 

plasma lipid levels were intermediate between those of SK→SK and DK→DK 

recipients. This was also the case when we evaluated liver TG secretion using 

the detergent block method (Fig 6E-F). These data suggested that transplanted 

BM cells could only partially explain the hepatic and plasma lipid lowering 

observed in PUFA-fed DK mice.  
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        Interestingly, atherosclerosis, measured as percentage of aortic surface 

lesion area, was completely reversed by transplantation of DK BM (Figure 7A), 

such that SK and DK mice receiving BM from DK mice had >50% reduction in 

aortic surface lesion area compared to recipient mice receiving SK BM. A similar, 

but less robust trend was observed for aortic cholesterol content (Fig 7B) and 

there was a significant association between aortic cholesterol content and 

surface lesion area (Fig 7D) as previously observed for non-transplanted mice 

(Fig 1D). However, the significant association between plasma cholesterol 

concentration and aortic lesion area observed in the non-transplanted mice (Fig 

2E) was no longer observed in the BM transplantation study (Fig 7C), suggesting 

that circulating BM cells that lacked 12/15LO expression were still able to protect 

against atherosclerosis, but were less effective in reducing hepatic lipid synthesis 

and secretion.  

Plasma lipid concentrations are decreased with ablation of Kupffer cells in 

SK mice. 

        The BM transplantation experiment partially supported our hypothesis that 

12/15LO expression in macrophages plays a role in regulation of liver lipid 

metabolism. However, resident macrophages, in general, and Kupffer cells, in 

particular, require a long time for complete replacement after BM 

transplantation23. Incomplete replacement of Kupffer cells by donor BM in our 

study might explain why liver and plasma lipid levels were not completely 

reversed by BM replacement. GdCl3 is a reagent that is specifically taken up by 

Kupffer cell and induces Kupffer cell apoptosis, resulting in temporary ablation of 
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Kupffer cells24. To further study the relationship between Kupffer cell 12/15LO 

expression and lipid metabolism in vivo, a GdCl3 solution was injected into 16 

week PUFA diet-fed DK and SK mice 3 times at 4 day intervals to ablate hepatic 

Kupffer cells. Plasma cholesterol and TG concentrations were measured 

periodically for up to 32 days after the first GdCl3 injection. Plasma cholesterol 

and TG levels in SK mice began to decrease 6 days after the first GdCl3 injection 

(Figure 8). The decrease in plasma lipid values continued for 12-14 days and 

then began to return to preinjection values, coincident with the reported time 

course of Kupffer cell repopulation by BM24. Thirty-two days after the first 

injection, plasma lipid levels had recovered to preinjection values. Plasma lipid 

concentrations of DK mice did not change after GdCl3 injection. These results 

support our hypothesis that Kupffer cells expressing 12/15LO regulate hepatic 

lipid metabolism, raising plasma cholesterol and TG concentrations, whereas 

ablation of Kupffer cells not expressing 12/15LO (i.e., DK) had no effect on 

plasma lipids.  

Macrophage secretion products attenuate TG secretion from McArdle cells 

        Results from the BM transplantation and Kupffer cell ablation studies 

support our hypothesis that macrophage 12/15LO expression regulates hepatic 

lipid metabolism. We hypothesized that this likely resulted from a secretion 

product of macrophages that affected hepatic lipid synthesis/secretion. To test 

this concept, resident peritoneal macrophages were isolated from SK and DK 

mice fed the PUFA diet. Conditioned medium was prepared by culturing the 

macrophages overnight after an acute (20 min) stimulation ± Ca2+ ionophore 
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(A23187) to activate the macrophages. The macrophage conditioned medium 

was then added to McArdle cells, along with 3H-oleate and 0.8 mM oleate to 

stimulate VLDL TG secretion, and 3H-TG in the medium was quantified after a 4h 

incubation. McArdle cells receiving conditioned medium from DK macrophages 

secreted less TG than those receiving conditioned medium from SK 

macrophages (Figure 9A), suggesting that secretory products from SK 

macrophages stimulated McArdle cell TG secretion or secretory products from 

DK macrophages inhibited TG secretion. Since 12/15LO enzymatic activity 

generates bioactive lipid mediators, we profiled the lipid mediator content of 

macrophages (cells + conditioned medium) 20 min after stimulation with the Ca2+ 

ionophore, A23187. 12-HETE, the direct product of 12/15LO, was near absence 

in 12/15LO deficient macrophage (Supplemental table III). By comparison, non-

enzymatic generation of 15-HETE was low and similar for both genotypes of 

macrophages. However, 5-HETE, the product of 5LO, was doubled in medium 

from 12/15LO deficient macrophages compare to SK conditioned medium, 

suggesting PUFA substrate shunting to 5LO in the absence of 12/15LO. PGE2 

and PGF2α levels were also doubled in 12/15LO deficient macrophage, whereas 

LTB4 level was 50% lower. Since eicosanoids are short-lived and stimulate 

cytokine secretion, we reasoned that the altered lipid mediator profile of DK 

macrophages might function in an autocrine or paracrine fashion to stimulate 

cytokine secretion. To test this idea, we acutely (20 min) stimulated mouse 

peritoneal macrophages with A23187, followed by 100 ng/ml of LPS for 8 hours 

before cells were collected for mRNA analysis of gene expression and medium 
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was collected for cytokine protein expression. Macrophages and medium from 

DK mice showed increased expression of several proinflammatory cytokines and 

chemokines (Supplemental figure 7). To determine whether the active fraction in 

macrophage conditioned medium responsible for altering McArdle cell TG 

secretion was due to lipid mediators or cytokines, we fractioned conditioned 

medium using a 3kDa filter and added the retained (>3kD) and flow-through 

(<3kD) fractions, along with unfractionated medium, back to McArdle cells. The 

flow-through fraction, which presumably contained lipid mediators, did not 

decrease McArdle cell TG secretion and the genotypic difference observed in 

unfractionated conditioned medium was lost (Figure 9B). This result suggested 

that the <3kD fraction of DK conditioned medium was not responsible for the 

reduction in McArdle cell TG secretion. On the other hand, the >3kD fraction of 

conditioned medium from DK macrophages did reduce McArdle cell TG secretion 

relative to that of SK macrophages, similar to the difference observed in 

unfractionated medium. The reduced TG secretion observed for the >3kD 

fraction relative to unfractionated medium may have resulted from proteins in the 

retained fraction sticking to the membrane or loss of <3kD components of 

medium that stimulate McArdle cell TG secretion, but not in a 12/15LO 

dependent manner. Taken together, these data provide supportive evidence that 

one or more proteins, perhaps cytokines, in macrophage conditioned medium 

affect McArdle cell TG secretion.  
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Discussion 

        The role of 12/15LO expression in atherosclerosis development is 

controversial, with 12/15 LO expression reported as pro- and anti-atherogenic4, 6, 

10-18. However, no studies have been conducted in the context of 12/15LO 

substrate fatty acid enrichment. In this study, we demonstrate that DK mice fed a 

PUFA diet have reduced plasma lipid concentrations, hepatic lipid content, and 

atherosclerosis compared to SK mice with intact 12/15LO expression. The 

decrease in plasma cholesterol and TG in PUFA-fed DK mice that drives the 

reduction in atherosclerosis is primarily due to decreases in plasma VLDL and 

LDL resulting from decreased hepatic lipogenic gene expression and VLDL TG 

secretion, as well as increased VLDL turnover. Interestingly, BM transplantation 

and Kupffer cell ablation studies suggested that 12/15LO activity has different 

pathological outcomes depending on where it is expressed, with circulating 

leukocytes primarily affecting the atherosclerosis outcome, with minimal impact 

on plasma lipids, whereas Kupffer cells (i.e., non-circulating resident 

macrophages) affected plasma lipid levels. Finally, we show that macrophages 

from DK mice fed a PUFA diet are lacking one or more >3kD secretion products 

that are responsible for increased TG secretion in McArdle cells. This is the first 

report of a diet-gene interaction for 12/15LO that impacts plasma lipids as well as 

atherosclerosis.      

        In this study, we show that 12/15LO expression is pro-atherogenic, in 

agreement with other studies4, 6, 10-16. The increased atherosclerosis with 

12/15LO expression in previous studies was not accompanied by a change in 
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plasma lipid concentrations. We also observed a reduction in atherosclerosis in 

DK mice fed the Sat/mono diet that was independent of plasma lipid changes, in 

agreement with previous studies. A potential explanation for decreased 

atherosclerosis in the absence of plasma lipid changes is that 12/15LO 

expression primarily affects oxidation and inflammation in the artery wall. Cyrus 

et al. reported that 12/15LO promoted atherosclerosis by increasing in vivo 

oxidative status13. Additional support for this idea came from another study in 

which vitamin E, an antioxidant, attenuated atherosclerosis in SK mice to the 

same level as DK mice not treated with vitamin E16. 12/15LO was also reported 

to increase endothelial expression of intercellular adhesion molecule 1 (ICAM-1), 

which in turn, increased the recruitment of monocytes to atherosclerotic lesions, 

exacerbating the disease3, 15. However, Merched et al.17 observed that 12/15LO 

expression systemically or in BM protected against atherosclerosis and proposed 

that the anti-inflammatory products of 12/15LO, such as lipoxins, resolvins and 

protectins, protect mice from the development of atherosclerosis by dampening 

inflammation. Past studies have not used diets enriched in PUFA, which are the 

substrate fatty acids for 12/15LO generation of bioactive lipid mediators, which 

can be pro- or anti-inflammatory19-22. In our study, dietary PUFA resulted in 

additional reduction of atherosclerosis in the absence of 12/15LO expression 

beyond that observed with a Sat/mono diet, suggesting a novel dietary fatty acid-

gene interaction that resulted in this outcome. The additional reduction in 

atherosclerosis was directly attributable to a significant reduction in plasma VLDL 

and LDL concentrations, since there was a strong positive association between 
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total plasma cholesterol and aortic surface lesion area (Fig 2E). These results 

suggest another environmental variable, dietary fatty acid composition, to 

consider in interpreting the role of 12/15LO in the pathogenesis of diseases such 

as atherosclerosis and obesity25. 

