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ABSTRACT 

 

Liu, Mingxia 

Role of hepatic apolipoprotein M and ATP-binding cassette transporter A1 

(ABCA1) in lipid metabolism 

Dissertation under the direction of  
John S. Parks, Ph. D., Professor of Pathology and Biochemistry 

 
Apolipoprotein M (ApoM) and ABCA1 are both expressed in hepatocytes, 

but their impact on lipid metabolism remains poorly defined. ApoM binds to 

plasma HDL via its retained signal peptide and transports sphingosine 1-

phosphate (S1P). We found that liver-specific apoM transgenic mice had larger 

plasma HDLs enriched with apoM, cholesteryl ester, lecithin:cholesterol 

acyltransferase and S1P, but not enhanced macrophage reverse cholesterol 

transport compared to wild type mice. Hepatocytes from transgenic mice 

generated larger nascent HDLs and stimulated sphingolipid synthesis and S1P 

secretion. Inhibition of ceramide synthase significantly increased cellular but not 

media S1P in apoM Tg hepatocytes, suggesting that apoM is rate limiting for S1P 

secretion. Overexpression of apoMQ22A, a mutant form of apoM with a cleavable 

signal peptide, in HEK293 cells and in mice did not stimulate larger nascent or 

mature HDL formation, but its overexpression in hepatocytes had faster secretion 

of apoMQ22A and mobilization of cellular S1P than apoMWT. We conclude that 

hepatic apoM overexpression facilitates the generation of large, apoM/S1P-

enriched plasma HDLs and that this activity is dependent on its signal peptide 

retention. 

xv 
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ABCA1 is essential for nascent HDL formation. In addition to markedly 

reduced plasma HDL levels, hepatocyte-specific ABCA1 knockout (HSKO) mice 

have increased secretion of triglyceride-rich VLDL. We hypothesized that 

enhanced VLDL TG secretion in HSKO mice was due to defective intracellular 

trafficking of apoB. In ABCA1-silenced hepatoma cells and HSKO hepatocytes, 

we found delayed trafficking of newly synthesized apoB and two other secretory 

proteins, suggesting a generalized vesicular trafficking defect. Endoglycosidase 

H treatment of cellular apoB revealed that both ER and Golgi compartments were 

involved in delayed protein trafficking. These results suggest a role for hepatic 

ABCA1 in maintaining secretory trafficking that may limit VLDL particle expansion.  

Hepatocyte ABCA1 deficiency is associated with attenuated PI3 kinase 

activation. Studies using adenoviral overexpression of constitutively active and 

dominant negative p110α in hepatocytes showed that p110α inhibited TG 

secretion, promoted apoB degradation, but did not accelerate apoB trafficking, 

suggesting that ABCA1 regulates VLDL assembly independent of PI3 kinase 

p110α activation. 

Results from this thesis suggest hepatic apoM and ABCA1 each play 

critical, but distinct roles in lipid metabolism. 



CHAPTER I 

 

 

INTRODUCITON 
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INTRODUCTION 

1. Atherosclerosis 

Cardiovascular diseases (CVD) are one of the leading causes of death in 

United States and globally, with atherosclerosis being the most common form of 

CVD. The development of atherosclerosis is a complex process (see review [1]). 

Briefly, atherosclerotic lesions develop when low density lipoproteins (LDLs) are 

retained by proteoglycans beneath the endothelial layer of the artery intima. The 

retained LDL undergo enzymatic and non-enzymatic modification (i.e., oxidation), 

which results in the production of oxidized lipids that activate endothelial cells to 

secrete cytokines and chemokines. This, in turn, attracts blood monocytes to 

migrate into the subendothelial space and differentiate into macrophages. 

Macrophages take up the modified LDLs via scavenger receptors resulting in 

accumulation of cholesteryl esters (CEs). High density lipoproteins (HDLs) can 

mitigate the storage of excess CE in macrophages by acting as acceptors for 

protein and non-protein mediate cholesterol efflux. The imbalance between LDL 

uptake and HDL cholesterol efflux during hyperlipidemia leads to massive 

accumulation of cholesterol in macrophages, resulting in foam cells that can 

undergo apoptosis and necrosis and further inducing inflammatory responses. 

Smooth muscle cells from the artery wall media migrate, proliferate, and secrete 

extracellular matrix proteins to form a fibrous plaque. In advanced plaques, 

macrophages secrete metalloproteinases that weaken the fibrous plaque to 

induce rupture. Plaque rupture exposes blood component to tissue factors, 

initiates coagulation, and leads to formation of thrombus, clogging blood 
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circulation in small vessels and causing tissue damage. Atherosclerosis 

development begins at an early age (i.e., 20s) and advances with age. Thus, 

slowing the development of atherosclerosis by improving risk factors has become 

important in reducing CVD risk. 

Lipoproteins are particles in plasma that carry hydrophobic lipids 

emulsified by polar lipids and proteins. They are divided into chylomicrons, very 

low density lipoprotein (VLDL), intermediate and low density lipoprotein 

(IDL/LDL) and high density lipoprotein (HDL) based on size, density and 

chemical composition [2]. Although chylomicrons and VLDLs are both 

apolipoprotein B (apoB)-containing lipoproteins, chylomicrons are assembled and 

secreted by the intestine after food intake, whereas VLDLs are generated by the 

liver [3]. IDL/LDL and remnant particles are metabolic products of VLDL and 

chylomicron after triglyceride (TG) lipolysis. HDLs can be generated by most 

tissues in the body, but liver is the major contributor to the plasma HDL pool [4]. 

LDL, a product of VLDL intravascular metabolism, is a positive risk factor for 

atherogenesis [5, 6]. Lowering LDL cholesterol (LDL-c) concentrations with 

statins reduces cardiovascular events [7, 8], does not fully prevent disease onset. 

HDL-c is negatively correlated with cardiovascular risk [9, 10]. The primary 

mechanism for HDL atheroprotective is through promotion of reverse cholesterol 

transport (RCT) [11], a process in which cholesterol in macrophage foam cells is 

effluxed via HDL to the liver for secretion into bile and excretion in feces. HDLs 

also have an anti-inflammatory, anti-oxidative [12, 13], and vascular protective 

functions that protect against atherogenesis [14]. Results from animal studies 
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show that raising HDL levels reduces development [15-18] or promotes 

regression of atherosclerosis [19, 20]. Limited human studies show that raising 

plasma HDL levels reduces biomarkers of atherosclerosis (atheroma volume or 

macrophage inflammatory status) [21, 22], supporting the concept that raising 

HDL is atheroprotective and may serve as an additional strategy to reducing 

LDL-c. 

 

2. HDL metabolism 

2. 1. HDL Heterogeneity 

HDLs are small, dense lipoproteins with a core containing CE and TG 

surrounded by a surface monolayer of phospholipids (PLs) and free cholesterol 

(FC) [23]. Apolipoprotein A-I (apoA-I) is the most abundant apolipoprotein on 

HDLs and apoA-II is the second most abundant. HDL have other minor 

apolipoproteins, such as apoE, apoCIII, apoAIV, apoV. HDLs are heterogeneous 

[24] and can be categorized based on density [25], size [26], electrophoretic 

mobility [27] and apolipoprotein composition [28]. By density gradient 

ultracentrifugation, HDL can be separated into HDL2 (density between 1.063 and 

1.125 g/ml) and HDL3 (density between 1.125 and 1.21 g/ml). By gel 

electrophoresis, HDL is mainly divided into α and preβ HDL. Generally speaking, 

α HDLs are spherical particles with a core of CE and TG, whereas preβ HDLs 

are small lipid free or lipid poor apoA-I without detectable core lipid. Plasma 

contains 90-95% α HDLs and 5-10% preβ HDLs [29]. Heterogeneous HDL arise 

through complex intravascular metabolism that is poorly understood. 
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2. 2. HDL Formation 

HDL formation initiates with apoA-I that is synthesized in liver and 

intestine accepting FC and PLs with the help of ATP binding transporter A1 

(ABCA1), forming nascent HDL particles [30, 31]. Apolipoprotein E (apoE) can 

also accept cholesterol to form nascent HDLs and this is critical in the brain 

where apoA-I is neither expressed nor able to cross blood brain barrier from 

circulation [32]. ATP-binding cassette transporter G1 (ABCG1) [33] and 

scavenger receptor BI (SR-BI) [34] mediate cholesterol export from cells onto 

mature HDLs. Passive diffusion of cholesterol is also a non-protein mediated 

pathway for cholesterol efflux to mature HDL particles [35]. The relative 

contribution to mass cholesterol efflux by ABCA1, ABCG1, passive diffusion and 

SR-BI was estimated to be 35%, 21%, 35% and 9%, respectively [36]. Whether 

nascent HDLs are formed at the cell surface or in intracellular recycling 

compartments remains controversial [37-39], with varying results dependent on 

the extent of cellular cholesterol loading. Nascent HDL particles have distinct size 

distributions and have been named preβ 1, preβ 2, etc., based on increasing 

particle size.  Although the mechanism is not fully understood, distinct sizes of 

nascent preβ HDL particles appears to depend on the ratio of available lipid (PL 

and FC) to apoA-I, with increasing lipid/apoA-I and/or ABCA1 expression leading 

to increased nascent HDL particle sizes [40]. Heterogenous preβ nascent HDLs 

have distinct metabolism. Using radiolabeled tyramine cellobiose, a residualizing 

compound that is trapped in the lysosomal compartment of cells after uptake, 

tissue sites of tracer uptake can be quantified. By injecting human apoA-I 
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transgenic mice with discrete-sized radiolabeled preβ nascent HDL particles 

isolated and purified from the medium of HEK293 cells incubated with [125I]-

tyramine cellobiose apoA-I, our lab previously suggested that lipid-poor preβ1 

particles were rapidly catabolized by the kidney to a greater extent relative to 

preβ 2, 3 and 4 particles, and as size increased, preβ particles were increasing 

catabolized by the liver rather than the kidney [41]. In addition, analysis of 

plasma time points after radiolabeled nascent HDL injection showed that preβ1 

and 2 were remodeled into larger HDLs, whereas preβ3 and 4 were remodeled 

into smaller HDLs [41]. These studies show that despite their discrete size 

distribution, preβ HDL are very dynamic HDL particles in plasma.   

After assembly, nascent HDLs will undergo a complex remodeling process 

to become mature spherical plasma HDL. Lecithin:cholesterol acyltransferase 

(LCAT) catalyzes the esterification of FC to CE that builds up the core of 

spherical α-migrating HDL particles. These particles are acceptors for cholesterol 

efflux from cells by ABCG1 and SR-BI [42, 43], thus LCAT activity may be 

important in mediating macrophage reverse cholesterol transport [11]. However, 

large spherical HDL particles generated by adenoviral overexpression of LCAT 

did not interact well with SR-BI and, thus, did not enhance reverse cholesterol 

transport despite raising HDL levels [44, 45]. Furthermore, studies in LCAT 

deficient [46] or transgenic mice [47] do not uniformly support an atheroprotective 

role for LCAT [42]. More recent studies in human subjects with LCAT deficiency 

are also conflicting regarding an atheroprotective role for LCAT in coronary heart 

disease [48, 49]. Thus, despite decades of research since Glomset’s first 
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hypothesis that LCAT facilitates the movement of excess cholesterol from 

peripheral tissues to the liver for excretion [11], the role of LCAT expression in 

atherosclerosis development remains controversial.  

Lipid transfer proteins like phospholipid transfer protein (PLTP) and 

cholesterol ester transfer protein (CETP) also contribute to HDL formation. PLTP 

mediates transfer of phospholipids to HDLs and its overexpression induces large, 

phospholipid-enriched spherical HDL, whereas genetic deletion of PLTP 

significantly decreases HDL phospholipids [50]. PLTP transgenic and knockout 

mice have decreased plasma HDL cholesterol levels compared to their wild type 

counterparts [51-53]. Transgenic mice have increased preβ HDL levels [53] and 

knockout mice have smaller, PL and FC poor HDLs [54]. The role of PLTP in 

RCT and atherogenesis has not reached consensus [55]. CETP exchanges CEs 

in HDLs with TGs in VLDLs and LDLs [56], generating TG-rich HDLs that are 

remodeled into small HDLs after lipase activity [57]. CEs originally in HDL now 

are taken up by liver in LDLs via the hepatic LDL receptor. The role of CETP in 

intravascular remodeling of HDL and VLDL/LDL is thought to explain the inverse 

relationship between plasma HDLs and TG. Based on previous studies in 

preclinical models of atherosclerosis, CETP inhibitors were expected to increase 

plasma HDL levels and protect against atherogenesis. However, results of 

human clinical trials of CETP inhibitors to date have been unsuccessful so far 

due to multiple reasons [58]. Endothelial Lipase (EL) hydrolyzes PL from HDL 

and thus its overexpression reduces HDL size and cholesterol levels [59] and 

inhibition increases HDL cholesterol levels [60]. Plasma EL concentration is 
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inversely correlated with HDL-c in human [61]. Hepatic lipase also hydrolyzes 

lipid-rich HDL, generating small HDLs, in addition to hydrolyzing its major 

substrate LDL [36]. However, the roles of endothelial lipase and hepatic lipase in 

atherosclerosis are still not clearly defined [62, 63]. Apolipoprotein M (apoM), as 

a minor apolipoprotein in plasma HDLs (~5%) [64], also modulates nascent and 

mature HDL formation, which will be discussed in more detail later. 