        The mechanisms by which 12/15LO expression affected plasma lipid levels 

in PUFA fed mice involved both production and catabolism. PUFA-fed DK mice 

had lower hepatic neutral lipid content and plasma lipid concentrations as well as 

decreased hepatic lipogenic gene expression. The reduced plasma lipid 

concentrations were due to reduced VLDL and LDL concentrations. Detergent 

block studies demonstrated reduced plasma accumulation of VLDL particles (i.e., 

apoB) and TG in PUFA-fed DK mice compared to SK mice. Since the detergent 

block studies were performed in fasted mice, the reduced secretion was likely 

due to decreased hepatic and not intestinal secretion.  In addition, there was an 

increase in particle turnover for DK VLDL tracer in both genotypes of recipient 

mice, suggesting that the composition of the VLDL particle was affecting its 

clearance. Although VLDL particle size was similar, DK VLDL particles contained 

more TG and less CE than SK VLDL (Supplemental table II). The increased TG 

content may have resulted in smaller VLDL remnants after intravascular TG 

lipolysis, with subsequent accelerated particle clearance from plasma.     

        Since the lipid phenotype of the PUFA-fed DK mice implicated the decrease 

of liver lipid production and 12/15LO is mainly expressed in macrophages, not 

hepatocytes4 (Supplemental figure 5), we hypothesized that macrophage 

12/15LO expression was altering a secretory product(s) that affected hepatic lipid 
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synthesis. Although transplantation of homologous BM (i.e., SK→SK or DK→DK) 

recapitulated the plasma phenotype of non-transplanted mice, heterologous BM 

transplantation (SK→DK and DK→SK) did not (Figure 6). Resident liver 

macrophages (i.e., Kupffer cells) are replaced slowly after BM transplantation23, 

likely resulting a chimeric (i.e., donor and recipient) Kupffer cell population after 

transplantation. Thus, failure to recapitulate the non-transplanted mouse lipid 

phenotype may be due to chimeric Kupffer cells exerting a paracrine effect on 

hepatic lipid synthesis. In support of this concept, ablation of Kupffer cells 

resulted in decreased plasma cholesterol and TG in SK, but not DK mice lacking 

12/15LO expression (Figure 8). Subsequent in vitro studies showed that 

incubation of conditioned medium from DK mouse macrophages resulted in less 

TG secretion from McArdle cells compared with conditioned medium from SK 

macrophages. Lipid mediators derived from PUFA act as autocrine or paracrine 

regulators of cytokine secretion21, 26-28 and inflammatory cytokines can regulate 

liver lipid synthesis and secretion29-31. To differentiate between small lipid 

mediators and larger cytokines, we size-fractionated conditioned medium and 

demonstrated that one or more constituents of the >3kD fraction of medium was 

responsible for the 12/15LO-mediated difference in TG secretion by McArdle 

cells. Supporting this possibility, we observed increased quantities of several 

cytokines and chemokines in conditioned medium of DK vs. SK macrophages 

(supplemental figure 7). However, previous studies suggest that inflammatory 

cytokines increase hepatic lipid synthesis29-31. A possible explanation for the 

difference in our results from those of previous studies may relate to the complex 
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milieu of cytokines present in the conditioned medium in our study compared to 

the addition of single cytokines. It is also possible that the >3kD constituent of the 

conditioned medium that affects TG secretion is not a cytokine or lipid mediator. 

Although the molecular mechanism by which macrophages regulate hepatic TG 

secretion must await further studies, our data suggest a new pathway for the 

regulation of hepatic lipid production by macrophages. 

        Although transplantation of DK BM into SK or DK recipients had little effect 

on plasma lipids or hepatic TG secretion rate (Fig 6), it strikingly decreased aortic 

surface lesion area in both SK and DK recipients (Fig 7A). Furthermore, the 

strong positive association between total plasma cholesterol and aortic surface 

lesion area observed in non-transplanted mice (Fig 2E) was not apparent after 

BM transplantation. These results along with previous BM transplantation data 4 

suggest that 12/15LO expression in circulating BM-derived cells does not 

influence plasma lipid concentrations, but is atherogenic due to production of 

proinflammatory lipid mediators. The combined results of the BM transplantation 

and Kupffer cell ablation studies suggest a dual role for 12/15LO in the 

pathogenesis of atherosclerosis, with circulating BM-derived cells directly 

affecting atherosclerosis through inflammation pathways in the artery wall and 

resident Kupffer cells indirectly affecting hepatic lipid metabolism in a paracrine 

manner that may be related to inflammatory cytokines.   
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Figure 1. 12/15LO deficient mice developed less atherosclerosis 

(A) Representative images of aortic surface lesions after mice were fed 

atherogenic diets enriched with Sat/mono or PUFA for 16 weeks. Aortas were 

fixed in 10% formalin and opened along the longitudinal axis and pinned for 

images. (B) Aortic surface lesion area was normalized to percentage of total 

aortic surface area. (C) Aortic total cholesterol content was measured by gas-

liquid chromatography and normalized to aortic protein content. In B and C, 

values represent mean ± SEM of 10-13 individual measurements. * p<0.05 for 

SK vs. DK. (D) Regression analysis of aortic lesion area vs. aortic cholesterol 

content. Each point represents an individual animal of the indicated genotype 

and diet group. Regression coefficient is shown for the entire data 

set.
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Figure 2. Plasma lipid concentrations are decreased in PUFA-fed DK mice 

(A, C) Blood samples were collected periodically during 16 weeks of atherogenic 

diet feeding and plasma cholesterol and TG concentrations were measured by 

enzymatic assay. Each point represents the mean ± SEM of 12-17 individual 

measurements for mice of the indicated genotype and diet group. (B, D) Area 

under the curve (AUC; time X concentration) for each animal was calculated for 

plasma cholesterol and TG data in panels A and C, respectively.  (E) Linear 

regression analysis of aortic surface lesion area vs. plasma cholesterol 

concentration. Each point denotes an individual animal of the indicated genotype 

and diet group. Linear regression coefficient is shown for entire data set. (F) After 

16 weeks of atherogenic diet feeding, mice were bled, plasma lipoproteins were 

fractionated by fast protein liquid chromatography, and cholesterol distribution 

among plasma lipoproteins was measured. Each value represents the mean ± 

SEM of 8 individual samples. * p<0.05 for SK vs. DK. 
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Figure 3. Decreased hepatic lipid in 12/15LO deficient mice 

(A-D) After 16 weeks of atherogenic diet consumption, mice were sacrificed and 

liver lipids were quantified by enzymatic assay and normalized to liver protein 

content. Each value represents the mean ± SEM of 7-10 individual samples from 

the indicated genotypes and diets. * p<0.05 for SK vs. DK. (E) After mice had 

consumed the atherogenic diet for 16 weeks, liver samples were collected, fixed 

in 10% formalin, sectioned, and stained with hematoxylin and eosin. Figure 

shows 10× and 40× (insert) magnification of H&E stained sections.  
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Figure 4. Down regulation of lipid synthetic genes in PUFA-fed DK mice. 

(A) Real time PCR results of liver gene expression after mice were fed a PUFA-

enriched diet for 16 weeks. Bar represent mean ± SEM of triplicates of pooled 

samples (n=5). (B) Western blot analysis of liver protein expression after mice 

were fed a PUFA-enriched diet for 16 weeks. The density of each band was 

quantified and normalized to the density of β-actin. Values represent mean ± 

SEM; n=5. * p<0.05. 
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Figure 5. Decreased VLDL secretion in PUFA-fed DK mice 

Plasma TG mass (A) and 3H-TG (B) accumulation in plasma was measured after 

intravenous injection of detergent to inhibit lipolysis and 35S-Met/Cys and 3H-oleic 

acid to trace newly synthesized apolipoprotein and TG, respectively. Each point 

represents mean ± SEM; n=7 mice. The line of best fit, determined by linear 

regression analysis, is shown for each genotype. (C, D) Plasma TG accumulation 

rate during detergent block of lipolysis was calculated for each mouse from the 

linear regression analysis of the time vs. TG concentration or 3H-TG plot.  Each 

bar represents TG accumulation rates for each genotype (mean ± SEM; n= 7). (E) 

Representative phosphorimager exposure of 35S-radiolabeled apoB at different 

time points after detergent injection. (F, G) The density of each band in panel E 

was quantified and plotted against time. ApoB secretion rate was calculated as 

described in panels A and B. Each bar represents mean ± SEM of 4 values. * 

p<0.05. 
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Figure 6. Transplantation of DK bone marrow does not recapitulate plasma 

lipid phenotype of PUFA-fed DK mice. 

Bone marrow from SK and DK mice was harvested and injected into lethally 

irradiated SK and DK recipient mice in a crossover experimental design. After an 

8 week recovery period, transplanted mice were started on the PUFA-containing 

atherogenic diet for 16 weeks before termination of the mice for atherosclerosis 

evaluation. Legend: first two letters indicate donor genotype; last two letters 

indicate recipient mouse genotype (i.e., SK→DK=SK donor BM into DK recipient). 

(A, C) Blood samples were collected periodically during the atherosclerosis 

progression phase to measure plasma cholesterol (A) and triglyceride (C) 

concentrations by enzymatic assays. Each point represents the mean ± SEM; 

n=7-8 mice. (B, D) Area under the curve for each animal was calculated from the 

plasma cholesterol and TG data in panels of A and C, respectively. (E) Plasma 

triglyceride concentration at different time points after detergent injection to inhibit 

TG lipolysis. Each point represents mean ± SEM of 7 individual measurements. 

The line of best fit, determined by linear regression analysis, is shown for each 

group of BM transplanted mice.  (F) Each value represents the average TG 

secretion rate (mean ± SEM), calculated from the slope of linear regression plots 

of 7 individual mouse in each BM transplantation group. Values with different 

letters are significantly different, p<0.05. 
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Figure 7. Transplantation of DK BM decreases atherosclerosis in SK and 

DK recipient mice 

BM transplantation and atherosclerosis studies were performed as described in 

Fig 6 legend. Legend: first two letters denote donor genotype; last two letters 

indicate recipient mouse genotype (i.e., SK→DK=SK donor BM into DK recipient). 