 

2. 3. HDL catabolism 

SR-BI mediates selective CE uptake from HDL [65, 66]. The process of 

selective removal of plasma HDL core CE results in a CE-poor HDL particle with 

excess surface that is released as a distinct discoidal HDL (i.e., preβ HDL) for 

catabolism by kidney or recycled through intravascular maturation back into a 

spherical HDL particle. SR-BI knockout mice had accelerated atherosclerosis 

despite elevated HDL-c, suggesting that SR-BI mediated selective CE uptake is 

critical in the net flux of cholesterol from macrophages to feces [67]. On the other 

hand, SR-BI transgenic mice have decreased plasma HDL levels but accelerated 

RCT [68]. HDL whole particle uptake also contribute to HDL catabolism by liver 

[69], but the extent to which this plays in RCT has not determined, presumably 

due to difficulty in identifying hepatic receptors responsible for this pathway. In 

species expressing CETP, HDL CEs exchange into VLDL particles, with 

subsequent uptake by liver via LDL receptors [70]. Thus, hepatic LDL receptors 

are also critical for RCT in humans. In fact, LDL receptors were suggested as the 

major pathway for hepatic cholesterol uptake in human [71]. Overexpression of 
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CETP in mice, which have no CETP activity, decreased plasma HDL but 

increased VLDL and LDL concentrations, thus promoting atherosclerosis [72, 

73]. Inhibition of CETP in hamsters and rabbits, which have basal CETP activity, 

promoted RCT and reduced atherosclerosis due to an increase in HDL and 

reduction in LDL [74], suggesting beneficial effect of CETP inhibitors in reducing 

LDL-c and stimulating HDL-mediated cholesterol uptake. 

 

2. 4. HDL apoM 

ApoM was first discovered as an apolipoprotein in 1999 [64]. In human 

plasma, about 5% of HDL and 2% of LDL contain apoM [75]. Human apoM is 

only expressed in the liver and kidney [64] and contains 188 amino acids. The 

first 21 amino acids constitute an uncleaved signal peptide that mediates apoM 

binding to the phospholipid monolayer of lipoproteins, preventing its rapid 

clearance from plasma and catabolism by the kidney [76, 77]. Human apoM is 

80% identical at the amino acid level with its mouse ortholog [78]. 

 

2. 4. 1. Regulation of apoM expression 

ApoM is regulated by hepatic nuclear factor 1α (HNF-1α), forkhead box 

protein a2 (Foxa2), orphan nuclear receptor liver receptor homolog 1 (LRH-1) 

and liver X receptor α (LXRα), all of which are involved in lipid metabolism. HNF-

1α knockout mice have virtually abolished apoM expression [79, 80]. Activation of 

Foxa2 by insulin signaling improves glucose and lipid metabolism [81] and 

increases apoM expression [82]. LRH-1 regulates bile acid synthesis [83] and 
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reverse cholesterol transport [84] and can directly bind to its response element 

on the promoter region of apoM, increasing its expression [85]. Bile acids down-

regulate apoM expression via inhibiting LRH-1 transcription activity [85]. 

Simvastatin, which downregulates cholesterol synthesis, increased apoM mRNA 

and protein expression in mouse liver and hepatic cell lines via HNF-1α and 

LXRα, indicating that apoM responds to cellular cholesterol levels [86]. In 

addition, apoM level is regulated during inflammatory responses. Human apoM 

promoter has proximal regulatory elements that bind members of the AP-1 family 

of pro-inflammatory transcription factors (c-Jun and JunB) and HNF-1α [87]. 

Plasma apoM level is decreased during infection and inflammation, suggesting 

apoM is a negative acute phase response protein [88, 89]. However, plasma 

HDL levels decrease during sepsis [90], so the decrease in plasma apoM 

concentration may simply reflect a decrease in HDL levels [91]. However, the low 

concentration of apoM in plasma (0.9 μM) suggests that only 5% of HDL particles 

contain apoM [75]. Thus, significant changes in plasma HDL concentrations may 

not affect apoM concentrations, since only a minor fraction of HDL particles binds 

apoM. ApoM is poorly secreted from cells, but addition of HDL to media 

promotes its secretion [92]. In contrast, catabolism of apoM or apoM-containing 

HDLs is largely unexplored. One study suggested that the clearance of apoM 

was regulated via LDL receptor-mediated clearance of apoB-containing 

lipoproteins [93], suggesting that apoM-containing HDL particles have a different 

catabolism from non-apoM-containing HDLs. However, whether this mechanism 

involves transfer of apoM from HDL onto LDL is unknown. Collectively, apoM is 

10 
 



tightly regulated by genes critical in lipid metabolism; however, the physiological 

significance of these regulations in vivo is unknown. 

 

2. 4. 2. HDL apoM, lipoproteins, and atherosclerosis 

Plasma apoM levels are correlated with HDL and LDL cholesterol [94]. 

Stoffel and colleagues showed that apoM was associated with preβ HDL 

particles and HNF1α deficient mice or mice treated with apoM siRNA had low 

apoM expression and larger plasma HDLs vs. wild type mice [80]. Adenovirus-

mediated overexpression of apoM in mice resulted in smaller-sized HDL 

particles, but increased HDL-c [80]. They also suggested that apoM was 

indispensible for preβ HDL formation [80]. However, Dälback and colleagues [95] 

and Mulya et. al. [96] demonstrated nascent HDL formation in the absence of 

apoM expression. ApoM predominantly associates with plasma α-migrating HDL 

particles [95]. ApoM transgenic and knockout mice had no change in HDL 

particle size, but had a 13-22% increase and 17-22% decrease in plasma 

cholesterol, respectively [95]. HDL particles from apoM transgenic mice had 

increased apoE content, but not apoA-I, apoC-I or apoA-II. Plasma from apoM 

transgenic mice had retarded conversion of α-HDL to pre-α HDL, but higher 

conversion to preβ HDL, likely due to a modest increase in plasma PLTP activity 

relative to wild type mice [95]. Overexpression of apoM in ABCA1-expressing 

HEK293 cells stimulates production of larger nascent HDL particles, suggesting a 

novel role for apoM in HDL formation that is independent of plasma modifying 

factors [96]. Regardless of the disparate outcomes among these studies, mice 
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overexpressing either human or mouse apoM in an LDLr-/- background had 

decreased atherosclerosis compared to their LDLr-/- counterparts, which was 

attributed to increased preβ formation, increased cholesterol efflux from 

macrophage foam cells, and decreased oxidation [80, 95-97]. In vivo 

macrophage reverse cholesterol transport capacity did not differ among apoM 

knockout, WT and apoM transgenic mice despite increased cholesterol efflux 

from macrophages by apoM-containing HDL [97], suggesting that macrophage 

reverse cholesterol transport is not the major mechanism for the atheroprotective 

role of apoM. 

A human case control study did not identify a significant correlation 

between plasma apoM levels and risk for CVD [98]. This outcome may have 

resulted from increased association of apoM with LDL and VLDL, decreasing 

their catabolism and thereby elevating their plasma concentration [99]. This 

would counteract the atheroprotective role of apoM containing HDLs.  

 

2. 4. 3. ApoM and S1P 

ApoM is a member of the lipocalin family that transports small hydrophobic 

molecules and contains hydrophobic binding pocket revealed by secondary 

structure prediction [100]. ApoM binds retinoic acid in vitro, but with lower affinity 

than retinol binding protein, suggesting apoM is unlikely physiologically important 

in retinol metabolism [100]. ApoM also binds oxidized phospholipids, potentially 

increasing the anti-oxidative activity of HDL [101]. Another physiological ligand 

for plasma apoM is S1P [102]. ApoM knockout mice had near absence of S1P in 
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HDL despite residual albumin-bound S1P [102], whereas a 71% and 267% 

increase in plasma S1P was found in mice with 2-fold and 10-fold overexpression 

of apoM [102]. ApoM-containing HDL induced S1P1 receptor internalization, 

downstream MAPK and Akt activation, endothelial cell migration, and formation 

of endothelial adherens junctions, whereas apoM-deficient HDL did not [102]. 

Plasma apoM and S1P were both decreased in patients with ABCA1, APOAI or 

LCAT deficiencies likely due to a significant decrease in plasma HDL [91]. 

Although it is well-established that apoM transports S1P, it is unclear whether 

apoM regulates S1P or sphingolipid metabolism.  

Mounting evidence suggests that S1P may account for some of the 

atheroprotective role of HDL (see review [103]). Plasma S1P is carried via apoM 

on HDL (~65%), LDL (10%) and albumin (30%) [104]. S1P and 

dihydrosphingosine 1-phosphate levels in serum HDL inversely correlate with 

incidence of ischemia heart diseases [105]. CVD patients had decreased HDL-

bound S1P, but increased non-HDL bound “free” S1P [106]. HDL-bound S1P 

may protect against inflammation and maintain cardioprotection, whereas HDL-

free S1P may promote inflammatory responses [107]. HDL-S1P may exert its 

atheroprotection by stimulating endothelial cell migration and survival via S1P1 

and S1P3 [108], inducing endothelial nitric oxide production [109], reducing 

monocyte adhesion to TNFα-activated endothelium [110, 111] and macrophage 

inflammatory cytokine secretion [112], reducing smooth muscle cell migration 

[113] and protecting heart against ischemia/reperfusion injury via nitric oxide and 

S1P3 mechanisms [114]. FTY720, a synthetic analogue of S1P and a potent 
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agonist for 4 of 5 S1P receptors (S1P1, S1P3, S1P4 and S1P5), has been 

approved as a treatment for multiple sclerosis. FTY720 administration also 

inhibited atherosclerotic development in two studies [115, 116], but not in other 

studies [117, 118]. S1P1 specific agonist, KRP-203, ameliorates atherosclerotic 

development, suggesting the atheroprotective role of S1P is via S1P1 [119]. 

In contrast to the reported atheroprotective roles of S1P, other evidence 

suggests that S1P signaling may be pro-atherogenic. Plasma S1P levels in 

human predicted atherosclerotic risk [120]. S1P also activated ICAM-1 

expression in endothelial cells [121]. S1P signaling via S1P2 receptor in plaque 

macrophages increases macrophage retention and inflammatory cytokine 

secretion, promoting atherosclerosis [122]. S1P signaling via S1P3 receptor also 

promotes the recruitment of monocyte/macrophages to inflammation and 

atherogenesis [123]. Sphingosine kinase 1 and its product S1P are required for 

TNFα-mediated expression of chemokine and adhesion molecules [124]. The 

discrepancy as to whether S1P is pro-atherogenic or anti-atherogenic may result 

from experimental variables, including different cell types, S1P sources (HDL-

bound vs. free S1P, circulating vs. local produced S1P) and different receptors 

for S1P signaling. Regardless, of these contradictory findings, the 

atheroprotective role of HDL-S1P on endothelium is convincing.  
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3. Sphingolipid Metabolism 

3. 1. Biosynthesis of Sphingolipids 

 
Figure 1. Sphingolipid biosynthetic pathways (Adapted from [125]). 
De novo sphingolipid metabolism starts at the endoplasmic reticulum where serine 
palmitoyltransferase condenses serine and palmitate into 3-keto-dihydrosphingosine, 
followed by sequential conversion to dihydrosphingosine, dihydroceramide, and 
ceramide by the action of 3-keto-dihydrosphingosine reductase, dihydroceramide 
synthases, and dihydroceramide desaturase, respectively. Ceramide, generated either 
from the de novo pathway or from degradation of complex sphingolipids such as 
sphingomyelin and glycosphingolipids, is deacylated by ceramidase to sphingosine, 
followed by phosphorylation by sphingosine kinase to produce S1P. S1P is 
dephosphorylated to sphingosine by S1P phosphatase or by lipid phosphate 
phosphatases, or is irreversibly degraded to phosphoethanolamine and hexadecenal by 
S1P lyase.  
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Eukaryotic cells can generate sphingolipids from de novo synthesis. As 

illustrated in Figure 1, it initiates from the condensation of the amino acid serine 

with palmitoyl-CoA by the rate limiting enzyme serine palmitoyltransferase (SPT), 

producing dihydrosphingosine (sphinganine), which is further converted to 

dihydroceramide. A key intermediate sphingolipid, ceramide, is generated from 

dihydroceramide. Ceramide transfer protein transfers ceramide from ER to Golgi 

for further reactions. Ceramide can be converted to sphingomyelin, 

glycosphingolipids, ceramide 1-phosphate or sphingosine. Sphingomyelin and 

glycosphingolipids are stable so that they can maintain high concentrations within 

cells and may be transferred to specific intracellular compartments, e.g. 

sphingomyelin can localize in lipid raft domains of plasma membranes. 

Sphingosine kinases convert sphingosine to S1P; both lipids have signaling 

functions. Two isoforms of sphingosine kinase, SphK1 and SphK2, exist and they 

have broad, but overlapping tissue distribution, substrate specificity, and 

functions. Knockouts of each enzyme in mammals and yeast are viable, but 

combined knock of both kinases is not, indicating overlapping or compensatory 

functions of both enzymes at least for viability (see review [126]). 

Dephosphorylation of S1P recycles sphingoid bases for ceramide and 

sphingomyelin production. The only exit for sphingoid bases is through S1P 

lyase-mediated degradation of S1P to phosphoethanolamine and hexadecenal, 

which converge into PL and TG synthesis. Sphingomyelin can be hydrolyzed 

back to ceramide for synthesis of other sphingolipids. The balance between pro-

apoptotic and anti-mitogenic signaling by ceramide and sphingosine vs. the anti-
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apoptotic and mitogenic signaling of S1P has been referred to as the sphingolipid 

rheostat.  

 

3. 2. Cell Sources for S1P 

S1P is rapidly turned over in plasma with a half life of ~15 minutes, 

indicating a biosynthetic source of high capacity to produce S1P [127]. Early data 

suggest that platelets produce much of the plasma S1P pool because they have 

high sphingosine kinase activity and no S1P lyase or phosphatase activity [128, 

129]. Serum has higher S1P levels compared to plasma, indicating release of 

S1P from platelets during blood clot formation. However, a mouse model with 

virtually no circulating platelets has normal plasma S1P levels, indicative of other 

cell sources for S1P [130]. SphK1 and SphK2 double knockout (DKO) mice have 

~95% decrease in plasma S1P concentrations [130]. Adoptive bone marrow 

transplantation from WT to DKO mice suggested that hematopoietic cells are a 

source of plasma S1P [130]. Further, transfusion of WT RBCs to DKO mice 

rescued their plasma S1P levels, suggesting RBCs as the major source of 

plasma S1P [130]. However, mice that are thrombocytopenic, anemic, or 

leukopenic do not have appreciably change in plasma S1P, indicating other 

sources for S1P besides RBCs [127]. Adenoviral SphK1overexpression in 

SphK1-/- mouse liver rescued plasma S1P and this was attributed to expression 

of SphK1 in liver endothelial cells [127]. In fact, vascular endothelial cells secrete 

SphK1 constitutively, which may generate extracellular S1P, maintaining an S1P 

vascular gradient [131]. Lymph endothelial cells may provide lymph S1P 
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independent of plasma S1P [132]. Endothelial cells have a higher ability to 

generate and secrete S1P vs. hepatocytes [127]. However, the fact that there are 

many more hepatocytes than endothelial cells in liver may has been neglected 

when determining the contribution of plasma S1P by hepatocytes. Furthermore, 

apoM, as the major carrier of plasma S1P [102], promotes preβ HDL formation 

and the generation of larger-sized nascent HDL [80, 96, 133]. Nascent HDLs 

generated by hepatocytes may also contribute to plasma S1P. Overall, different 

cellular sources for plasma S1P were reported, likely because of the 

compensatory mechanism of various cell types in maintaining plasma S1P. 

 

4. ABCA1 and Lipid Metabolism 

4. 1. ABCA1 and HDL Cholesterol Metabolism 

Tangier diseases (TD) patients with dysfunctional mutations in ABCA1 

have near absence of plasma HDLs (~5% of normal), rapid clearance of plasma 

apoA-I, cholesterol deposition in macrophage-enriched tissues, and premature 

coronary heart disease in some kindreds [134, 135]. Fibroblasts and 

macrophages isolated from TD patients have retarded cholesterol efflux [136]. 

After ABCA1 was discovered as the cause for this disease [137-139], its role as a 

cholesterol exporter has been intensively studied. As a membrane transporter, 

ABCA1 is essential for nascent HDL formation [31]. ABCA1 expression 

generated heterogeneous preβ nascent HDLs from fibroblasts [140], 

macrophages [41], hepatoma cells [41], adipose explants [141] and ABCA1-
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expressing HEK293 cells [142], suggesting that the heterogeneity of nascent 

HDL generated by ABCA1 is independent of cell sources.  

The role of ABCA1 in HDL metabolism has mostly been studied in animal 

models. Whole body knockout mice have <5% of normal HDL levels, similar to 

TD patients [136]. Hepatocyte-specific ABCA1 knockout (ABCA1 HSKO) mice 

have ~20% of normal HDL levels, suggesting that liver is the major tissue 

contributing to plasma HDL [4]. In addition, ABCA1 HSKO mice have a 50% 

reduction in plasma LDL and a two-fold increase in plasma TG levels, also 

similar to the TD lipid phenotype [143]. In addition, intestinal ABCA1 contributes 

~20% of the plasma HDL pool in chow-fed mice [144]. As adipose tissues may 

be the largest pool of FC in our body [145], recent studies suggest that adipose 

ABCA1 also contributes ~10-15% of plasma cholesterol [141]. Although 

macrophage ABCA1 mediates cholesterol efflux, its quantitative contribution to 

plasma HDL levels is minimal [146]. Despite the well-accepted role of ABCA1 in 

cholesterol efflux, its role in RCT and atherogenesis, especially its tissue specific 

role, has not reached consensus. ABCA1 whole body knockout mice had 

impaired in vivo macrophage reverse cholesterol transport [147]. But another 

study showed that whole body ABCA1 knockout mice had similar bile and fecal 

cholesterol levels as wild type mice, despite near absence of plasma HDL in the 

former [148]. This result suggests a non-HDL dependent cholesterol excretion 

pathway, recently attributed to a process called trans-intestinal cholesterol 

excretion [149]. This might explain why global ABCA1 knockout mice in either the 

LDLr -/- or apoE -/- background did not have increased atherosclerosis relative to 
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their control counter parts [150]. However, transgenic mice expressing ABCA1 

under the control of its natural promoter showed increased RCT and protection 

against atherogenesis despite a marginal increase in HDL level [151]. 

Macrophages from global ABCA1-/- mice had reduced in vivo reverse cholesterol 

transport compared to those from wild type mice [152]. Absence of ABCA1 in 

bone marrow derived cells promoted atherogenesis [150, 153], suggesting that 

the cholesterol efflux mediated by ABCA1 in aortic macrophages is critical in 

effluxing cholesterol out of atherosclerotic plaques. In another study using 

macrophage-specific ABCA1 knockout mice, macrophage ABCA1 did not seem 

to protect against atherosclerosis [154]. This discrepancy may be due to 

differences in mouse models, atherogenic diet composition, length of diet feeding 

and bone marrow cell types that lack ABCA1 expression. Hepatocyte-specific 

ABCA1 knockout mice in the apoE-/- background had increased atherogenesis, 

presumably due to decreased plasma HDL levels [154]. In contrast, inhibition of 

hepatic ABCA1 using probucol decreased plasma HDL levels, but promoted 

macrophage reverse cholesterol transport, presumably protecting against 

atherogenesis [155]. This discrepancy on hepatic ABCA1 and atherosclerosis 

may result from different degree of loss in heptic ABCA1 activity in knockout mice 

vs. mice treated with pharmacological inhibitor. In summary, ABCA1 is critical for 

cellular cholesterol efflux and nascent HDL formation, resulting in the 

maintenance of plasma HDL levels.  Its tissue specific roles in RCT and 

atherogenesis have not been firmly defined. 
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4. 2. ABCA1 and TG metabolism 

In addition to very low plasma HDL concentrations, TD patients have 

elevated plasma TG levels and a 50% reduction in plasma LDL concentrations, 

which was recapitulated in ABCA1 HSKO mice [143]. Furthermore, there is an 

inverse association between plasma TG concentration and HDL in humans with 

compromised ABCA1 expression due to single nucleotide polymorphisms in the 

ABCA1 gene [156]. The mechanism by which ABCA1 regulates TG metabolism 

has been studied in both in vitro and in vivo. 

Studies using rat hepatoma McArdle RH7777 (McA) cells which respond 

to oleic acid treatment with a robust stimulation of VLDL TG secretion and 

express ABCA1 showed a two-fold increase in TG secretion, accompanied by 

secretion of larger VLDL particles when ABCA1 protein expression was silenced 

to < 30% of control siRNA-treated cells [157]. There was only a marginal 

increase (10–15%) in apoB secretion in ABCA1-silenced cells but an increase in 

larger VLDL (VLDL1) particles in the medium. These results suggest that ABCA1 

expression regulates the second step of VLDL particle maturation. ABCA1-

silenced, oleate-stimulated McA cells had a marked attenuation of PI3 kinase 

activation. Treatment of McA cells with PI3 kinase inhibitors (LY 294002 or 

wortmannin) resulted in a two-fold increase in TG secretion in controls, but no 

change in ABCA1-silenced McA cells, suggesting a link between diminished PI3 

kinase activation and increased TG secretion in ABCA1-silenced McA cells. The 

increase in TG secretion with ABCA1 silencing was unrelated to liver X receptor 

(LXR) activation, MTP protein expression, or mTOR and MEK/ERK activation 
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[157]. When isolated nascent HDL particles from McA cells or HEK-293 cells 

expressing ABCA1 were added back to ABCA1-silenced McA cells, TG secretion 

and PI3 kinase activation phenotype were restored by larger (> 10 nm), but not 

smaller (< 10 nm), nascent HDL particles. Based on these results, a hypothetical 

model was proposed [157], in which large nascent HDL particles assembled by 

ABCA1 at the hepatocyte plasma membrane bind to a putative membrane 

receptor, resulting in activation of PI3 kinase, decreased lipid mobilization into 

VLDL particles during second-step assembly, and secretion of normal-sized 

VLDL particles (i.e. VLDL2). When ABCA1 function is diminished or absent, large 

nascent HDL assembly decreases, leading to less binding to its receptor, 

decreased PI3 kinase activation, increased lipid mobilization into maturing VLDL 

particles, and secretion of larger, TG-enriched VLDL particles (VLDL1).  

Further support for these in vitro observations came from studies in 

ABCA1 HSKO mice [143]. Chow-fed HSKO mice had increased plasma TG 

concentrations, a two-fold increase in hepatic TG production in vivo and 

hepatocyte TG mass secretion in vitro, and larger plasma VLDL1 particles, with 

no significant alteration in hepatic lipid content or MTP protein expression. 

Furthermore, hepatic PI3 kinase activation was attenuated in HSKO mice 

compared to WT mice after acute insulin injection or in response to fasting and 

refeeding. In vivo acute pharmacological inhibition of PI3 kinase with wortmannin 

resulted in increased TG secretion in WT mice, similar to that observed in HSKO 

mice without PI3 kinase inhibition.  
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An additional mechanism for the elevated plasma TG concentrations in 

HSKO mice was a decrease in post-heparin hepatic lipase and lipoprotein lipase 

activity [143]. This evidence was further supported by delayed in vivo clearance 

of postprandial TG after an oral fat load. The molecular explanation for this 

decrease is unknown. However, these observations agree with similar data 

demonstrating decreased LPL activity [158] and delayed clearance of 

postprandial lipid in TD subjects [159]. HSKO mice also had ~50% decrease in 

plasma LDL due to upregulated LDLr expression in liver [143]. However, HSKO 

mice lacking LDL receptor had plasma LDL concentrations similar to those of 

LDLr-/- mice, but higher plasma TG concentrations [143], suggesting that the 

mechanisms responsible for the elevated plasma TG concentrations is 

independent of LDLr.  

 

5. VLDL metabolism 

5. 1. VLDL assembly, Secretion and Catabolism 

VLDL contains TG and CE as its core surrounded by a surface of PL, FC, 

and protein [160]. ApoB is the obligatory protein on VLDL and occurs in two 

isoforms, apoB100 and apoB48 [160]. ApoB100 is a 4536 amino acid, 513 kD 

protein containing twenty amino-linked glycosylation sites [161]. apoB48 is the 

truncated form of apoB sharing 48% of N-terminal sequences with apoB100 

[162]. VLDL particles secreted from the liver vary in size and composition [163, 

164]. VLDL can be separated into two main classes: large, buoyant VLDL1 

particles (Sf > 100) and small, dense VLDL2 particles (Sf 20-100) [165]. VLDL1 
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particles contain more TG than VLDL2 particles [166]. Emerging data suggest 

overproduction of VLDL1 is a dominant feature of type 2 diabetes [167, 168]. 