(A) Aortic surface lesion area normalized to total aortic surface area. (B) Aortic 

total cholesterol content was measured by gas-liquid chromatography and 

normalized to aortic protein content. Values in panels A and B represent mean ± 

SEM; n=6 mice per transplantation group. Different letters on top of the bar 

represent a significant difference, p<0.05. (C-D) Regression analysis of aortic 

lesion area vs. plasma cholesterol concentration (C) or aortic cholesterol content 

(D). Each point represents an individual mouse of the indicated BM 

transplantation group.  
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Figure 8. Kupffer cell ablation results in reduced plasma lipid levels in 

PUFA-fed SK mice 

GdCl3 solution (25µg/g body weight) was injected into PUFA diet fed mice 

through the retro-orbital venous plexus. Injections were repeated every 4 days for 

a total of 3 injections. Plasma cholesterol and TG level were measured at 

different time points after the injection. Values were expressed as concentration 

difference compared to the 0 day time point. (A) Plasma cholesterol and TG (B) 

concentrations relative to 0 day time point. Each point represents the mean ± 

SEM; n=7. 
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Figure 9. Macrophage secretion products attenuate TG secretion from 

McArdle cells 

Peritoneal resident macrophages were isolated from PUFA-diet fed mice and 

stimulated ± Ca2+ ionophore for 20 minutes. The medium was replaced with fresh 

culture medium and incubated for overnight. The conditioned medium from SK 

and DK macrophages was either (A) directly added to McArdle cells or (B)  

passed through a 3kDa size-cut filter and then the retained and flow-through 

fractions were added to McArdle cells along with 5 µCi 3H-oleate, 0.8mM oleate, 

and 5% BSA and incubated for 4 hours. 3H-TG in the McArdle cell culture 

medium was extracted, separated by TLC, and quantified by liquid scintillation 

spectroscopy. Each value represents mean ± SEM of 3 dishes. Assays were 

repeated at least twice. 
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Supplemental figure 1. Liver weight of mice fed atherogenic diet for 16 

weeks 

Liver weights were measured and normalized to body weights when mice were 

sacrificed after 16 weeks of atherogenic diet feeding. Values represent mean ± 

SEM of 10-16 individual measurements. 
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Supplemental figure 2. Liver lipid metabolism regulatory protein expression 

Western blot analysis of liver protein expression after mice were fed a PUFA-

enriched diet for 16 weeks. The density of each band was quantified and 

normalized to the density of β-actin. Values represent mean ± SEM; n=5. 
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Supplemental figure 3. Increased plasma clearance of VLDL in PUFA-fed 

12/15LO deficient mice 

(A) VLDL from PUFA-fed SK and DK mice were radiolabeled with 125I and 131I, 

respectively, mixed together, and injected into PUFA-fed recipient mice. Periodic 

blood samples were taken after injection to determine plasma decay rate of 

VLDL by dual channel gamma counting. Each point represents mean ± SEM of 5 

animals. Legend: tracer source is indicated in parentheses, followed by genotype 

of the recipient mice. (B) Fractional clearance rate (FCR) was calculated based 

on the decay of VLDL in each recipient as described in the Methods. Values 

represent mean ± SEM; n=5 mice. * p<0.05 by paired t test. # p<0.05 by 

unpaired t test. 
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Supplemental figure 4. Fecal neutral sterol excretion and fractional 

cholesterol and fat absorption in PUFA-diet fed mice 

After 14 weeks of PUFA-diet consumption, mice were individually housed and 

fed the PUFA diet containing a trace amount of sucrose poly-behenate as a 

nonabsorbable fat marker. Feces were collected for 3 days for (A) fecal neutral 

sterol and individual (C) or total (D) fractional fatty acid absorption. (B) After 13 

weeks of PUFA diet consumption, mice were gavaged with 0.1 μCi 14C-

cholesterol and 0.2 μCi 3H-sitosterol dissolved in 100 μl of soybean oil. Mice 

were individually housed for 3 days. The feces were collected for measurement 

of fractional cholesterol absorption. * p<0.05 for SK vs. DK. 
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Supplemental figure 5. 12/15LO mRNA expression in peritoneal resident 

macrophages and primary hepatocytes 

Peritoneal resident macrophages and primary hepatocytes were isolated from 

chow diet fed SK mice. 12/15LO expression was quantified by real time 

quantitative PCR. 
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Supplemental figure 6. Efficiency of circulating hematopoietic cells 

replacement after bone marrow (BM) transplantation  

Four weeks after transplantation of female BM into lethally-irradiated male 

recipient mice, genomic DNA was isolated from whole blood. (A) Fragments of 

the male Sry gene and ACAT2 (control) genes were amplified by PCR using 

whole blood from BM transplanted mice. A series of male and female genomic 

DNA mixtures were amplified to construct a standard curve. (B) Standard curve 

was plotted based on the quantified ratio of Sry/ACAT2 band density and the 

actual percentage of the male/female genomic DNA mixture. (C) Remaining male 

genomic DNA in male recipient mice transplanted with female derived bone 

marrow was calculated based on the standard curve. 
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Supplemental figure 7. Macrophage cytokine protein and mRNA expression  

Peritoneal macrophages were isolated from PUFA diet-fed mice and stimulated 

with Ca2+ ionophore (A23187) for 20 minutes. The medium was then replaced 

with fresh medium containing 100 ng/ml of LPS and the incubation continued for 

8 hours. Medium was collected for cytokine analysis using a cytokine array and 

cellular RNA was extracted for analysis of gene expression. (A) Cytokine array 

blot. (B) Density quantification of spots in panel A. Values represent mean ± 

range of two duplicate spots. (C) Relative mRNA expression of genes quantified 

by real time PCR. Each bar represents the mean of triplicate measurements. 
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Supplemental table I. Major fatty acid composition of Sat/mono and PUFA 

enriched diet 

% of total fatty acid Diet 
C14:0 C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 others 

Sat/mono 1.64 40.48 0.72 4.07 36.07 13.87 0.46 2.69 
PUFA 0.77 9.8 0.45 2.47 13.58 70.23 0.44 2.26 

 

In both the Sat/mono and PUFA enriched diets, 11% of calories were from fat, 

72% from carbohydrate and 17% from protein. The diet contained 0.2% 

cholesterol by weight. Values in the table showed the fatty acid composition in 

each diet measured by gas chromatography. 
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Supplemental table II. VLDL compositions and size 

 % of total mass  Size 
  FC CE TG PL protein   (nm) 

SK 9.8 33.2 35.8 14.5 6.6  49.5 
DK 7.6 23.3 44.7 16.8 7.6   48.2 

 

VLDL was isolated from plasma of mice fed a PUFA diet for 16 weeks. Lipid and 

protein components are expressed as percentage of total mass. Particle size was 

measured with a Zetasizer laser dynamic light scatter instrument. Values 

represent mean of duplicate measurements of VLDL from 4-5 pooled plasma 

samples. 
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Supplemental table III. Lipid mediators in resident peritoneal macrophages 

after Ca2+ ionophore stimulation 

  SK DK 
  (ng/ml) (ng/ml) 

LTB4 0.76 0.41 
D6-trans-LTB4s 0.41 0.28 

LTC4 15.22 12.90 
LTD4 0.55 0.48 
LTE4 0.43 0.56 
PGE2 2.89 4.90 
PGD2 2.55 2.08 
PGF2a 0.35 0.73 

6keto-PGF1a 1.05 0.68 
TXB2 1.84 1.59 

5-HETE 0.99 2.03 
12-HETE 2.53 0.06 
15-HETE 0.48 0.44 

5-oxo-ETE 0.18 0.18 
5,6-diHETEs 0.46 0.40 

 

Resident peritoneal macrophages were stimulated with Ca2+ ionophore for 20 

minutes. Lipid mediators in both cell and medium were extracted and analyzed 

with LC/MS/MS. 
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Supplemental table IV. Forward and reverse primers used in PCRs 

 

Gene name Forward primer (5'→3') Reverse primer (5'→3') 
ACAT2 GTGTGCATCTGTCTCGATATGATG GTCATGGACCACGACGTTCCAGGTG 
Sry GTGGTGAGAGGCACAAGT GAGTACAGGTGTGCAGCT 
SREBP-1c GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT 
SREBP-2 GCGTTCTGGAGACCATGGA ACAAAGTTGCTCTGAAAACAAATCA 
FAS GCTGCGGAAACTTCAGGAAAT AGAGACGTGTCACTCCTGGACTT 
ACC-1 TGGACAGACTGATCGCAGAGAAAG TGGAGAGCCCCACACACA 
SCD-1 CCGGAGACCCCTTAGATCGA TAGCCTGTAAAAGATTTCTGCAAACC 
HMG CoA Syn GCCGTGAACTGGGTCGAA GCATATATAGCAATGTCTCCTGCAA 
HMG CoA Red CTTGTGGAATGCCTTGTGATTG  AGCCGAAGCAGCACATGAT 
Acox-1 AGATTGGTAGAAATTGCTGCAAAA   ACGCCACTTCCTTGCTCTTC 
CPT-1 CACCAACGGGCTCATCTTCTA CAAAATGACCTAGCCTTCTATCGAA 
IFNγ TCAAGTGGCATAGATGTGGAAGAA TGGCTCTGCAGGATTTTCATG 
TNFα GGCTGCCCCGACTACGT ACTTTCTCCTGGTATGAGATAGCAAAT 
IL1β GTCACAAGAAACCATGGCACAT GCCCATCAGAGGCAAGGA 
IL-6 CTGCAAGAGACTTCCATCCAGTT AGGGAAGGCCGTGGTTGT 
IL-12p40 AGACCCTGCCCATTGAACTG GAAGCTGCTGCTGTTCTCATATT 
MCP-1 TTC CTC CAC CAC CAT GCA G CCA GCC GGC AAC TGT GA 
Arg-1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC 
Chi3l3 AGAAGGGAGTTTCAAACCTGGT GTCTTGCTCATGTGTGTAAGTGA 
IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG 
GAPDH TGTGTCCGTCGTGGATCTGA CCTGCTTCACCACCTTCTTGAT 
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EXPERIMENTAL PROCEDURES 

Mice and diet 

        LDLrKO and 12/15LOKO mouse in the C57BL/6 background were obtained 

from The Jackson Laboratory (Bar Harbor, Maine, USA). The mice were 

crossbred to generate heterozygotes at both targeted alleles and heterozygous 

matings were using to generate 12/15LO-LDLr double knockout (DK) mice. 