Hepatic VLDL assembly and secretion is thought to be a multi-step process 

[169]. The initial step involves the co-translational assembly of apoB with lipids in 

endoplasmic reticulum (ER) to yield small primordial particles similar in size to 

HDL. These “pre-VLDL” particles subsequently fuse with lipid droplets in a 

“second step” that result in larger VLDL particles. Although the two-step 

assembly is well-established, there is still controversy concerning subcellular 

localization of the second step where triglyceride enrichment takes place. Some 

evidence supports the second step occuring in the ER [170-172], whereas other 

data suggest that pre-VLDL undergo further lipidation in post-ER compartments 

[173-181]. After being secreted, VLDL undergoes lipolysis by lipoprotein lipase 

and hepatic lipase and generates fatty acids for adipose and other tissues for 

energy usage or storage [62, 182]. Lipolysis of VLDL TG results in remnant 

particles that become IDL or LDL particles, which are eventually removed from 

plasma primarily by the liver [183, 184]. 

 

5. 2. ApoB degradation pathway  

The precise mechanisms on how VLDL assembly is regulated are still 

being investigated (see review [185]). Regulation of VLDL secretion has been 

focused on apoB secretion and TG secretion.  

ApoB secretion is predominantly regulated via co- and post-translational 

pathways [186]. ER-associated degradation (ERAD) targets misfolded or poorly 
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lipidated apoB in the ER for proteasomal degradation, an early quality control 

step in apoB assembly. VLDL secretion can also be controlled by interaction of 

apoB100 with the LDL receptor, resulting in presecretory post-ER turnover as 

well as endocytic re-uptake of under-lipidated apoB-containing lipoproteins [187]. 

A third pathway for apoB degradation is a post-ER pre-secretory proteolysis 

pathway that is mediated by autophagosomes [188, 189]. This pathway can be 

induced by reactive oxygen species that trigger oxidant-dependent aggregation 

of apoB and autophagy-mediated degradation, or by ER stress through activation 

of protein kinase R-like ER kinase (PERK). This mechanism mediates inhibition 

of VLDL apoB secretion by insulin and polyunsaturated fatty acids [190, 191]. 

Although the extent to which these different pathways regulate apoB secretion 

varies between primary hepatocytes and hepatoma cell lines, the relative 

contribution of these pathways in regulating apoB secretion in vivo is poorly 

understood. 

  

5. 3. Regulation of VLDL TG secretion 

Regulation of VLDL TG secretion is tightly related with apoB secretion. 

VLDL TG secretion is modulated by lipid availability and factors that control lipid 

storage, hydrolysis, and transfer in the secretory pathway. Excess availability of 

fatty acids after hydrolysis in adipose tissue promotes VLDL TG secretion [192]. 

Monounsaturated fatty acids stimulate TG secretion, whereas polyunsaturated 

fatty acids have the opposite effect [193]. Fatty acids are not only substrates, but 

also are ligands for transcription factors, e.g. sterol response element binding 
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protein 1 (SREBP1) that mediates lipogenesis [194]. Phospholipids also provide 

substrate for TG secretion and surface lipids for VLDL particle assembly [195]. 

Lipids from cellular lipid droplets are mobilized for VLDL assembly and this 

process involves lipolysis and reesterification. Thus, lipases or their cofactors are 

critical for TG secretion (reviewed at [196]). Carboxylesterase 3/triacylglycerol 

hydrolyase (Ces3/TGH) is highly expressed in liver and overexpression of the 

human enzyme promotes lipid droplet hydrolysis and stimulates TG secretion 

[197]. Knockout of TGH in mice decreases plasma apoB and TG level without 

inducing hepatic steatosis [198]. Microsomal triglyceride transfer protein (MTP) 

transfers both PL and TGs onto VLDL, which is required for early lipidation of 

apoB to form pre-VLDL and also lumenal droplet formation essential for the 

second step of VLDL assembly [193]. PLTP may also transfer PLs onto VLDL 

particles as PLTP deficient mice have decreased hepatic apoB and TG secretion 

[199]. ADP-ribosylation factor 1 (Arf1) functions in the formation of COPI vesicles 

that travel between the ER and Golgi compartments [200]. Dominant negative 

Arf1 decreases vesicular trafficking of VLDL2 particles from ER to Golgi, thus 

reducing TG secretion [201]. Apolipoprotein A-IV (apoA-IV) also interacts with 

apoB and slows its secretion, providing an opportunity for increased lipid transfer 

onto VLDL particles during second step assembly, leading to increased TG 

secretion [202]. Collectively, regulation of VLDL TG secretion is complex and 

requires multiple factors. VLDL secretion, as a process for mobilization of liver 

TG, merits further investigation as a pathway to reduce non-alcholic fatty liver 

disease (NAFLD), which can develop into cirrhosis and cause liver failure. 
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5. 4. Insulin, PI3 kinase and VLDL assembly 

 

Figure 2. Insulin regulation of VLDL secretion 
① Upon activation of insulin receptor and IRS, insulin promotes phosphorylation of PI3 
kinases and Akt2, which further phosphorylates Foxo1. ② Foxo1 translocates from 
nucleus to cytoplasm, reducing its stimulation of MTP and apoCIII expression. ③ 
Phosphorylation of Akt2 activates mTOR which stimulates SREBP1-c, a key 
transcription factor for lipogenesis. ④ Insulin activates PIK3γ2, which may stimulate 
sortilin to target apoB for autophagosomal degradation. ⑤ ApoB is lipidated into pre-
VLDL after passing the first degradation pathway. MTP transfer lipids from cytosol to ER 
or Golgi lumen for lipid packaging. ApoCIII stimulates lipid packaging onto VLDLs. 
⑥VLDLs undergo re-uptake and degradation via LDL receptor. ⑦ A fraction of VLDL is 
successfully secreted into plasma.  

Insulin signaling is a well-studied hormonal pathway regulating VLDL 

secretion. As shown in Figure 2, insulin interacts with its receptor, stimulating 

phosphorylation of insulin receptor (IR) and insulin receptor substrate (IRS). This, 

in turn, activates phosphoinositide-3 kinases (PI3 kinases) and Akt, initiating 

downstream effects on glucose and lipid metabolism and inhibiting VLDL 
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secretion. Liver overproduction of VLDL is thought to result, in part, from loss of 

insulin-mediated inhibition of VLDL secretion. Compared with healthy controls, 

diabetic men have increased VLDL TG secretion and a less pronounced 

decrease in VLDL TG secretion in response to insulin administration [203]. 

Physiologically, insulin modulates VLDL secretion in several ways. In 

adipose tissue, insulin acts as an anti-lipolytic hormone, decreasing TG lipolysis 

[204]. Therefore, free fatty acid flux to the liver and VLDL secretion are 

decreased. In the case of insulin resistance, free fatty acid flux from adipose 

tissue increases, providing hepatic substrate for TG synthesis, enhancing VLDL 

secretion. 

Although insulin acutely promotes hepatic lipogenesis, it inhibits VLDL 

apoB and TG secretion. Acute insulin treatment decreases VLDL apoB and TG 

secretion in immortalized and primary hepatocytes, isolated liver perfusion, and 

in mice and human subjects [203, 205-209]. Using pan PI3 kinase inhibitors, 

Wortmannin and LY294002, results suggest that insulin decreases VLDL 

secretion in a PI3 kinase-dependent pathway, promoting apoB degradation and 

inhibiting second-step bulk lipid addition to pre-VLDL particles in the secretory 

pathway, resulting in secretion of fewer and smaller VLDL particles [210, 211]. 

Different classes and members of the PI3 kinase family bring complexity 

into this regulatory mechanism [212, 213]. The most well understood class I PI3 

kinases phosphorylate PI(4,5)P2 to PI(3,4,5)P3 and they form heterodimeric 

complexes composed of a catalytic domain (p110α, β, δ or γ) and a regulatory 

domain (p85α , p85β, p55γ, p101, p84). p110α and β are the major PI3 kinases 
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in liver [212]. The least understood Class II PI3 kinases are independent from 

class I PI3 kinases and phosphorylate phosphotidylinositol and PI4P to PI3P and 

PI(3,4)P2, respectively [214]. Mammalian Class III PI3 kinase is vps34 that 

phosphorylates phosphotidylinositol to PI3P with its regulatory subunits. Vps34 is 

obligatory for autophagosome formation [215] but not directly activated by insulin. 

How different PI3 kinase isoforms maintain specific functions and cooperate in 

lipid metabolism upon insulin activation is poorly understood.  

As discussed previously, hepatic autophagy mediates degradation of 

apoB by insulin [188, 189, 191]. Poor lipidation of hepatic VLDL apoB when 

insulin is high may shunt apoB from proteasomal to autophagosomal degradation 

[216]. The inhibition on apoB secretion by insulin is blunted in hepatocytes from 

mice deficient in atg5, an indispensible component for autophagosome formation, 

further suggesting that insulin inhibits apoB secretion via autophagy [190]. 

Sortilin, a lysosomal protein identified by Genome Wide Association Study and 

associated with cardiovascular risk, directly interacts with apoB for 

autophagosomal degradation after insulin stimulation [217-219]. However, insulin 

activates mTOR via class I PI3 kinases, inhibiting expression of vps34, atg12 and 

gabarapl1, all of which are involved in autophagosome formation [220, 221]. 

Thus, additional support for insulin stimulation of apoB autophagosome 

degradation is needed to reconcile the evidence that insulin inhibits autophagy. 

Upon insulin treatment of hepatocytes, activation of class I PI3 kinase p85 is 

associated with its translocation to the ER membrane, suggesting that 

translocated PI3 kinase and its product, PI(3,4,5)P3, may alter the secretory 
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vesicle microenvironment in a way that is unfavorable for VLDL assembly [222]. 

However, class I PI3 kinase p110α was recently suggested dispensible for insulin 

inhibition of apoB secretion, but class II PI3 kinase PIK3γ2 mediated this 

inhibition [190]. Additional support for the role of class II PI3 kinases is needed to 

clarify difference among PI3 kinases members. 

Insulin may mediate VLDL TG secretion via forkhead box o1 (Foxo1), 

which is a transcription factor that stimulates hepatic MTP expression, increasing 

VLDL production by the liver [223]. Insulin signaling leads to PI3 kinase and Akt-

mediated phosphorylation of Foxo1, resulting in its translocation from the nucleus 

to the cytoplasm and decreased expression of MTP and VLDL secretion. Insulin 

inactivation of Foxo1 also decreases apoCIII expression, which promotes VLDL 

production and provides yet another potential mechanism for insulin-mediated 

attenuation of VLDL assembly and secretion [223]. Insulin stimulation shifts 

VLDL particles to smaller sizes, but this shift disappeared in atg5-/- hepatocytes 

[190], suggesting that inhibition on TG secretion by insulin may also be mediated 

via autophagy. However, whether this is related to autophagy regulated apoB 

degradation is unknown. Also, whether MTP or apoCIII expression is altered in 

atg5-/- mice is unknown.  

 

6. Statement of Research Intent 

This thesis addresses the role of hepatic apoM and ABCA1 in lipid 

metabolism. In Chapter II, we investigated the impact of apoM overexpression in 

lipid metabolism. Previous studies demonstrated that overexpression of apoM in 
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ABCA1-expressing HEK293 cells stimulated the formation of larger nascent HDL 

particles. We first tested whether hepatic apoM overexpression increased plasma 

HDL size in vivo by generating liver-specific apoM transgenic mice (apoM Tg). As 

we observed increased plasma HDL particle size in apoM Tg mice, we tested 

whether apoM Tg mice had increased macrophage reverse cholesterol transport 

in vivo. ApoM carries S1P in plasma, thus we examined the distribution of 

plasma and lipoprotein apoM/S1P in our apoM Tg mice. Hepatocytes may 

provide S1P for plasma, although less than the contribution from erythrocytes, 

platelets and vascular endothelial cells. We next determined whether 

hepatocytes from apoM Tg mice had increase in S1P synthesis and secretion, 

supporting a role for liver in providing increased plasma S1P in apoM Tg mice. 

Following this, we analyzed complex sphingolipid levels in hepatocytes to test 

whether increased sphingolipid synthesis accounted for increased hepatocyte 

S1P production and secretion in apoM Tg mice. 

ApoM is secreted with its retained signal peptide, which mediates binding 

to plasma lipoproteins. As apoM is poorly secreted and mostly localized in ER 

and Golgi compartments when overexpressed in HEK293 cells, we speculated 

that apoM may mediate intracellular lipid transfer to facilitate formation of larger 

nascent HDL particles. To test this hypothesis, in Chapter III we compared the 

role of apoMWT to apoMQ22A, a mutant form of apoM with a cleavable signal 

peptide, in stimulating nascent and mature HDL formation. Studies from Chapter 

II and III filled gaps in knowledge regarding the role of apoM in regulating HDL 

metabolism. 
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ABCA1 deficiency hepatocytes have increased VLDL TG secretion. 

Fibroblasts and macrophages from TD patients have defective intracellular 

trafficking of lipids and proteins. In Chapter IV, we tested the hypothesis that 

enhanced VLDL TG secretion in the absence of hepatocyte ABCA1 is due to 

defective intracellular trafficking of apolipoprotein B (apoB), resulting in 

augmented VLDL lipidation. ABCA1 deficiency in mouse liver, primary 

hepatocytes and McA cells is associated with attenuated PI3 kinase activation 

upon acute insulin treatment. In Chapter V, we tested the role of class I PI3 

kinase, p110α, in VLDL apoB and TG secretion. Combining results from Chapter 

IV and V, we addressed regulatory mechanisms of VLDL secretion by hepatic 

ABCA1 and p110α. 

Lastly, in Chapter VI, we tested plasma major sphingolipid levels in 

humans with mutations in ABCA1 and our ABCA1 HSKO mice by analyzing 

plasma sphingoid base levels in addition to liver sphingoid bases and plasma 

S1P and apoM level in ABCA1 HSKO mice.  
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Abstract 

Apolipoprotein M (apoM), a lipocalin family member, preferentially 

associates with plasma HDL and binds plasma sphingosine-1-phosphate (S1P), 

a signaling molecule active in immune homeostasis and endothelial barrier 

function. ApoM overexpression in ABCA1-expressing HEK293 cells stimulated 

larger nascent HDL formation, compared to cells that did not express apoM; 

however, the in vivo role of apoM in HDL metabolism remains poorly understood. 

To test whether hepatic apoM overexpression increases plasma HDL size, we 

generated hepatocyte-specific apoM transgenic (apoM Tg) mice, which had ~5-

fold increase in plasma apoM levels compared with wild-type mice. Although 

HDL cholesterol concentrations were similar to wild-type mice, apoM Tg mice 

had larger plasma HDLs enriched in apoM, cholesteryl ester, lecithin:cholesterol 

acyltransferase, and S1P. Despite the presence of larger plasma HDLs in apoM 

Tg mice, in vivo macrophage reverse cholesterol transport capacity was similar 

to that in wild-type mice. ApoM Tg mice had an ~5-fold increase in plasma S1P, 

which was predominantly associated with larger plasma HDLs. Primary 

hepatocytes from apoM Tg mice generated larger nascent HDLs and displayed 

increased sphingolipid synthesis and S1P secretion. Inhibition of ceramide 

synthases in hepatocytes increased cellular S1P levels, but not S1P secretion, 

suggesting that apoM is rate-limiting in the export of hepatocyte S1P. Our data 

indicate that hepatocyte-specific apoM overexpression: 1) generates larger 

nascent HDLs and larger plasma HDLs, which preferentially bind apoM and S1P; 

and 2) stimulates S1P biosynthesis for secretion. The unique apoM/S1P-
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enriched plasma HDL may serve to deliver S1P to extrahepatic tissues for 

atheroprotection and may have other as yet unidentified functions. 
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Introduction 

Cardiovascular disease (CVD) is the leading cause of death in developed 

countries. Numerous studies over several decades have observed an inverse 

association between plasma HDL cholesterol (HDL-C) concentrations and 

increased CVD risk [1]. However, recent evidence suggests that HDL function, 

not HDL-C concentration, may best predict its atheroprotective capacity [2, 3]. 

One function of HDL is to facilitate macrophage reverse cholesterol transport 

(RCT), a process by which cholesterol in arterial plaque macrophages is 

transported to the liver for secretion into bile and excretion in feces [4]. Although 

RCT is presumed to be HDL’s most important anti-atherogenic role, these 

particles also have anti-inflammatory and anti-oxidative activities and carry 

cardioprotective molecules [5-7]. However, because our understanding of the 

atheroprotective roles of HDL is incomplete, additional focus on HDL function 

and metabolism is merited. 

ATP binding cassette transporter A1 (ABCA1), a membrane-bound lipid 

transporter, effluxes free cholesterol (FC) and phospholipid (PL) to lipid-free 

apoA-I, forming nascent HDL particles. The liver is quantitatively the most 

important tissue for nascent HDL formation, and contributes ~80% of the plasma 

HDL pool in chow-fed mice [8]. ABCA1-mediated HDL particle assembly also 

occurs in extrahepatic cells, such as macrophages, and is important for both 

initiating RCT and maintaining appropriate cellular cholesterol levels; however, 

macrophage RCT does not make a quantitatively important contribution to the 

maintenance of plasma HDL levels [9]. After initial assembly, nascent HDL 
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particles undergo maturation to become spherical HDL particles via the actions of 

lecithin:cholesterol acyltransferase (LCAT), which increases core cholesteryl 

ester (CE) content [10], and phospholipid transfer protein (PLTP) [11], which 

transfers PL to the HDL surface. To complete the process of RCT, HDL-C is 

taken up by the liver, mostly via scavenger receptor B1 (SR-BI), for secretion into 

bile and excretion in feces [12].  

ApoM, a 25kD plasma apolipoprotein, belongs to the lipocalin family and 

contains a small hydrophobic binding pocket [13, 14]. Both the liver and kidneys 

produce apoM, but plasma apoM levels are likely maintained predominantly by 

liver expression [15]. Plasma apoM mainly associates with HDL, but because of 

its low plasma concentration (0.9 µM), less than 5% of plasma HDL particles 

contain apoM [16]. HDL-bound apoM can also be exchanged onto VLDL and 

LDL [17]. ApoM knockout mice have a 17-21% decrease in HDL-C, whereas 

overexpression of apoM increases HDL-C by 13-22% and protects against 

atherogenesis [18, 19]. The antiatherogenic function of apoM has been attributed 

to its ability to promote preβ HDL formation [18], stimulate cholesterol efflux from 

macrophage foam cells [19, 20], and increase the antioxidant activity of HDL [21]. 

We previously demonstrated that apoM stimulates the generation of larger 

nascent HDL particles by HEK293 cells that overexpressed ABCA1 [22]. 

However, whether hepatic overexpression of apoM affects plasma HDL size, 

composition, and function (i.e., RCT) in vivo is unknown. 

In addition to its role as an HDL binding protein, which can impact HDL 

metabolism, apoM is also a sphingosine-1-phosphate (S1P) carrier [23]. ApoM 
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knockout mice have decreased HDL-S1P, whereas apoM transgenic mice 

display an increase in HDL-S1P [23]. Adenoviral-mediated overexpression of 

apoM also increases plasma apoM and S1P concentrations [24]. Because S1P 

signaling helps maintain endothelial integrity [23, 25] and immune homeostasis 

[26], HDL apoM may also be atheroprotective by transporting S1P through the 

plasma compartment to endothelial and immune cell receptors [27]. Previous 

studies demonstrated that tissue sources of plasma S1P include erythrocytes 

[28], vascular endothelial cells [29], and platelets [30, 31]. Hepatocytes can also 

generate and secrete S1P [24, 29]. Since apoM is mainly produced by the liver 

and its overexpression in mice increased plasma S1P levels [23], the liver may 

play an important role in whole body S1P distribution and homeostasis. However, 

to date, there are limited data regarding the extent to which hepatic apoM 

expression regulates hepatocyte S1P formation and secretion [24].  

The goal of the present study was to address unanswered questions 

regarding the role of hepatic apoM expression in HDL, apoM, and S1P 

metabolism. Based on our previous studies showing that HEK293-ABCA1-

expressing cells form larger nascent HDL particles, we explored whether hepatic 

overexpression of apoM resulted in increased nascent and mature plasma HDL 

particle size and S1P content in vivo. We also wished to determine how hepatic 

apoM expression affects plasma HDL composition and the ability of HDL to 

promote in vivo macrophage RCT. Finally, we investigated the effect of hepatic 

apoM overexpression on hepatic sphingolipid metabolism and S1P production 

and secretion. Collectively, our results suggest that hepatic apoM overexpression 
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enhances sphingolipid recycling and secretion of S1P from hepatocytes, and also 

generates larger nascent HDLs and apoM/S1P-enriched plasma HDL particles.      
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Materials and Methods 

Generation of hepatocyte-specific human apoM transgenic (apoM Tg) mice 

A full-length human apoM cDNA (GenBank accession number BC020683) 

was purchased from the National Institutes of Health mammalian gene collection-

human (Invitrogen-iGene, Clone ID 4733993) and used to construct a C-terminal 

FLAG-tagged apoM cDNA as described previously [22]. To create apoM Tg 

mice, MfeI and MluI sites were introduced into the 5’ and 3’ flanking ends, 

respectively, of C-terminal FLAG-tagged apoM cDNA by PCR amplification using 

the following primers: forward, 5’-

CTGCCAATTGAAGATGTTCCACCAAATTTGGGC-3’; reverse, 5’-

ACGACGCGTTCACTTGTCGTCGTCGTCCTTGTAGTCGTTATTGG-3’. 

Amplified cDNA was digested with MfeI and MluI, and then cloned into the same 

sites in the pLiv-11 plasmid [32], a liver-specific transgenic expression vector [33-

35]. The transgene cassette containing the human apoE promoter, C-terminal 

FLAG-tagged human apoM cDNA insert, and human apoE 3’ hepatic control 

region was released from the plasmid construct by SpeI/SalI digestion, followed 

by agarose gel electrophoresis and purification of the excised gel fragment with 

the Elutip kit (Whatman/GE Healthcare). Pronuclear microinjection of the 

transgene cassette into fertilized mouse oocytes from B6D2F1 (C57BL/6 x 

DBA/2) mice and subsequent implantation of microinjected embryos into foster 

mothers were conducted at the Transgenic Mouse Core Facility of Wake Forest 

School of Medicine. Founders were identified by PCR screening of tail genomic 

DNA and immunoblotting of plasma with anti-FLAG monoclonal antibody M2 
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(Sigma-Aldrich). PCR primers used to determine the presence and integrity of 

the transgene cassette were as follows: 5’-CACTGGCGGTTGATTGACAG-3’ 

and 5’-CTCACAGGCCTCTTGATTCC-3’ for the human apoM gene, 5’-

GATGGGTTAGGAGAAGGGAGC-3’ and 5’-AGGCGGGGTCTCATTACCAAG-3’ 

for the human apoE promoter region, 5’-CGCCTCCACTCTGCAAGAACT-3’ and 

5’-CTCTCAGAGGTCCTCTAAGCC-3’ for the human apoE hepatic control 

region, and 5’-GCAGATGAGTTCACTGGCTCC-3’ and 5’-

AGGGCAGTTGACCTCATCGCT-3’ for the VLDL receptor, used as a load 

control. Upon breeding of transgenic mice with WT mice, ~50% of offspring were 

transgenic, confirming hemizygosity of the transgene. 

Animals 

All animal procedures were approved by the Institutional Animal Care and 

Use Committee of Wake Forest School of Medicine. Mice were housed in the 

Wake Forest School of Medicine animal facility with a 12h light/12h dark cycle 

and fed a commercial chow diet ad libitum. Wild type (C57BL/6J) and 

homozygous human apoA-I transgenic mice on a pure C57BL/6J background 

(hA-I Tg) were obtained from Jackson Laboratories (C57BL/6-

Tg(APOA1)1Rub/J). ApoM Tg mice were backcrossed into the C57BL/6J 

background for at least 5 generations. hA-I Tg/apoM Tg mice were generated by 

crossing apoM Tg mice with hA-I Tg mice. All apoM Tg mice studied herein were 

compared with littermate controls.  

Plasma lipid and lipoprotein quantification 
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Mouse plasma was harvested by tail bleeding or cardiac puncture of 

anesthetized mice at sacrifice. Plasma total and free cholesterol, phospholipid, 

and triglyceride concentrations were measured by enzymatic assays (TC, FC, 

TG and phospholipid (PC), Wako). Plasma samples were either fractionated 

using two Superose 6 FPLC columns (1 × 30 cm) in series (flow rate 0.5 ml/min) 

or by a high-resolution Superose 6TM FPLC column (10/300GL, Amersham 

Biosciences; flow rate 0.5 ml/min) with an online cholesterol analyzer [36]. 

Lipoprotein fractions eluted from FPLC columns were collected to determine 

cholesterol, TG, and PL concentrations by enzymatic assay (Wako). In some 

experiments, lipoprotein fractions were pooled for Western blot analysis. Lipids 

were extracted by the Bligh-Dyer method and concentrations were measured by 

enzymatic assays [37, 38]. ApoA-I concentrations were determined by ELISA 

[39]. 

Hepatic lipid analysis 

Livers were perfused, snap frozen in liquid nitrogen, and stored at -80°C. 

Lipid content was quantified using detergent-based enzymatic assays as 

described previously [37, 38].  