Genotypes were ascertained by PCR analysis using tail DNA as described 

previously32. For LDLr genotyping, the following primers were used: forward 

primer, ACCCCAAGACGTGCTCCCAGGATGA; reverse primer for wild type 

allele, CGCAGTGCTCCTCATCTGACTTGT; and reverse primer for knockout 

allele, CTTGTTCAATGGCCGATCCC. For 12/15LO genotyping, the following 

primers were used: forward primer, CGAAATCGCTGGTCTACAGG; reverse 

primer for wild type allele, CGTGGTTGAAGACTCTCAAGG; and reverse primer 

for knockout allele, AGGTGAGATGACAGGAGATC. All mice used in this study 

were males, except for BM transplantation studies in which females served as 

BM donors. Mice were housed in a specific pathogen-free facility with a 12 hour 

light/dark cycle, and unless otherwise specified, were fasted 4 hours before blood 

samples were collected. All protocols and procedures were approved by the 

animal care and use committee (ACUC) of Wake Forest University School of 

Medicine. The atherogenic diets used in this study were prepared by the diet 

kitchen in the Department of Pathology at Wake Forest University School of 

Medicine and were similar in composition to those previously described33. For the 

initial studies, two experimental diets were fed: one containing 10% of calories as 



 83

palm oil diet (i.e. Sat/mono) and another containing 10% of calories as safflower 

oil (PUFA). Both diets contained 0.2% cholesterol. Fatty acid composition of the 

diets is given in Supplemental table 1. The composition of the diet used for fat 

absorption was identical to the PUFA enriched safflower oil diet except a trace 

amount (5% of total fat) of sucrose poly-behenate was added as a non-

absorbable fatty acid internal standard34.   

Plasma and liver lipid analysis 

        Plasma cholesterol and TG concentrations were measured using enzymatic 

assays with commercial available reagents (cholesterol: Wako, TG: Roche). 

Plasma lipoproteins were separated by size using high performance liquid 

chromatography (HPLC) and cholesterol distribution among lipoprotein fractions 

was determined by enzymatic cholesterol assays. After 16 weeks of atherogenic 

diet consumption, mice were sacrificed and liver was harvested for measurement 

of lipid content as previous described35. Liver samples were also fixed in 10% 

formalin and embedded in paraffin for Hematoxylin and Eosin staining. 

Quantification of aortic lesion area and lipid content  

        Whole aorta (from sinotubular junction to iliac bifurcate) was fixed in 10% 

formalin and the adventitia was cleaned. Aortas were opened along the 

longitudinal axis, pinned onto black silicon elastomer, and photographed with a 

Sony DXC-S500 digital camera. The digital images were then used to quantify 

the percentage of total aortic surface covered with lesion using Image Pro 6.2 

software. After surface lesion quantification, aortas were transferred to a glass 



 84

tube containing 10 µg of 5α-cholestane as internal standard for gas-liquid 

chromatographic analysis of cholesterol content as previously described36.  

Real time PCR and western blotting 

        After mice had consumed the PUFA diet for 16 weeks, liver RNA and 

protein were prepared for quantitative real time PCR and western blot analysis, 

respectively, as described previously37. 

In vivo quantification of TG and apoB secretion rate 

        Detergent block to inhibit TG lipolysis in vivo was used to quantify the rate of 

TG and apoB secretion into plasma of SK and DK mice after 12 weeks of PUFA 

diet feeding37, 38. Another detergent block study was performed with BM 

transplanted mice after 15 weeks of PUFA diet consumption.  

VLDL turnover study 

        After feeding mice the PUFA diet for 16 weeks, plasma was collected from 

SK and DK mice after a 4 hour fast. VLDL was separated from plasma by 

ultracentrifugation (d=1.006, 100k rpm for 4 hours with a Beckman Coulter 

TLA100.2 rotor). VLDL chemical composition was determined using enzymatic 

assays and particle size was quantified with a Zetasizer Nano S dynamic light 

scatter instrument (Malvern Instruments Ltd. Worcestershire, UK). VLDL from SK 

and DK mice were radioiodinated with 125I and 131I, respectively, as described39. 

Ninety-eight percent of the radiolabel was trichloroacetic acid precipitable (i.e. 

protein bound) and 80% was associated with apoB, as determined by 

isopropanol extraction40. VLDL tracers (125I and 131I; 350,000 cpm each) were 

mixed, diluted to a volume of 200 µl with saline, and injected into PUFA diet-fed 
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SK and DK recipient mice (fasted 4h) through a jugular vein catheter41. Plasma 

samples were taken periodically after injection (5, 30 minutes and 1, 2, 3, 5, 8, 24 

hours) and 125I and 131I radioactivity in isopropanol-extracted plasma was 

quantified with Perkin Elmer automatic gamma counter. The fractional catabolic 

rate (FCR) of VLDL in plasma was calculated using SAAM II software (SAAM 

Institute, Seattle, WA) as described previously32. 

Fecal neutral sterol excretion and absorption of cholesterol and fatty acids 

        Fecal neutral sterol excretion and intestinal fatty acid absorption was 

performed with mice fed the PUFA diet for 14 weeks. Cholesterol absorption was 

performed with mice fed the PUFA diet for 13 weeks. Detailed methods were 

described previously34, 42 

Bone marrow transplantation 

        BM was harvested from cleaned femurs and tibias of female SK and DK 

mice and resuspended in RPMI1640 medium for injection. SK and DK male 

recipient mice were fasted overnight and received a lethal dose of radiation (900 

rads) from a cobalt gamma source 4 hours before BM injection. Mice were 

anesthetized with isoflurane and 5×106 BM cells were injected into the retro-

orbital venous plexus. Three days before and 2 weeks after the BM 

transplantation, recipient mice received autoclaved acidified (pH 2.7) water 

supplemented with 100 mg/L neomycin and 10 mg/L polymyxin B sulfate. After 

that, mice were given acidified water until the end of the experiment. The 

replacement of hematopoietic cells by donor BM was evaluated by quantifying 

the remaining relative copy number of male DNA in hematopoietic genomic DNA 
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four weeks after bone marrow transplantation. Briefly, genomic DNA was 

extracted from whole blood with Wizard Genomic DNA Purification kit (Promega). 

The y-chromosome associated sex-determining region Y gene (Sry) was 

amplified by PCR to a linear amplification phase with the following conditions: 

95oC for 3 minutes followed by 30 cycles of 94oC for 30 seconds, 61oC for 1 

minute, and 72oC for 1 minute. The amplified 380 bp PCR product was separated 

on 0.8% agarose gels and visualized with ethidium bromide. Acyl-

CoA:cholesterol acetyltransferase 2 (ACAT2) was amplified by PCR as an 

internal control. A series of male and female genomic DNA mixtures (100%, 50%, 

25% 0% male DNA) were made and used to construct a standard curve of 

male:female DNA ratio vs. Sry:ACAT2 ratio, determined by quantification of 

density of PCR bands. Male genomic DNA in the whole blood samples of 

transplanted mice was estimated using the standard curve. 

GdCl3-induced ablation of Kupffer cells  

        GdCl3.6H2O (Sigma Aldrich) powder was reconstituted to 6 mg/ml with 

saline and sterilized by passing through a 0.22 µm filter. After 16 weeks of PUFA 

diet consumption, mice were anesthetized with isoflurane and the GdCl3 solution 

(25µg/g body weight) was injected into mice through the retro-orbital venous 

plexus. Injections were repeated every 4 days for a total of 3 injections. 

Macrophage conditioned medium preparation and McArdle RH7777 TG 

secretion studies 

        Peritoneal resident macrophages were collected from mice fed the PUFA 

diet for 12-16 weeks by flushing the peritoneal cavity with PBS. The 
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macrophages were pelleted by low speed centrifugation, resuspended in RPMI 

1640 medium containing 100 U/ml penicillin, 100 μg/ml streptomycin and 10% 

fetal bovine serum (FBS), and seeded onto cell culture plates. After a 2 h 

incubation, floating cells were removed by washing with PBS and adherent 

macrophages were stimulated ± 2 µM Ca2+ ionophore A23187 for 20 minutes. 

Then, cells were changed to fresh medium (RPMI 1640, DMEM equal volume) 

containing 100 U/ml penicillin, 100 μg/ml streptomycin and 1% Nutridoma-SP 

(Roche Applied Science) and cultured overnight. Macrophage conditioned 

medium was transferred to McArdle RH7777 cells along with 5 µCi 3H-oleate, 

0.8mM oleate, and 5% BSA and incubated for 4h. After incubation, medium lipids 

were extracted43, TG was separated by TLC, and radiolabel in TG was quantified 

by liquid scintillation counting and expressed as dpm/mg cell protein. 

Macrophage cytokine and lipid mediator analysis 

        For cytokine analysis, resident peritoneal macrophages were isolated from 

12-16 week PUFA fed DK and SK mice and stimulated with 100 ng/ml of LPS for 

8 hours. Then, macrophage conditioned medium was collected to determine 

cytokine levels using a Proteome Profiler Mouse Cytokine Array Kit, Panel A 

(R&D, Minneapolis, MN). Macrophage RNA was also isolated for real time PCR 

analysis of cytokine gene expression37. For lipid mediator analysis, macrophages 

were stimulated with Ca2+ ionophore (A23187) for 20 minutes. Then, cells and 

medium were collected together to separate and quantify lipid mediator 

concentration by LC/MS/MS as previously described44. 

Statistical analyses 
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        Data are presented as mean ± SEM and were analyzed for statistical 

significance using a two-tailed unpaired Student’s t test (i.e., SK vs. DK 

comparisons). FCR values for different radioiodinated VLDL tracers in the same 

recipient mice were compared using a two-tailed paired-t test. All the analysis 

was performed with GraphPad Prism 5.01 (GraphPad Software Inc., San Diego, 

CA). 
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ABSTRACT 

        Recent evidence suggests that 12/15 lipoxygenase (12/15LO) expression in 

high fat diet-fed C57Bl/6 mice increases body weight and plasma glucose. 

However, the relative contribution of 12/15LO expression in bone marrow (BM)-

derived cells, such as macrophages, vs. adipocytes in development of obesity 

and on glucose metabolism is unknown. To address this question, we evaluated 

the role of 12/15LO expression in BM cells on weight gain and glucose 

metabolism in hyperlipidemic LDL receptor (LDLr) knockout (SKO) and 12/15LO-

LDLr double knockout (DKO) mice fed a low-fat (10% calories) diet enriched in 

polyunsaturated fatty acids (PUFA) to enhance production of 12/15LO lipid 

mediators. Compared to SKO mice, DKO mice exhibited decreased plasma lipid 

concentrations, body weight, epididymal fat mass, fasting plasma glucose and 

insulin concentrations, and increased glucose tolerance and insulin signaling. 