In vivo reverse cholesterol transport 

In vivo macrophage RCT assays were conducted as described by Rader 

and colleagues [40] with minor modifications [41]. J774 mouse macrophages 

were radiolabeled and loaded with [3H]-cholesterol and acetylated LDL, 

respectively. Cells were then injected into the peritoneal cavity of recipient mice 
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and plasma samples were collected at 6h, 24h, and 48h after injection. Feces 

were collected throughout the 48h study. At necropsy, tissues were harvested 

and [3H]-tracer levels in plasma, liver, and feces were quantified after lipid 

extraction and liquid scintillation counting. Aliquots of plasma were also 

fractionated by FPLC, and cholesterol mass and radiolabel distribution among 

lipoprotein fractions were quantified.  

In vivo VLDL TG secretion rate determination 

Tyloxapol (500 mg/kg body weight) was injected intravenously into 4h-

fasted, anesthetized mice to block TG lipolysis acutely [42]. Blood was collected 

before (0 min) and 30, 60, 120, and 180 min after injection for measurement of 

plasma triglyceride (TG) concentrations by enzymatic assay. VLDL-TG secretion 

rate was determined by calculating the slope of the time vs. plasma TG 

concentration plot for each animal using linear regression analysis.  

Primary hepatocyte isolation, nascent HDL particle formation, and S1P 

production 

Primary hepatocytes were isolated as described previously [43] with minor 

modifications. After isolation from liver, hepatocytes were centrifuged at 50 x g 

for 5 min in 50% Percoll-containing Williams’ media E to pellet live cells. Cells 

were then washed with Williams’ media E before seeding in 100 mm dishes at a 

density of 2 X 106 cells per dish. Cells were incubated at 37°C for 4 h before 

experiments were initiated. Primary hepatocytes were incubated with 10 μg/ml of 

125I-apoA-I (105 cpm/μg) for 24h in serum-free DMEM media using conditions 
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described previously [44]. After incubation, the conditioned media were 

harvested and fractionated on a Superdex-200HR FPLC column (Amersham 

Biosciences) eluted with 0.15 M NaCl, 0.01% EDTA, pH 7.4 at a flow rate of 0.3 

ml/min. Fractions were collected and analyzed for 125I radioactivity to monitor the 

size distribution of nascent HDL particles.  

Quantification of sphingolipids by liquid chromatography, electrospray 

ionization-tandem mass spectrometry (LC-ESI-MS/MS) 

Plasma samples were freshly collected and stored in methanol before 

extraction. Livers were perfused via the portal vein with PBS and liver tissues 

were collected and snap frozen. HDL FPLC fractions were collected, 

supplemented with phosphatase inhibitors (Roche, Cat. No. 04906845001) and 

stored frozen. Hepatocytes from WT and apoM Tg mice were isolated and 

cultured in Williams’ media E for 3h, washed, and pre-incubated with serum-free 

DMEM for 2h. Fresh serum-free DMEM was then replaced and hepatocytes were 

incubated for 6h before media and cells were collected for analysis. Media were 

centrifuged to pellet cell debris and supernatant were harvested with addition of 

phosphatase inhibitors. Cells were washed with PBS and scraped off the plates 

in methanol. Sphingolipid content/concentration of plasma, liver, HDL, 

hepatocytes and hepatocyte-conditioned medium was determined using liquid 

chromatography mass spectrometry. HPLC grade solvents from VWR (West 

Chester, PA)were used for all steps of the procedure. Extraction and quantitation 

of each sphingolipid species was essentially as previously described [45] using a 

Shimadzu LC-20 AD coupled to an ABI 4000 quadrupole/linear ion trap (QTrap, 
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Applied Biosystems, Foster City, CA) operating in a triple quadrupole mode as 

previously described [45].  

In some experiments, S1P concentrations in plasma and FPLC-isolated 

plasma lipoprotein fractions were also measured essentially as described by 

Berdyshev et al. [46] using 25 µl aliquots of mouse plasma containing 50 pmol of 

C17S1P as an internal standard. After extraction and derivatization, bisacetylated 

S1P was analyzed on a YMC-Pack ODS-AQ column (100 x 1.0 mm i.d., 3 μm 

particle size) and detected using a Thermo Finnigan TSQ Quantum Discovery 

Max Triple Quadrupole mass spectrometer in negative ion mode. Bisacetylated 

sphingolipids were eluted using the following gradient: 2 min hold of solvent A: 

solvent B (50:50), ramp to 100% solvent B over 0.1 minute, hold at 100% solvent 

B for 8.5 min and regenerate the column with solvent A: solvent B (50:50) for 30 

min with the following settings: ion spray voltage -3000V, ion transfer capillary 

temperature 200°C, collision gas 1 mTorr Ar with a collision energy of 11V. MRM 

transitions monitored were: C17S1P m/z 448/388 and S1P m/z 462/402 [47]. 

Analysis of hepatocyte S1P synthesis and secretion 

S1P synthesis from radiolabeled sphingosine was measured as described 

previously [48]. Primary hepatocytes were isolated from WT and apoM Tg mice, 

seeded in 35 mm dishes, and incubated in serum-free media for 2h at 37°C 

before addition of 0.225 µCi [3H]-sphingosine (Perkin Elmer) and 1.5 mM 

sphingosine (Cayman Chemical) per dish for 10 min to radiolabel cells. Medium 

was then switched to fresh serum-free DMEM and cells were incubated at 37°C 
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for 2h before media and cells were collected for differential lipid extraction [48]. 

Cell and media [3H]-S1P radiolabel were quantified by liquid scintillation 

spectroscopy after extraction. Data are presented as 3H-S1P/total 3H radiolabel X 

100% in cells or media, normalized to cellular PL content measured by 

phosphorus assay [49].  

Myriocin and fumonisin B1 treatment 

Primary hepatocytes were isolated and seeded for 2h before they were 

washed and incubated with serum-free media for 2h. Myriocin (Sigma-Aldrich) 

dissolved in methanol and fumonisin B1 (Sigma-Aldrich)  dissolved in ethanol 

were added to hepatocytes at a final concentration of 10 μM  and 25 μM, 

respectively, and incubated for 6h before media were collected and 

supplemented with phosphatase inhibitors. Control dishes were incubated with 

the appropriate vehicle. Cells were washed and collected in methanol. Both cells 

and media were subjected to LC-ESI-MS/MS analysis. Replicate dishes in each 

group were used to determine protein content by BCA assay. 

Western blotting 

Proteins were fractionated by SDS-PAGE and transferred to a 

nitrocellulose membrane (Schleicher and Schuell, Keene, NH) (250mA, 2h). 

Membranes were blocked with 5% nonfat dry milk in TBST buffer, incubated with 

primary antibody at 4˚C overnight, washed three times, and then incubated with 

secondary antibody for 1h at room temperature. Blots were incubated with 

Supersignal West Pico chemiluminescence substrate (Pierce) and visualized with 
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a Fujifilm LAS-3000 camera. Antibodies used for Western blots included: anti-

FLAG monoclonal antibody M2 (Sigma), anti-ApoE (generated in-house), anti-

LCAT (generated in-house), anti-mouse apoM (Lifespan), anti-human and mouse 

apoM (Abcam), anti-mouse apoA-I (Biodesign), anti-GAPDH (Sigma), and HRP-

conjugated anti-mouse and anti-rabbit secondary antibodies (GE Healthcare). 

Band intensities were quantified using Multi Gauge software (Fujifilm). 

Gene expression analysis 

RNA was isolated from liver and hepatocytes using Trizol (Invitrogen) and 

reverse transcribed into cDNA using Omniscript RT Kit (Qiagen). Expression 

levels were analyzed by quantitative real-time polymerase chain reaction (PCR) 

[50].  

Statistics 

Results were reported as mean ± SEM. Two-tailed Student’s t tests were 

used to detect statistically significant differences between wild-type and apoM Tg 

mice. Two-way ANOVA and the Bonferroni post-hoc test were used to analyze 

data from myriocin and fumonisin B1 inhibition experiments. A p value <0.05 was 

considered statistically significant. Statistical analyses were performed with 

GraphPad Prism software. 
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Results 

Generation of hepatocyte-specific human apoM transgenic mice 

Hepatocyte-specific apoM transgenic (apoM Tg) mice were generated 

using the pLiv11 vector [33-35]. PCR of mouse tail genomic DNA was used to 

identify transgenic positive mice. A PCR product of 600 bp indicated the 

presence of the human apoM transgene (Supplemental Figure 1A); the 350 bp 

PCR product was derived from the VLDL receptor, which was used as an internal 

control. To estimate the level of overexpression of human apoM,  WT and apoM 

Tg mouse plasma were analyzed by Western blot analysis using an antibody 

(Abcam) that detects both mouse and human apoM (Figure 1A). The equivalent 

mass of apoM observed in 1 µl of WT and 0.2 µl of Tg mouse plasma is 

consistent with ~5-fold overexpression of apoM in the Tg mice. 

Quantification of plasma and liver lipids in apoM Tg mice 

We examined plasma lipid and lipoprotein cholesterol concentrations in 

apoM Tg mice in both WT and human apoA-I Tg (hA-I) backgrounds. Two 

different backgrounds were examined because WT mice have relatively 

uniformly-sized HDL particles, whereas hA-I Tg mice have polydispersed HDL 

subfractions that are similar in size to human plasma HDL particles [51]. In both 

WT and hA-I backgrounds, male apoM Tg mice had significantly increased 

plasma total cholesterol (TC) (24% increase in WT and 10% increase in hA-I 

background), PL (29% increase in WT and 19% increase in hA-I background), 

and triglyceride (TG) (4.5-fold increase in WT and 6.7-fold increase in hA-I 

background) concentrations relative to their non-apoM transgenic counterparts 
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(Figure 1B). Plasma free cholesterol (FC) and cholesteryl ester (CE) were both 

increased in apoM Tg mice, relative to the WT control (Supplemental Figure 1B 

and 1C). FPLC fractionation of plasma revealed that the increased plasma 

cholesterol level in apoM Tg mice was mostly attributed to increased plasma 

VLDL (7.6-fold increase in WT and 15.8-fold increase in hA-I background) and 

LDL concentrations (no increase in WT and 1.7-fold increase in hA-I background) 

(Figure 1C). Whole plasma apoB concentrations were also increased in apoM 

Tg mice, suggesting an increase in plasma apoB-containing lipoproteins 

(Supplemental Figure 2A and 2B). In contrast, HDL-C did not differ between 

apoM Tg mice and their control counterparts in both backgrounds (Figure 1C). 

We observed a similar lipid and lipoprotein phenotype in female mice (data not 

shown).  

To determine whether liver-specific overexpression of human apoM 

increased hepatic VLDL-TG secretion, we acutely inhibited intravascular TG 

lipolysis using a detergent block procedure and observed similar rates of plasma 

TG accumulation in WT and apoM Tg mice (Supplemental Figure 2C and 2D), 

suggesting that hepatic VLDL TG secretion was not altered by overexpression of 

human apoM. Thus, in agreement with a previous study [52], increased plasma 

VLDL-C and TG likely resulted from delayed VLDL catabolism. In contrast to 

plasma values, hepatic levels of FC, CE and TG were similar in WT and apoM Tg 

mice, except for a significant decrease in hepatic CE in male apoM Tg mice 

(Supplemental Figure 3).  
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ApoM Tg mice generated larger plasma HDLs enriched in CE, apoE, LCAT 

and apoM 

We previously reported that apoM overexpression in a non-hepatic cell 

line (HEK293-ABCA1) generated larger nascent HDL particles [22]. To determine 

whether liver-specific overexpression of human apoM increased HDL particle 

size in vivo, we studied plasma lipoprotein distribution by FPLC size exclusion 

chromatography. Interestingly, in both WT and hA-I backgrounds, HDL from 

apoM Tg mice eluted from the FPLC column at an earlier position relative to their 

WT counterparts, suggesting increased HDL particle size (Figure 2A). To further 

explore this, we measured the lipid content of the FPLC-isolated HDL and 

normalized the results to apoA-I content, as determined by ELISA. As shown in 

Table 1, HDLs from apoM Tg mice contained significantly more CE and PL per 

apoA-I molecule, likely contributing to the increased HDL size in apoM Tg mice. 

The HDL ratio of surface lipid and protein to core lipids (FC+PL+apoA-I)/CE was 

significantly decreased in apoM Tg vs. WT mice (Table 1), also agreeing with 

increased HDL size in apoM Tg mice. Finally, we examined the protein 

composition of the FPLC-isolated HDL fractions by Western blot analysis. In both 

genetic backgrounds, apoM Tg mice had HDLs with more apoE and LCAT than 

their WT counterparts (Figure 2B and 2C). Endogenous mouse apoM 

expression was lower in apoM Tg mice in both backgrounds (Figure 2B and 2C), 

presumably due to displacement by the more abundant human apoM. In general, 

apoE-containing HDLs are larger than non-apoE-containing HDL particles [53]. 

The enrichment of LCAT on HDLs from apoM Tg mice likely leads to enhanced 
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conversion of FC to CE, resulting in increased HDL size and CE content in apoM 

Tg mice. 