Transplantation of SKO vs. DKO BM into DKO recipient mice did not alter body 

weight gain, epididymal fat mass, or systemic glucose tolerance, suggesting that 

12/15LO expression in adipocytes, not BM-derived cells, contributes to the 

development of obesity and insulin resistance in mice. 
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INTRODUCTION 

        Type 2 diabetes is a major risk factor for development of heart disease and 

metabolic syndrome (1). Subjects with type 2 diabetes have an impaired 

response to insulin, which consequently results in high blood glucose 

concentrations and a compensatory high insulin level, due to increased 

pancreatic secretion (2). Insulin plays a central role in the control of blood 

glucose levels by regulating glucose and lipid metabolism in liver, fat, and muscle. 

In liver, insulin inhibits gluconeogenesis, glycogenolysis, and stimulates 

lipogenesis (3-6). In adipose tissue and muscle, insulin increases glucose 

transporter type 4 (GLUT4) activity and facilitates glucose uptake for storage and 

utilization (7;8). 

        12/15 lipoxygenase (12/15LO) belongs to the non-heme iron containing 

lipoxygenase family that oxidizes polyunsaturated fatty acid (PUFA) to form a 

series of biologically active lipid mediators (9). This enzyme is highly expressed 

in macrophages (10-12) and to a lesser extent in adipocytes (10;13), human 

islets (14), and insulin-secreting pancreatic beta cell lines, such as NIT-1 and β-

TC3 cells (14;15). In most other cell types, 12/15LO expression was 

undetectable. A product of 12/15LO, 12-hydroxyeicosatetraenoic acid (12-HETE), 

impaired insulin secretion in β-TC3 cells and resulted in increased apoptotic cell 

death (14). Moreover, 12/15LO deficient mice were protected from pancreatic 

islet cell apoptosis in a non-obese diabetic background (16) or when mice were 

fed a western diet (17). These studies suggest that 12/15LO catalytic products 

may contribute to type 1 diabetes under appropriate environmental conditions. 
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Studies also showed that 12/15LO expression increased phosphorylation of 

insulin receptor substrate-1 (IRS-1) on serine residues, rather than tyrosine 

residues, resulting in inhibition of Akt phosphorylation and impairment of insulin 

signaling in 3T3-L1 adipocytes (13). Supporting the in vitro data, results from in 

vivo studies showed that high fat (~40% calories)-fed 12/15LO deficient mice had 

decreased fasting blood glucose and insulin levels and improved glucose and 

insulin tolerance compared to their wild type counterparts (17). In addition, a 

recent study demonstrated that 12/15LO expression increased adipose tissue 

inflammatory cytokine expression in high fat-fed mice, suggesting a possible 

mechanism for the onset of liver and muscle insulin resistance (18). These study 

results taken together suggest that 12/15LO expression may increase 

susceptibility to type 1 diabetes through pancreatic β cell damage and to type 2 

diabetes through increased adipose tissue inflammation and subsequent 

impairment of insulin signaling.  

        Available evidence suggests that 12/15LO expression in white adipose 

tissue leads to increased inflammation and insulin resistance in mice fed a high 

fat diet (17;18). However, adipose tissue is a heterogeneous mixture of 

adipocytes and stromal vascular cells, derived primarily from BM precursor cells. 

In obesity, macrophages infiltrate adipose tissue due to chronic inflammation, but 

recruitment of macrophages to adipose tissue and inflammatory cytokine 

secretion from adipose tissue homogenates is diminished in high fat-fed 12/15LO 

KO vs. wild type mice (17;18). Since both macrophages and adipocytes express 

12/15LO, the extent to which each cell type contributes to obesity and abnormal 
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glucose metabolism is not clear. In addition, whether 12/15LO expression leads 

to obesity, insulin resistance, and abnormal glucose metabolism per se or only in 

the context of feeding a high fat diet is unknown. To address these gaps in 

knowledge, we fed LDL receptor knockout (SKO) and 12/15LO-LDL receptor 

double knockout (DKO) mice a low-fat diet enriched with polyunsaturated fatty 

acid (PUFA) to increase the products of 12/15LO and investigated the effect of 

12/15LO deficiency on obesity and glucose metabolism. We demonstrate that 

12/15LO deficient mice had decreased body weight, epididymal fat mass, fasting 

blood glucose and insulin levels and increased glucose tolerance. Additional 

studies showed that reconstitution of DKO mice with bone marrow (BM) cells 

expressing 12/15LO did not reverse the phenotype, suggesting the adipocyte 

expression of 12/15LO likely increases susceptibility to obesity and abnormal 

glucose metabolism in low fat-fed mice.   
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EXPERIMENTAL PROCEDURES 

Mice and diet 

        LDLrKO (SKO) and 12/15LO KO mouse in the C57BL/6 background were 

obtained from The Jackson Laboratory (Bar Harbor, Maine, USA). The mice were 

crossbred to generate heterozygotes at both targeted alleles and heterozygous 

matings were used to generate 12/15LO-LDLr double knockout (DKO) mice. 

Genotypes were ascertained by PCR analysis using tail DNA as described 

previously (19). For LDLr genotyping, the following primers were used: forward 

primer, ACCCCAAGACGTGCTCCCAGGATGA; reverse primer for wild type 

allele, CGCAGTGCTCCTCATCTGACTTGT; and reverse primer for knockout 

allele, CTTGTTCAATGGCCGATCCC. For 12/15LO genotyping, the following 

primers were used: forward primer, CGAAATCGCTGGTCTACAGG; reverse 

primer for wild type allele, CGTGGTTGAAGACTCTCAAGG; and reverse primer 

for knockout allele, AGGTGAGATGACAGGAGATC. All mice used in this study 

were males, except for BM transplantation studies in which females served as 

BM donors. Mice were housed in a specific pathogen-free facility with a 12 hour 

light/dark cycle, and unless otherwise specified, were fasted 4 hours before blood 

samples were collected. All protocols and procedures were approved by the 

animal care and use committee (ACUC) of Wake Forest University School of 

Medicine. The low fat diet used in this study was prepared by the diet kitchen in 

the Department of Pathology at Wake Forest University School of Medicine and 

contained 10% of calories as safflower oil and 0.2% cholesterol. Other diet 

ingredients are similar to those previously published (20).   
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Food intake experiment 

        Mice were separated into individual wire-bottom cages with no bedding for 

daily diet consumption measurements at 10 weeks after initiation of the low fat 

diet. Once the mice were acclimated to the wire-bottom cage, the weight of diet 

fed to the mice and the remaining diet left on the second day were measured for 

4 days to evaluate the daily food intake. The values were then normalized to the 

body weight measured at the beginning of the experiment. 

Measurement of blood glucose and insulin concentrations and glucose and 

insulin tolerance tests 

        Blood glucose was measured with Contour blood glucose meter (Bayer 

HealthCare LLC. Mishawaka, IN). Plasma insulin concentration was measured 

with the Ultra Sensitive Mice Insulin ELISA Kit (Crystal Chem Inc.). Glucose 

tolerance tests were performed after mice had consumed the low fat diet for 12 

weeks. Mice were administered 20% glucose at 1.5g/kg body weight by 

intraperitoneal injection after an overnight fast. Blood glucose was measured at 0, 

15, 30, 60 and 120 minutes after injection of glucose. Insulin tolerance tests were 

performed after 14 weeks of low fat diet consumption. Food was removed from 

the cage 4 hours before the experiment. Recombinant human insulin (Novo 

Nordisk Inc., Princeton, NY) was injected into the peritoneal cavity of mice at a 

dose of 0.8 U/kg body weight and blood glucose was measured at 0, 15, 30, 60 

and 120 minutes after injection. 

Insulin signaling 
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        After 16 weeks of low fat diet consumption, mice were anesthetized with 

ketamine (50mg/ml)/ xylazine (10mg/ml). Saline or 0.5U/kg body weight of 

recombinant human insulin (Novo Nordisk, Inc., Princeton, NY) was injected 

through the exposed portal vein. Five minutes after insulin injection, liver, 

epididymal fat pat, and quadricep muscle were collected and snap-frozen in 

liquid nitrogen for future analysis. Tissue samples (30mg) were homogenized in 

lysis buffer containing 50mM Tris, 1mM EDTA, 1% Nonidet P-40, 0.25% Na-

deoxycholate, 150mM NaCl and protease/phosphatase inhibitor cocktail (Roche). 

The lysate was centrifuged at 12,000 rpm for 15 minutes at 4 oC and supernatant 

was collected. Protein concentration was determined by Pierce BCA Protein 

assay kit (Thermo Scientific Inc. Rockford, IL). Thirty μg protein was loaded onto 

8% SDS polyacrylamide gels to fractionate protein. Then proteins were 

transferred to a polyvinylidene fluoride membrane and immunoblot sequentially 

with rabbit anti-mouse phospho-Akt Ser473 or Akt polyclonal antibodies (Cell 

Signaling Technology Inc., Beverly, MA) and secondary horseradish peroxidase-

linked anti-rabbit IgG (GE Healthcare UK Limited, Little Chalfont 

Buckinghamshire, UK). The blot was then developed with the Supersignal West 

Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL) and 

visualized with FUJIFILM Las 3000 Imager (FUJIFILM, Japan). The density of 

the p-Akt band was quantified with Multi Gauge v3.0 software and normalized to 

the total Akt band. 

Bone marrow transplantation 
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        BM transplantation was performed as described in chapter II. Briefly, BM 

was harvested from female SKO and DKO mice and resuspended in RPMI1640 

medium for injection. Recipient mice (male SKO and DKO) were fasted overnight 

and given a lethal dose of radiation (900 rads) from a cobalt gamma source 4 

hours before BM injection. BM cells (5×106) were injected through the retro-

orbital venous plexus. Three days before and 2 weeks after BM transplantation, 

recipient mice were given autoclaved, acidified water (pH 2.7) containing 100 

mg/L neomycin and 10 mg/L polymyxin B sulfate. After that, mice were given 

acidified water until the end of the experiment. The replacement of hematopoietic 

cells by donor BM was evaluated by quantifying the remaining relative copy 

number of male DNA in hematopoietic genomic DNA 4 weeks after BM 

transplantation.  

Statistic analysis 

        Data were expressed as mean ± SEM. Differences between groups were 

analyzed by ANOVA (two-way and one-way, with posthoc Tukey’s test). Data 

was considered statistically different at p<0.05. Analyses were performed using 

GraphPad Prism 5.01 (GraphPad Software Inc., San Diego, CA) 
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RESULTS 

12/15LO deficient mice had lower body weight, smaller epididymal fat pad 

mass, but increased food consumption. 