ApoM predominantly associates with larger-sized HDL 

Because we observed a similar increase in HDL size in apoM Tg mice for 

both WT and hA-I backgrounds, all subsequent studies were performed using 

apoM Tg mice in the WT background. To determine the relationship between 

HDL particle size and apoM content, we examined apoM distribution across HDL 

fractions eluted from an FPLC column. The cholesterol distribution for WT and 

apoM Tg mouse plasma fractionated by FPLC is shown in Figure 3A; the 

distribution of mouse and human apoM and mouse apoA-I, determined by 

Western blot analysis is shown in Figure 3B. Using mouse apoA-I as a protein 

marker of HDL particle size distribution, we observed that mouse and human 

apoM distribution was shifted to earlier eluting fractions relative to apoA-I, 

demonstrating that both endogenous mouse apoM and transgenic human apoM 

preferentially associate with larger HDL particles.  

Primary hepatocytes from apoM Tg mice produce larger nascent HDL 

particles 

To determine whether increased plasma HDL size in apoM Tg mice 

resulted from assembly of larger nascent HDL by hepatocytes, we isolated 

primary hepatocytes from WT and apoM Tg mice and examined nascent HDL 

formation by incubating hepatocytes with 125I-apoA-I for 24h, followed by size 

exclusion chromatography. As shown in Figure 4, hepatocytes from apoM Tg 

mice generated a similar number of small nascent HDL particles, but relatively 
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more particles of larger sizes, compared to WT mice. This agreed with our 

previous finding using the non-hepatic HEK293-ABCA1-expressing cell line, 

which showed that apoM overexpression increased nascent HDL particle size 

[22]. Since nascent HDL particles undergo maturation by LCAT and plasma 

HDLs from apoM Tg mice were enriched in LCAT (Figure 2B), it appears that 

HDL generated by apoM Tg mouse hepatocytes may better recruit LCAT, 

thereby leading to production of larger-sized, CE-enriched plasma HDLs. The 

increase in HDL particle size is probably not attributable to decreased HDL 

catabolism, since hepatic levels of SR-BI mRNA (Supplemental Figure 4A) and 

protein levels of SR-BI and LDL receptor-related protein (LRP) (Supplemental 

Figure 4B), both of which are involved in HDL catabolism [54-56], were similar in 

both genotypes. Overall, our data suggest that larger nascent HDL particles 

generated from hepatocytes overexpressing apoM lead to generation of larger 

mature plasma HDL. 

Increased HDL size in apoM Tg mice did not promote in vivo macrophage 

reverse cholesterol transport 

A previous study showed that apoM-enriched HDL from apoM Tg mice 

increased cholesterol efflux from macrophage foam cells compared to WT mouse 

HDL, although macrophage RCT was not correspondingly increased in vivo [20]. 

However, in this previous study, no increase in plasma HDL size was reported. 

To determine whether the larger plasma HDL particles observed in our apoM Tg 

mice increased RCT, [3H]-cholesterol-loaded macrophages were injected into the 

peritoneal cavity of WT and apoM Tg mice, followed by periodic blood sampling. 
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Mice were sacrificed 48 hours after injection and liver, plasma, and feces were 

collected for [3H]-cholesterol quantification. At all times up to 48 hours after 

injection, apoM Tg and WT mice had comparable levels of plasma [3H]-

cholesterol radiolabel (Figure 5A), even though the FPLC distribution of 

radiolabel among plasma lipoproteins revealed more radiolabel in larger HDL of 

apoM Tg vs. WT mice (Figure 5B). These data suggest a similar ability of 

plasma from WT and apoM Tg mice to efflux macrophage radiolabeled 

cholesterol. Furthermore, radiolabel in liver (Figure 5C) and feces (Figure 5D) 

was similar for WT and apoM Tg mice, suggesting that larger, apoM-enriched 

HDL particles in apoM Tg mice do not enhance in vivo macrophage RCT.  

Large HDL in apoM Tg mice preferentially transport S1P 

Because recent studies suggested that S1P is transported in plasma by 

apoM, and its plasma concentration is increased in apoM transgenic mice and 

decreased in apoM knockout mice [23, 57], we explored the extent to which the 

larger HDL particles in our apoM Tg mice increased S1P levels. Plasma S1P 

concentrations were increased ~5-fold in apoM Tg mice (~3.5 µM) vs. WT (~0.7 

µM) (Figure 6A). Dihydrosphingosine-1-phosphate (DH-S1P), a product of 

dihydrosphingosine phosphorylation by sphingosine kinases, was also increased 

~2-fold in apoM Tg mouse plasma (Figure 6B). S1P was significantly increased 

in plasma VLDL, LDL, and HDL of apoM Tg mice, but the largest increase and 

the predominant lipoprotein fraction containing S1P was large HDL (Figure 6C). 

Large HDL was also most enriched in apoM (Figure 6D and Figure 3). 

Collectively, these data suggest that hepatocyte-specific apoM overexpression 
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generates larger-size HDL particles that appear optimal for binding both apoM 

and S1P. 

ApoM Tg mice have increased hepatic S1P levels and secretion 

Since apoM Tg mice had increased plasma S1P, we examined the 

contribution of hepatic S1P and its secretion to this observation. There were 

significant increases in liver S1P (1.6-fold) and DH-S1P (1.3-fold) in apoM Tg 

mice versus WT (Figure 7A). Although red blood cells, vascular endothelial cells, 

and platelets are believed to be the major sources of plasma S1P [28, 29], the 

contribution of S1P produced by hepatocytes is still not clear. Interestingly, there 

were significantly greater levels of S1P (3.9-fold) and DH-S1P (1.5-fold) in 

hepatocytes isolated from apoM Tg mice than in WT hepatocytes (Figure 7B), 

whereas levels of their precursors sphingosine and dihydrosphingosine (DH-

sphingosine) were not significantly changed (data not shown). Next, we tested 

the effect of apoM overexpression on S1P secretion from primary hepatocytes. In 

agreement with the notion that apoM is a physiological carrier of S1P [23], larger 

amounts of S1P (1.6-fold) and DH-S1P (2.6-fold) were secreted from cultured 

primary hepatocytes overexpressing apoM compared to their WT counterparts 

(Figure 7C), whereas sphingoid bases levels in the medium were similar (data 

not shown). To further examine the effect of apoM overexpression on hepatocyte 

S1P synthesis and secretion, primary mouse hepatocytes were incubated with 

[3H]-sphingosine. Although both WT and apoM Tg hepatocytes produced similar 

amounts of [3H]-S1P, apoM Tg hepatocytes secreted significantly more [3H]-S1P 
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(Supplemental Figure 5), further supporting the notion that apoM 

overexpression enhances secretion of S1P from hepatocytes.  

Increased sphingolipid content in hepatocytes from apoM Tg mice  

Hepatocytes from apoM Tg mice also had significantly increased cellular 

ceramide and sphingomyelin content compared to those from WT mice (Figure 

8A). The major ceramide species in hepatocytes are the very long chain 

ceramides, C22:0, C24:1, and C24:0, followed by the long chain C16 species 

(Figure 8B). All of these ceramide species were increased to similar extents by 

overexpression of apoM (Figure 8B), suggesting that cellular ceramide content 

does not increase because of  changes in activity of specific ceramide synthases 

with different fatty acyl CoA specificity. In contrast, ceramide and sphingomyelin 

content in the media of hepatocytes overexpressing apoM was decreased 

(Figure 8C). Taken together, these results suggest that apoM overexpression in 

hepatocytes specifically promotes the secretion of S1P and DH-S1P, but not 

other sphingolipid species. In addition, comparable levels of ceramide and 

sphingomyelin were found in plasma and HDL fractions from apoM Tg and WT 

mice (Supplemental Figure 6). 

Sphingosine kinase 1 and 2 (SphK1 and SphK2) catalyze the production 

of S1P and DH-S1P from sphingosine and DH-sphingosine, respectively (Figure 

8D). To determine whether SphK1 and SphK2 were upregulated in apoM Tg 

mice, leading to increased cellular S1P and DH-S1P levels in hepatocytes, we 

measured mRNA expression in liver and primary hepatocytes. Expression of 

SphK1 was undetectable in liver and hepatocytes (Supplemental Figure 7), 
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whereas SphK2 was slightly upregulated in liver, but not primary hepatocytes, 

from apoM Tg mice. We also analyzed liver expression of other key enzymes 

involved in generation or breakdown of S1P (Figure 8D), including SPTLC1, acid 

SMase, and SGPP1; only acid SMase was slightly increased (Supplemental 

Figure 7). Overall, these data indicate that there are no major changes in the 

expression of genes involved in sphingolipid metabolism in apoM Tg mice. 

Ceramide synthase inhibition induces cellular levels, but not secretion, of 

S1P and DH-S1P in hepatocytes from apoM Tg mice 

Ceramide, the precursor of sphingosine and S1P, is produced in cells by 

de novo biosynthesis, which is initiated by the condensation of serine with 

palmitoyl CoA by serine palmitoyltransferase (SPT), or by recycling of 

sphingosine via a salvage pathway (Figure 8D). Dihydrosphingosine, but not 

sphingosine, is an intermediate in the de novo biosynthesis pathway. To examine 

the pathways involved in the generation of increased levels of S1P and long 

chain ceramides in apoM-overexpressing hepatocytes, we used myriocin (ISP-1), 

a specific inhibitor of serine palmitoyltransferase [58] and fumonisin B1 (FB1), an 

inhibitor of CoA-dependent dihydroceramide/ceramide synthases [59]. Myriocin 

treatment did not significantly decrease cellular ceramide levels in WT and apoM-

overexpressing hepatocytes (Figure 9A), yet, as expected, it did decrease levels 

of dihydroceramides (Figure 9B) and dihydrosphingosine (data not shown). 

Although S1P levels in hepatocytes overexpressing apoM were slightly 

decreased by myriocin treatment (Figure 9C), this decrease did not affect 

secretion of S1P or DH-S1P (Figure 9D). Collectively, these data suggest that de 
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novo sphingolipid synthesis only plays a minor role in elevating cellular ceramide 

and S1P in apoM Tg hepatocytes and does not influence secretion of S1P or DH-

S1P.  

As expected, FB1, which inhibits all six ceramide synthases, reduced 

ceramide levels (Figure 10A). Importantly, it also reduced cellular ceramide 

levels in apoM-overexpressing hepatocytes (Figure 10A). Similar to previous 

reports [60], decreases in cellular ceramides were accompanied by increased 

levels of sphingosine and dihydrosphingosine, as well as their phosphorylated 

forms, S1P and DH-S1P (Figure 10B). These data suggest that recycling of 

sphingosine to the ceramide biosynthetic pathway is enhanced by apoM 

overexpression. However, although FB1 induced a large increase in cellular S1P 

and DH-S1P, it had no effect on their secretion into the medium, even in 

hepatocytes overexpressing apoM (Figure 10C). Taken together, these results 

suggest that apoM is rate- limiting in mobilizing cellular S1P (and DH-S1P) for 

secretion. 
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Discussion 

ApoM is a low-abundance apolipoprotein that associates with ~5% of 

plasma HDL particles [14] and is suggested to be atheroprotective [18, 19]. 

Although overexpression of apoM in HEK293 cells leads to generation of larger 

nascent HDLs [22], it is unclear whether in vivo hepatic overexpression of apoM 

increases HDL particle size. Here, we show that liver-specific human apoM 

transgenic mice, which display ~5-fold increase in plasma apoM concentrations, 

had larger plasma HDL particles that were enriched with CE, LCAT, apoE, apoM, 

and S1P. Despite the presence of larger plasma HDL particles, apoM Tg mice 

displayed plasma HDL-C concentrations and in vivo macrophage reverse 

cholesterol transport similar to WT mice. Primary hepatocytes from apoM Tg 

versus WT mice generated larger nascent HDL and had increased sphingolipid 

synthesis and secretion of S1P. Inhibition of ceramide synthase in hepatocytes 

greatly increased cellular S1P levels, but not secretion, suggesting that apoM is 

rate-limiting in the export of hepatocyte S1P. Collectively, these data indicate that 

liver apoM facilitates the generation of larger nascent HDL and stimulates the 

synthesis and secretion of hepatocyte S1P, both leading to the presence of large 

apoM/S1P-enriched plasma HDL. These unique HDL particles may serve to 

deliver S1P to extrahepatic tissues for atheroprotection or other as yet 

unidentified functions.  

ApoM expression and HDL particle size 

The appearance of the unique HDL particle enriched in CE, LCAT, apoE, 

apoM, and S1P in apoM Tg mice was observed in both WT and hA-I 
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backgrounds and in the absence of any detectable increase in plasma HDL-C 

concentrations. In contrast, Christoffersen et al. reported that transgenic mice 

with 10-fold overexpression of apoM had a 13-22% increase in HDL-C compared 

with WT mice, but HDL particle size was unaffected [19]. In mice deficient in 

hepatic nuclear factor α or treated with apoM siRNA, both of which result in low 

apoM expression, HDL particles were larger than their control counterparts [18]. 