        To investigate the role of 12/15LO on adiposity, mice were fed a low fat diet 

for 16 weeks. The body weights of SKO and DKO mice were similar while they 

were consuming chow (i.e, 0 time point). DKO mice had gained significantly less 

body weight as early as 4 weeks after initiation of the low fat diet compared with 

SKO mice (Figure 1 A). DKO mice were visibly leaner (Figure 1B) and had less 

epididymal fat pad mass after 16 weeks of the low fat diet consumption (Figure 1 

B-C). Plasma cholesterol and triglyceride concentrations were significantly lower 

in DKO vs. SKO mice (Table 1). Food intake, measured 10 weeks after initiation 

of the low fat diet, was significantly higher for DKO vs. SKO mice (Figure 1E), 

suggesting increased energy expenditure in DKO mice. 

12/15LO deficient mice had improved glucose homeostasis. 

        Since hyperglycemia and hyperinsulinemia contribute to obesity and insulin 

resistance, we measured fasting blood glucose and insulin levels of low fat diet-

fed mice. Glucose and insulin levels of DKO mice were significantly lower than 

SKO mice after a 4 hr fast (Figure 2 A and B). When the mice were fasted 

overnight, the glucose and insulin levels were reduced in both genotypes of mice 

as expected. The blood glucose level was not different between the mice after an 

overnight fast (Figure 2A); however, insulin levels remained significantly lower in 

DKO mice (Figure 2B).  
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        To evaluate whether response to exogenous glucose and insulin was 

altered in 12/15LO deficient mice, glucose and insulin tolerance tests were 

performed on mice after 12-14 weeks of low fat diet feeding. Blood glucose in 

both groups increased after glucose challenge as anticipated. The glucose level 

of DKO mice peaked at 15 minutes and decreased to its original level 2 hours 

after glucose injection. However, the glucose level of SKO mice kept increasing 

until 30 minutes after the injection and the higher glucose level was maintained 2 

hours after injection (Figure 3A). Glucose levels in SKO and DKO mice 

decreased after insulin injection as expected. At every time point examined, 

glucose levels were lower in DKO mice (Figure 3B). However, the response to 

insulin challenge was similar for SKO and DKO mice when the glucose 

concentration was normalized to initial values (Figure 3C). The data suggested 

that SKO mice were in an early stage of insulin resistance, whereas 12/15LO 

deficient mice were relatively protected. 

12/15LO deficiency improved insulin signaling in liver, adipose tissue and 

muscle. 

        Liver, fat, and muscle are insulin responsive tissues that regulate systemic 

glucose metabolism. To evaluate the role of 12/15LO expression on insulin 

signaling in these tissues, phosphorylation of Akt was measured by western blot 

5 minutes after portal vein injection of insulin. In liver, adipose tissue and muscle, 

phosphorylation of Akt after insulin injection was variable but appeared to be 

increased in DKO vs. SKO mice (Figure 4), suggesting that insulin signaling was 

increased in 12/15LO deficient mice. 
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Bone marrow cells expressing 12/15LO have minimal impact on body 

weight, fat mass, and glucose metabolism. 

        Since 12/15LO is expressed in both macrophages and adipocytes, we 

investigated the extent to which BM-derived cells with or without 12/15LO 

expression contribute to the metabolic phenotype of 12/15LO deficient mice 

using BM transplantation. Eight weeks after BM transplantation, mice were fed 

the low fat diet and body weight was monitored for the duration of the study. 

Similar to non-bone marrow transplanted mice, plasma cholesterol level was 

significantly lower when DKO mice received DKO bone marrow (DKO→DKO) vs. 

SKO→SKO (Table 1). Plasma lipid concentrations of mice receiving reciprocal 

BM (SKO→DKO, DKO→SKO) were intermediate between SKO→SKO and 

DKO→DKO mice. Recipient mice receiving homologous BM (SKO→SKO, 

DKO→DKO) recapitulated the body weight phenotype of non-transplanted mice 

(Figure 5 A-B and Figure 1A), with SKO mice having a higher body weight gain 

compared to DKO mice. Furthermore, DKO recipient mice had significantly lower 

body weight regardless of the source of the donor BM they received (Figure 5A, 

B). A similar trend was observed for epididymal fat pad mass, although the 

apparent differences fell short of statistical significance (Figure 5C). These 

results indicated that BM-derived cells, such as macrophages, contribute 

minimally to the metabolic phenotype of increased body weight and adiposity that 

accompanies 12/15LO expression.  

        Glucose tolerance tests were performed after BM transplantation to 

evaluate the role of BM 12/15LO expression on systemic glucose metabolism. 
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Mice receiving homologous BM (SKO→SKO, DKO→DKO) had blood glucose 

clearance rates similar to those of non-transplanted mice (Figures 3A and 6A). 

As was observed for body weight after BM transplantation, plasma glucose 

clearance rate was significantly reduced in DKO recipients compared with SKO 

recipients regardless of the source of donor BM. These results suggest that BM 

12/15LO expression has minimal impact on systemic glucose metabolism. 
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DISCUSSION 

        In this study, we demonstrate a role for 12/15LO expression in glucose 

metabolism and obesity that is not dependent on feeding a high fat diet. Using a 

hyperlipidemic mouse model of atherosclerosis (i.e., LDLrKO mouse) that was 

fed a diet containing 10% of calories as fat, we show that 12/15LO deficiency 

protects mice from obesity, hyperglycemia, and hyperinsulinemia and improves 

glucose intolerance and insulin signaling. In addition, we provide the first 

evidence that this phenotype is not dependent on 12/15LO expression in BM-

derived cells, suggesting that 12/15LO expression in adipocytes may predispose 

mice to increased adipocyte inflammation, obesity, hyperglycemia and insulin 

resistance.  

        Previous studies have shown that 12/15LO expression may lead to 

metabolic abnormalities such as obesity and insulin resistance by two distinct 

pathways. First, lipid mediator products of 12/15LO (i.e., 12-HETE) may result in 

increased apoptosis of pancreatic β cells (14-17), resulting in impairment of 

insulin secretion (21). Support for this idea comes from studies in pancreatic  　

cell lines and isolated islets overexpressing 12/15LO or lacking 12/15LO 

expression (14-17). Second, 12/15LO lipid mediator products result in the 

activation of proinflammatory pathways in adipose tissue, resulting in increased 

secretion of cytokines and chemokines that can lead to insulin resistance and 

hyperglycemia (17;18). The two previously published studies that document a 

role for 12/15LO expression in the development of obesity and insulin resistance 

relied on short (2-4 weeks) and long (8-24 weeks) term high fat diet feeding of 
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C57Bl/6 mice (17;18).  Thus, high fat diet feeding is considered a necessary 

condition for the 12/15LO-mediated phenotype of obesity and insulin resistance, 

but this question has not been addressed directly. In our study, we demonstrate 

that many of the same phenotypic changes occur with global deletion of 12/15LO 

expression (Figures 1-4), as previously published, but in the context of low fat 

diet feeding. Since our low fat diet was enriched in 18:2 (n-6), a substrate fatty 

acid for 12/15LO, the need for high fat in the diet to drive the obesity/insulin 

resistance phenotype in the mice expressing 12/15LO may have been obviated 

by the enrichment in substrate fatty acid. For example, high fat diets that are 

enriched in saturated fatty acids may drive inflammation through Toll-like 

receptor 4 activation (22), whereas a low fat diet enriched in PUFA make drive 

inflammation by increased proinflammatory lipid mediator production by 12/15LO. 

Our results suggest a critical role for 12/15LO lipid mediators in regulation of fat 

and glucose homeostasis, presumably through activation of proinflammatory 

pathways in adipose tissue.      

        12/15LO is abundantly expressed in both macrophages and adipocytes 

(10;13), but the extent to which expression in each cell type contributes to the 

metabolic abnormalities in fat and glucose metabolism is unknown. We 

addressed this question using a cross-over BM transplantation experimental 

design in which BM from SKO or DKO donors was transplanted into SKO and 

DKO recipients. We verified that recipient mice had complete replacement of 

their BM-derived circulating blood leukocytes with that of the donor mice 

(unpublished data). A major finding of our BM transplantation study was that 
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body weight, epididymal fat mass, and glucose tolerance were determined by 

12/15LO genotype of the recipient mice, not the donor mice (Figures 5-6). A 

corollary to this finding is that 12/15LO expression in adipocytes, not BM-derived 

stromal vascular cells, plays a significant role in fat and glucose homeostasis. 

Since we have shown that high fat diet feeding is not necessary to result in the 

obesity and insulin resistance phenotype, it is likely that the formation of bioactive 

lipid mediators by adipocytes leads to induction of proinflammatory gene 

expression as described in several previous studies (13;17;18).  
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Figure 1. 12/15LO deficient mice have decreased body weight and 

epididymal fat mass. A. Body weights of SKO (LDLrKO) and DKO (12/15LO-

LDLrKO) mice fed a low fat diet were measured periodically over a 16 week 

period. Each point represents mean ± SEM of 9-10 values. B. Gross appearance 

of representative SKO and DKO mice fed the low fat diet for 16 weeks. C. 

Epididymal fat pad weight was measured after 16 weeks of low fat diet 

consumption and presented as percentage of body weight (mean ± SEM, n=6-8). 

D. Appearance of epididymal fat pad after mice were fed the low fat diet for 16 

weeks. E. Daily food consumption of mice fed the low fat diet for 10 weeks was 

normalized to body weight of mice (mean ± SEM, n=5). *, p<0.05 by t-test. 
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Figure 2. 12/15LO deficient mice have reduced blood glucose and insulin 

concentrations. A. Blood glucose levels of mice measured after a 4 hour (left 

panel) or overnight (right panel) fast (mean ± SEM, n=5). B. Plasma insulin levels 

of mice measured after a 4 hour (left panel) or overnight (right panel) fast (mean 

± SEM, n=9). 
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Figure 3. Glucose and insulin tolerance test. A and B. Blood glucose level 

was measured in LDLrKO (SKO) and 1215LO-LDLrKO (DKO) mice after 

intraperitoneal injection of glucose (A) or insulin (B), respectively. C. Glucose 

levels during the insulin tolerance test in panel B were normalized to pre-injection 

glucose concentration. Each point represents the mean ± SEM of 5 per genotype; 

* p<0.05 by t test. 
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Figure 4. Insulin signaling in liver, adipose tissue and muscle. 

Phosphorylation of Akt was used as a measure of insulin signaling. LDLrKO 

(SKO) and 12/15LO-LDLrKO (DKO) mice fed a low fat diet for 16 weeks were 

injected with saline or 0.5U insulin/kg body weight in the portal vein 5 min prior to 

harvesting liver, adipose tissue and muscle. Tissue proteins were fractionated by 

SDS-PAGE and Akt phosphorylation was determined by western blot analysis. 

Values above blots represent the ratio of p-Akt to total Akt band intensity. 
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Figure 5. Body and epididymal fat weight in bone marrow transplanted 

mice. BM from female LDLrKO (SK) and 12/15LO-LDLrKO (DK) mice was 

harvested and injected into lethally irradiated SKO and DKO recipient mice in a 

crossover experimental design. After an 8 week recovery period, transplanted 

mice were fed the low fat diet for 15 weeks A. Body weight gain was monitored 

after BM transplantation during the 15 week period of low fat diet feeding. B. 

Body weight gain after 15 weeks of low fat diet feeding. C. Epididymal fat pad 

weight measured at sacrifice, 15 weeks after low fat diet feeding. Each point or 

bar represents mean ± SEM of 6-8 values. Different letters on top of the bar 

represent statistical differences at p<0.05 by ANOVA. Legend: first two letters 

denote donor genotype; last two letters indicate recipient mouse genotype (i.e., 

SK→DK=SK donor BM into DK recipient). 
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Figure 6. Glucose tolerance test in bone marrow transplanted mice. Mice 

were subjected to BM transplantation as described in Figure 5 legend. A. Blood 

glucose level after injection of glucose. B. Area under the curve of glucose 

tolerance tests in panel A. Each point or bar represents mean ± SEM of 6-8 

values. Different letters denote statistical differences at p<0.05 by ANOVA. 
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Table I. Plasma cholesterol and triglyceride concentrations in non-bone 
marrow transplanted and bone marrow transplanted mice 
 

  
Cholesterol 

(mg/dl) 
Triglyceride 

(mg/dl) 
SKO 768.0 ± 56.9  91.8 ± 8.1  
DKO 470.0 ± 23.7a 61.7 ± 9.0a 

SKO→SKO 761.7 ± 58.1 123.1 ± 17.4 
DKO→SKO 696 ± 44.5 106.9 ± 4.2 
SKO→DKO 646.3 ± 57.9 82.8 ± 5.6b 

DKO→DKO 496.5 ± 66.6b 87.3 ± 6.4 
 
Plasma cholesterol and triglyceride concentrations were measured after mice 

were fed the low fat diet for 15 weeks. SKO and DKO represent non-bone 

marrow transplanted LDLr knockout and 12/15LO-LDLr double knockout mice, 

respectively. The four groups that follow are bone marrow transplanted mice. 

Letters in front of arrow denote donor genotypes; letters behind arrow denote 

recipient genotypes. Values are presented as mean ± sem. Two-tail t-test was 

performed to analyze differences between SKO and DKO. a, p<0.05 compared to 

SKO group. Tukey post test after One-way ANOVA was performed to analyze 

differences among the bone marrow transplanted mice. b, p<0.05 compared to 

SKO→SKO group. 
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DISCUSSION 

        Lipid mediators are biologically active molecules derived from 

polyunsaturated fatty acids (PUFA), which play important regulatory roles in 

signal transduction, inflammation and energy metabolism (1-5). There are two 

major classes of enzymes that catalyze the formation of lipid mediators: 

lipoxygenases (LO), which catalyze the oxygenation of PUFA to form linear 

hydroperoxide derivatives such as hydroxyeicosatetraenoic acid (HETE), 

hydroxyoctadecadienoic acid (HODE), leukotrienes, resolvins and protectins (6); 

and cyclooxygenases (COX), which catalyze the formation of prostanoids with an 

oxygen-ring structure such as prostaglandins (7). 12/15LO belongs to the LO 

family with a positional specific oxygenation activity on arachidonic acid to 

produce either 12HETE or 15HETE (8). 12/15LO also catalyzes other PUFAs, 

such as linoleic acid, to form lipid mediators such as 13HODE. These direct 

products from 12/15LO can act as precursors of other lipid mediators, including 

lipoxin A4 (LXA4) (9;10). The role of 12/15LO expression on the development of 

atherosclerosis has been investigated in several studies since the detection of 

the enzyme activity in human atherosclerotic lesions (11-13). However, the 

outcome of these studies remains controversial; most studies have suggested 

that 12/15LO expression is atherogenic (14-22), but other studies using similar 

experimental approaches have concluded that 12/15LO expression is 

atheroprotective (23;24). Different mechanisms such as oxidative stress, 

monocyte-endothelium interaction and inflammatory response have been 

proposed in these studies to explain the outcomes (15;20;22;24). Since PUFAs 
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are the substrate molecules for the enzyme, dietary fatty acid composition in 

studies with 12/15LO gene-modified animals may drive formation of different 

categories and amounts of lipid mediator products, affecting atherosclerosis 

outcomes. Thus, a diet enriched in PUFA is necessary to maximize the effect of 

12/15LO expression on atherosclerosis. In addition to its role in the development 

of atherosclerosis, 12/15LO is also a risk factor for obesity and diabetes. 

12/15LO and its products are toxic to pancreatic β cells, inducing β cell apoptosis 

(25;26). This enzyme can also induce adipose tissue inflammation in mice fed a 

high fat western diet, which could further compromise insulin signaling pathways 

(27-29). Detailed mechanistic studies on how 12/15LO products impair insulin 

signaling are needed.  

        Two important features regarding 12/15LO expression should be 

emphasized to understand its physiological and pathological roles. First, most of 

the lipid mediators derived from 12/15LO have very short half lives after 

formation, which limits them to local autocrine or paracrine effects (30;31). 

Second, 12/15LO expression is limited to a few cell types, such as macrophage, 

adipocytes and endothelial cells (18-20). These two features led us to 

hypothesize that 12/15LO expressing cells may secrete lipid mediators that 

directly exert autocrine and/or paracrine effects that influence the metabolism of 

neighboring cells (i.e., hepatocyte, muscle), or indirectly stimulate secretion of 

stable molecules (i.e., cytokines) that regulate function in local or distant non-

12/15LO expressing cells. 
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        In chapter II, we demonstrate that the atherosclerosis attenuating effect of 

12/15LO deficiency was more robust when mice were fed a PUFA-enriched diet 

vs. a Sat/mono-enriched diet. Most interestingly, we made a novel observation 

that plasma and liver lipid levels were lower in 12/15LO-LDLr double knockout 

(DKO) mice vs. LDLrKO (SKO) mice fed the PUFA-enriched diet. Based on 

results from our BM transplantation study and Kupffer cell ablation study, we 

propose that 12/15LO expression in macrophages, especially Kupffer cells, 

increases plasma lipid concentrations by stimulating hepatic lipid synthesis and 

secretion as well as altering hepatic VLDL lipid composition, resulting in slower 

clearance of VLDL particles from the circulation. In vitro studies suggested that a 

>3kD secretory product of PUFA-enriched macrophages was responsible for the 

elevation of liver lipid secretion. 

        The role of 12/15LO expression on atherosclerosis development and lipid 

and glucose metabolism is mediated through production of bioactive lipid 

mediators. A PUFA-enriched diet likely drives formation of lipid mediators, which 

may provide an explanation for why atherosclerosis in our study was attenuated 

with 12/15LO deficiency more robustly compared to previous studies in which 

sat/mono fat-containing diets were used. Moreover, we observed a decrease of 

plasma cholesterol and triglyceride (TG) concentrations in PUFA-fed DKO mice 

vs. SKO mice, which provided a novel pathway for 12/15LO expression to 

exacerbate atherosclerosis by increasing plasma lipid levels. In previous studies, 

decreased in vivo oxidative stress and monocyte-endothelium interaction 

correlated with attenuation of atherosclerosis in 12/15LO deficient mice 
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(15;20;22). On the other hand, another group has proposed that the anti-

inflammatory lipid mediators catalyzed by 12/15LO, such as LXA4, protectins and 

resolvins, protected mice from the development of atherosclerosis (24), a view 

that is contrary to most data in the literature. Increased plasma cholesterol level 

is a predisposing factor for atherosclerosis development (32;33). The initial steps 

of atherosclerosis involve formation of fatty streaks with accumulation of 

cholesterol-loaded macrophages in arteries (34). The 12/15LO driven increase of 

plasma cholesterol concentration in our SKO vs. DKO mice could be the 

fundamental explanation of its atherogenic effect. However, in Sat/mono diet-fed 

SKO and DKO mice plasma lipid levels were similar, which reduced the 

difference in atherosclerosis between the two genotypes compared to the PUFA-

fed mice. The similar level of plasma lipids in our Sat/mono-enriched diet-fed 

animals is consistent with previous studies (14;16;24). Based on these 

observations, we conclude that our PUFA-enriched diet amplified the production 

of lipid mediators by 12/15LO or other enzymes (i.e. 5LO and COX), which 

induced lower plasma lipid concentration in DKO vs. SKO mice and attenuated 

atherosclerosis. However, in SKO and DKO mice fed a western diet (i.e., 

Sat/mono enriched), the quality and quantity of lipid mediators was likely not 

different enough to alter hepatic lipid metabolism. In this case, other effects of 

12/15LO expression, such as changing oxidative status, monocyte-endothelium 

interaction and inflammation, will direct the development of atherosclerosis to 

different outcomes (14-24). 
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        The dramatic reduction in plasma VLDL and LDL cholesterol in PUFA diet-

fed DKO mice could be due to decreased hepatic secretion of VLDL or increased 

catabolism of VLDL particles. Liver lipogenesis gene/protein expression and 

VLDL secretion studies demonstrated that VLDL secretion was reduced in 

PUFA-fed DKO mice compared to SKO controls. In addition, VLDL secreted from 

livers of DKO mice was relatively enriched in TG and poor in cholesterol ester 

and was cleared faster from blood circulation compared to those from SKO mice. 

This observation demonstrated that livers of DKO mice also secrete VLDL 

particles that are more rapidly cleared, presumably due to the change in core 

lipid composition. Thus, both decreased VLDL production and increased 

clearance in 12/15LO deficient mice resulted in lower plasma lipid levels. 

However, based on our real time PCR results, there was no 12/15LO expression 

in hepatocytes, suggesting that hepatocyte 12/15LO expression could not explain 

the VLDL phenotype. This result led us to hypothesize that macrophage 12/15LO 

expression might contribute to the alteration in liver lipid metabolism. In our BM 

transplant models, plasma lipid level and liver TG secretion were partially altered, 

but not completely reversed to the level of the donor mice when they receive BM 

from the other genotype of mice. After BM transplantation, more than 98% of 

circulating blood leukocytes were replaced by donor BM cells in our study. 

However, according to a published study, over the time frame of our replacement 

study, only a small portion of liver resident macrophages would have been 

replaced (35). If the same is true in our study, we would expect the remaining 

original BM-derived Kupffer cells to oppose the phenotype of the donor BM, such 
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that, the expected plasma lipid phenotype in heterologous BM transplantation 

groups (i.e., SKO→DKO, DKO→SKO ) would be intermediate of that in 

homologous BM transplantation groups (i.e., SKO→SKO, DKO→DKO). This was 

in fact what we observed and Kupffer cell ablation studies confirmed this line of 

reasoning. When Kupffer cells were ablated by GdCl3 injection, SKO mouse 

plasma cholesterol and TG levels decreased and recovered in parallel with the 

published ablation and repopulation time course for Kupffer cells. Therefore, BM 

transplantation and Kupffer cell apoptosis experiments demonstrated that 

12/15LO expression in non-hepatic and hepatic resident macrophages regulated 

hepatic lipid metabolism, resulting in higher plasma lipid levels. 

        12/15LO deficiency in macrophages alters lipid mediator profiles, which 

could be a possible pathway for regulation of hepatic lipid metabolism. Studies 

have reported that lipid mediators are ligands for nuclear receptors, such as 

PPARs, that regulate lipid metabolism (36-38). When conditioned medium was 

prepared with resident peritoneal macrophages isolated from PUFA diet-fed SKO 

and DKO mice, we detected different amounts of lipid mediators. 12-HETE, the 

direct product of 12/15LO, was nearly absence, whereas 5-HETE, the product of 

5LO, was doubled in DKO compared with SKO conditioned medium, suggesting 

PUFA substrate shunting into the 5LO pathway in the absence of 12/15LO 

expression. However, 5-HETE was not metabolized further in the leukotriene 

pathway since LTB4 levels were only 50% that of the SKO macrophage. PGE2 

and PGF2α levels were also doubled in 12/15LO deficient macrophages. 

Presumably, any of these changes in lipid mediator concentration singly or in 
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combination could result in the observed alteration in hepatic lipid metabolism. 

Since lipid mediators are short-lived in the circulation, they most likely function in 

an autocrine or paracrine fashion at the site of synthesis (30;31). We hypothesize 

that lipid mediators produced by 12/15LO first alter macrophage cytokine 

secretion through an autocrine or paracrine fashion. The cytokines secreted from 

macrophage will then directly regulate hepatic lipid metabolism. After a short 

stimulation with Ca2+ ionophore (20 minutes) followed by 8 hours stimulation with 

LPS, cytokines in macrophage culture medium was tested by cytokine array and 

macrophage cytokine mRNA expression was measured by real time PCR. 

Results showed an increase of several inflammatory cytokines and chemokines 

in DKO vs. SKO macrophages. Our hypothesis was further supported by our 

McArdle cell studies. When McArdle cells were cultured with the >3kD 

components from DKO macrophage conditioned medium, decreased TG 

secretion was observed compared with SKO macrophage conditioned medium, a 

result that was similar to the effect of whole medium. The <3kD components of 

conditioned medium from SKO and DKO macrophages were not different in their 

ability to stimulate McArdle cell TG secretion. PUFA-derived lipid mediators have 

a molecular weight smaller than 1KD, while the molecular weight of most 

cytokines is >5kD. The simplest conclusion from these experiments is that PUFA-

enriched DKO macrophages secrete increased amount of cytokines that 

decrease McArdle cell TG secretion relative to SKO macrophages. However, 

previous studies showed that inflammatory cytokines such as IL-6 and IL-1 

increase hepatic lipid synthesis and secretion (39-41). A possible explanation for 
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the difference in our results compared with those of previous studies is that the 

combination of cytokines in the conditioned medium in our study has a unique 

effect on hepatic lipid metabolism compared to the addition of single cytokines. It 

is also possible that the >3kD constituent of the conditioned medium that affects 

TG secretion is not a cytokine or lipid mediator. Although the molecular 

mechanism by which macrophages regulate hepatic TG secretion must await 

further studies, our data suggest a new pathway for the regulation of hepatic lipid 

production by macrophages.   

        In chapter III, we reported that 12/15LO deficient mice fed a PUFA-enriched 

diet had lower body weights, smaller epididymal fat mass, lower blood glucose 

and insulin levels and were more sensitive to glucose challenge. Tissue insulin 

signaling was greater in 12/15LO deficient mice, especially in muscle, relative to 

mice expressing 12/15LO. BM transplantation experiments indicated that 

12/15LO expression in adipocytes, rather than BM-derived macrophages, played 

a role in 12/15LO-induced obesity and glucose metabolism. 

        We observed an improvement in the hyperinsulinemia/hyperglycemia 

phenotype of 12/15LO deficient mice fed a low-fat (10% calories) diet enriched in 

PUFAs, the substrate fatty acids for 12/15LO. This phenotype was only reported 

in mice fed a high-fat western diet in previous studies (27;28). Combine with the 

robust lipid and atherosclerosis differences in mice fed PUFA vs. Sat/mono 

enriched diet that we reported in chapter II, our study indicates that PUFA-driven 

lipid mediator formation was important for the physiological and pathological 

effects of 12/15LO expression. Similar to published studies (27;28), we also 
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observed a decrease in white adipose tissue mass and body weight in the 

12/15LO deficient mice. Since 12/15LO is expressed in both macrophage and 

adipocytes (18;19) and there is no evidence that 12/15LO is expressed in 

hepatocytes and muscle, 12/15LO expression in either macrophages or 

adipocytes could induce white adipose tissue hypertrophy and dysfunction. With 

BM transplantation, we showed that 12/15LO expression in donor BM had little 

effect on body weight and white adipose tissue mass in SKO vs. DKO mice. 

Instead, the experiment indicated that adipocyte expression of 12/15LO might be 

more important for the enlargement of white adipose tissue mass. Glucose 

tolerance tests in BM transplanted mice also indicated a significant role for 

adipocyte 12/15LO expression on glucose clearance. White adipose tissue is an 

important target for insulin, which also regulates insulin signaling in other tissues 

(42;43). Adipose tissue dysfunction in our SKO mice induced by 12/15LO 

expression in adipocytes may impair insulin signaling in other tissues such as 

liver and muscle and cause hyperinsulinemia/hyperglycemia. 

        Taken together, the results in chapter II and chapter III of this thesis suggest 

that macrophage 12/15LO expression directly alters secretion of macrophage 

lipid mediators, which likely acts in an autocrine or paracrine fashion to regulate 

macrophage cytokine secretion. The altered cytokine profile likely increases 

hepatic lipid synthesis/secretion and alters VLDL neutral lipid composition, 

resulting in higher plasma lipid concentrations compared to 12/15LO deficient 

mice. The increased plasma lipid level, especially cholesterol concentration 

exacerbates atherosclerosis development. In addition, 12/15LO expression in 
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adipocytes causes adipose tissue dysfunction, which may induce insulin 

resistance in other tissue, resulting in hyperinsulinemia and hyperglycemia. 

Insulin and glucose are key regulators of energy metabolism. In liver, insulin and 

glucose induce transcription of lipogenic genes through sterol regulatory element 

binding protein-1c (SREBP-1c) (44;45) and carbohydrate response element 

binding protein (ChREBP) (46), respectively. In our study, we confirmed that the 

high molecular weight component (>3KD) secreted by SKO macrophages 

stimulated McArdle cell TG secretion. But the high concentration of blood 

glucose and insulin could also activate ChREBP and SREBP-1c activity, 

increasing liver lipid synthesis. The increased glucose and insulin level will 

function as a secondary pathway to stimulate hepatic lipid synthesis and 

secretion. In summary, 12/15LO expression induced lipid and carbohydrate 

metabolic dysfunction, which then causes hepatic steatosis, obesity, insulin 

resistance and atherosclerosis. 

        However, there are still several aspects regarding the regulatory role of 

12/15LO on lipid and glucose metabolism that need to be studied. First, we 

detected a series of lipid mediator and cytokine alterations in macrophage 

conditioned medium that regulated hepatic lipid metabolism. Future studies 

should focus on how these lipid mediators regulate macrophage cytokine 

secretion. In addition, a screening test might be necessary to find out the specific 

cytokines or combination of these cytokines that regulate hepatic lipid 

metabolism. 
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        Second, in this thesis, we reported a novel PUFA-enriched diet-12/15LO 

interaction that allowed 12/15LO deficient mice to be protected from 

hyperlipidemia, atherosclerosis, obesity and hyperglycemia compared to LDLrKO 

mice. The major fatty acid in our PUFA-enriched diet was 18:2 (n-6) linoleic acid, 

which is converted to 13-HODE by 12/15LO catalytic activity. 12/15LO is also 

reported to catalyze n-3 fatty acids such as DHA and EPA to form anti-

inflammatory lipid mediators such as resolvin and protectin (47;48). Future 

studies will be necessary to investigate whether 12/15LO deficient DKO mice fed 

a diet enriched of n-3 PUFA will be further protected from hyperlipidemia, obesity 

and atherosclerosis compared to the SKO control mice. 

    Third, studies showed that 12/15LO deficient mice were protected from high 

fat diet-induced white adipose tissue inflammation (27;28). In addition, 

inflammatory cytokine secretion by 3T3-L1 adipocyte was increased by 12/15LO 

products (29). These observations agree with our results that 12/15LO 

expression in adipocytes played a significant role in obesity and glucose 

metabolism. However, in chapter II, we reported that 12/15LO deficient 

macrophage secreted more inflammatory cytokines. A possible explanation for 

this inconsistency is that 12/15LO in macrophages and adipocytes have different 

enzymatic activities that produce lipid mediators with different inflammatory 

cytokine secretion effects. It is also possible that macrophages and adipocytes 

have different receptors for lipid mediators, which could induce different 

inflammatory response. Further studies should be performed to address these 

questions. 
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