However, this phenotype was not confirmed in later studies using apoM knockout 

mice [19]. The discrepancy regarding HDL particle size between our study and 

the study by Christoffersen et al. may be related to the sensitivity of methods 

used to detect HDL size changes and differences in apoM Tg mouse lines (liver-

specific promoter vs. endogenous promoter). Very recently, another study was 

published showing that adenoviral overexpression of apoM in mice resulted in 

larger plasma HDL [24].  Herein, we show that apoM was predominantly 

associated with larger-sized HDL both in apoM Tg mice and WT mice, 

suggesting that large plasma HDL particles are optimal for binding of apoM and 

S1P regardless of the level of hepatic apoM expression. In contrast to our results 

in mice, a study by Lee et al. suggested that human plasma S1P was more 

concentrated in smaller-sized HDL3 compared to larger-sized HDL2 and that 

HDL3-S1P is more biologically active in stimulating plasminogen activator 

inhibitor-1 release from adipocytes than HDL2-S1P [61]. Although Lee et al did 

not analyze apoM levels were not analyzed in their study, apoM distribution on 

HDL particles was likely similar to that of S1P, suggesting that apoM is 

associated with small-sized HDL in human plasma. Differences between our 
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mouse study and the human study could be attributable to cholesteryl ester 

transfer protein (CETP) remodeling of human HDL. CETP, which is present in 

human, but not mouse plasma, exchanges CE in HDL for TG in VLDL and LDL, 

resulting in TG-enriched HDL particles that are substrates for hepatic lipase and 

endothelial lipase-mediated remodeling to smaller HDL [62]. This process may 

lead to the conversion of large S1P-containing HDL to smaller S1P-containing 

HDL. Additional studies will be necessary to define the compositional elements of 

HDL that dictate optimal apoM/S1P binding. 

ApoM and nascent HDL formation 

Primary hepatocytes from apoM Tg mice generated larger nascent HDL 

particles compared with hepatocytes from WT mice, agreeing with previous 

findings that apoM overexpression in ABCA1-expressing HEK293 cells leads to 

formation of larger nascent HDL [22]. After secretion, nascent HDL particles 

undergo maturation by several lipid transfer proteins and modifying enzymes. 

LCAT converts FC to CE in HDL, generating spherical HDL particles [10]. It is 

likely the larger nascent HDL particles secreted by apoM Tg mouse hepatocytes 

are the precursor particles for the large plasma HDL particles that are enriched in 

CE, LCAT, apoE, and apoM/S1P (Figure 2 and Table 1). Christoffersen et al [19] 

also observed an increase in HDL apoE content in apoM Tg mice, though HDL 

size and LCAT activity remained unchanged. The LCAT enrichment of HDL likely 

resulted in increased generation of CE that would help drive HDL particle 

enlargement, which, in turn, may allow more efficient apoE binding. Previous 

studies showed that HDL enrichment with SM decreased LCAT-mediated CE 
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formation [63]. Consistent with this finding, hepatocyte medium from apoM Tg 

mice had decreased SM concentrations (Figure 8C). These combined results are 

compatible with the hypothesis that ABCA1-mediated nascent HDL particle 

assembly in the presence of apoM overexpression results in decreased SM, 

which in turn allows for more efficient LCAT-mediated cholesterol esterification 

and HDL particle maturation to larger spherical plasma HDL enriched in 

apoM/S1P.     

ApoM overexpression increases liver and hepatocyte S1P synthesis and 

secretion 

S1P is rapidly turned over in plasma (t1/2 ~15 min), suggesting that a high-

capacity biosynthetic source of S1P is necessary to maintain plasma S1P 

concentrations [29]. Previous studies have suggested that erythrocytes, platelets, 

and vascular endothelial cells are major contributors to plasma S1P. Platelets 

have high sphingosine kinase activity and no S1P lyase or phosphatase activity, 

resulting in a high cellular content of S1P [30, 31]. However, a mouse model with 

virtually no circulating platelets had normal plasma S1P levels, suggesting the 

existence of other cellular sources of plasma S1P [28]. Results from adoptive 

transplantation of WT bone marrow into mice without plasma S1P due to 

conditional ablation of SphK1 and SphK2 demonstrated that hematopoietic cells 

are a major source of plasma S1P [28]. Furthermore, using mice with deletion of 

SphK1 and SphK2 in hematopoietic cells, it was conclusively demonstrated that 

erythrocytes are a major source of plasma S1P [28]. Surprisingly, however, mice 

that were thrombocytopenic, anemic, or leukopenic did not show an appreciable 
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reduction in plasma S1P, again indicating the existence of other tissue sources of 

S1P [29]. Adenoviral overexpression of SphK1 in livers of SphK1 whole-body 

knockout mice restored plasma S1P levels, which was attributed to enhanced 

secretion of S1P from liver endothelial cells, not hepatocytes, since cultured 

endothelial cells secreted more S1P than primary hepatocytes [29]. However, 

because there are many more hepatocytes than endothelial cells in liver, this 

conclusion may have been premature. In the present study, we show that 

hepatocytes secrete significant amounts of S1P and DH-S1P, and that 

overexpression of apoM enhances their secretion.  Furthermore, apoM, the major 

carrier for plasma S1P [23], is mostly expressed in the liver and kidney and its 

expression levels directly correlate with levels of plasma S1P [23], as well as its 

secretion from hepatocytes (Figures 7, 9-10). Hence, it appears, based on the 

current studies and other evidence, that hepatocytes are an important source of 

plasma S1P.  

Our data suggest that in addition to its role in maintaining plasma S1P 

levels and as a carrier of intravascular S1P to extrahepatic tissues, apoM also 

stimulates hepatic S1P production. Interestingly, apoM overexpression in 

hepatocytes also enhanced levels of ceramide, most likely resulting from 

enhancement of the salvage/recycling pathway, since inhibition of ceramide 

synthases with FB1, but not inhibition of de novo sphingolipid synthesis with 

myriocin, reduced ceramide elevations. Although FB1 treatment increased 

cellular S1P and DH-S1P, it did not affect their secretion (Figure 10), suggesting 

that hepatocyte apoM production is rate-limiting in S1P secretion.  
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Hepatic sphingolipid production and cholesterol metabolism 

Hepatocytes from apoM Tg mice had increased cellular ceramide and SM 

content (Figure 8) and secreted larger nascent HDL particles (Figure 4), 

suggesting that there is coordination between sphingolipid and cholesterol 

metabolism. Sphingolipids and cholesterol not only serve as essential structural 

components of membranes, especially lipid microdomains [64], but also regulate 

the metabolism of one another. For example, induction of cellular sphingolipid 

storage stimulated cholesterol synthesis by activating sterol responsive element 

binding protein 2 (SREBP2), a major transcriptional regulator of genes involved 

in cholesterol uptake and biosynthesis. Conversely, sphingomyelin depletion 

inhibited SREBP2 activation [65], resulting in cholesterol synthesis inhibition [66]. 

Ceramide treatment of non-hepatic cell lines also promoted ABCA1-mediated 

cholesterol efflux [67]. In mice deficient in S1P lyase, an enzyme responsible for 

S1P degradation, plasma HDL-C and LDL-C were significantly increased, as 

were plasma and liver S1P [68], suggesting a sphingolipid intermediate or S1P 

may regulate HDL and LDL production. These data support the hypothesis that 

increased hepatocyte ceramide, sphingomyelin, and/or S1P content in apoM Tg 

mice may contribute to the generation of larger nascent HDLs. 

In conclusion, our study demonstrates that hepatocyte-specific apoM 

overexpression facilitates formation of large, apoM/S1P-enriched HDL by 

promoting formation of large nascent HDL and stimulating sphingolipid synthesis 

and S1P secretion. These unique HDL particles may serve to deliver S1P to 

extrahepatic tissues for atheroprotection or other functions. 
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Figure 1. Lipid and lipoprotein characteristics of apoM Tg mice.  

A. Western blot analysis of indicated volumes of WT and apoM Tg mouse 

plasma using an antibody that detects both mouse and human apoM. Band 

intensities were quantified using Multi Gauge software. The intensity of the least 

intense band for WT plasma was set to 1, and other bands were normalized to its 

intensity and are shown above the bands. B. Plasma total cholesterol (TC), 

phospholipid (PL) and triglycerides (TG) from male mice were analyzed by 

enzymatic assays. C. Plasma lipoproteins were fractionated by FPLC and 

cholesterol concentration in VLDL, LDL and HDL was determined by enzymatic 

assays. For B and C, n=13, 9, 11 and 12 for WT, apoM Tg, hA-I and hA-I/apoM 

Tg mice, respectively. * p<0.05, apoM Tg mice vs. their control (WT or hA-I) 

counterparts. hA-I= human apoA-I transgenic mouse 
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Figure 2. ApoM Tg mice have larger HDL enriched in LCAT, apoM, and 

apoE.  

A. Representative lipoprotein cholesterol distribution profiles were acquired from 

high resolution FPLC size fractionation of equal volumes of plasma from mice of 

the indicated genotypes. B. FPLC fractionated HDL (panel A) was pooled 

(fractions 110-150) and an equivalent fraction of each HDL peak was TCA 

precipitated and subjected to SDS-PAGE and Western blot analysis. h, human, 

m, mouse. C. Quantification of Western blot band intensities in panel B was 

performed with MultiGauge software.  Fold change of each protein is expressed 

relative to the expression levels in WT samples. *, p < 0.05. 
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Figure 3. ApoM predominantly associates with large HDL.  

A. An equivalent amount of plasma from WT and apoM Tg mice was fractionated 

using FPLC and cholesterol concentrations were determined using enzymatic 

assay. B. HDL fractions from #35-46 (dashed vertical lines) were collected and 

TCA precipitated for Western blot analysis of mouse and human apoM, and 

mouse apoA-I. The arrows identify the fractions corresponding to the peak of 

HDL cholesterol. 
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Figure 4. Primary hepatocytes from apoM Tg mice generated larger nascent 

HDL.  

Primary hepatocytes from WT and apoM Tg mice were isolated and incubated 

with 125I-apoA-I (10 µg/ml) in serum-free DMEM media for 24 hours. Media were 

collected, fractionated using a Superdex-200 FPLC column, and radiolabel in 

each fraction was quantified.  
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Figure 5. ApoM Tg and WT mice have similar in vivo macrophage reverse 

cholesterol transport.  

J774 macrophages loaded with acetylated LDL and [3H]-cholesterol were 

injected into the peritoneal cavity of WT and apoM Tg mice (2.9x106 dpm in 500 

µl cell suspension/mouse; n=7 for each genotype). Blood samples were collected 

as indicated, and mice were sacrificed 48 hours after injection for terminal blood 

and liver harvest; feces were collected through the 48h study. Data were 

normalized to the percentage of injected dose. A. Plasma radioactivity. B. 

Equivalent volumes of terminal plasma were fractionated by FPLC and 

radioactivity in each fraction was quantified. C. Liver lipids were extracted as 

described (41) and lipid radioactivity was quantified. D. Cholesterol and bile acids 

were extracted from feces and radioactivity was quantified.  
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Figure 6. ApoM Tg mice have increased S1P in large-sized HDLs.  

Plasma S1P (A) and DH-S1P (B) in WT and apoM Tg mice were quantified by 

mass spectrometry; n=3 for each genotype, * p<0.05. C. Plasma lipoproteins 

were fractionated by FPLC and aliquots of the indicated lipoprotein fractions were 

quantified for S1P using mass spectrometry; results were normalized to 100µl 

plasma. n=3 for each genotype; * p < 0.05. D. Lipoprotein fractions from 

equivalent volumes of plasma were TCA precipitated, subjected to SDS-PAGE, 

and Western blotted for human and mouse apoM and mouse apoA-I. Lg, large, 

Sm, small. 
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Figure 7. ApoM Tg mice have increased hepatic S1P production and 

secretion.  

A. Liver tissues were subjected to lipid extraction and S1P and DH-S1P were 

analyzed by LC-ESI-MS/MS. Results were normalized to protein content. B, C. 

Hepatocytes from WT and apoM Tg mice were incubated in serum-free medium 

for 6 h. Lipids were extracted from cells (B) and media (C) and sphingolipids 

were analyzed by LC-ESI-MS/MS. For A–C, data were normalized to cellular 

protein content; n=3 for each genotype; *p<0.05. 
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Figure 8. Hepatocytes from apoM Tg mice have increased sphingolipid 

content.  

Lipids were extracted from hepatocytes (A, B) and media (C) as described in 

Figure 7B and ceramide and sphingomyelin content was quantified by LC-ESI-

MS/MS. (B) Different chain length species of ceramide are shown; numbers 

indicate chain length followed by the number of double bonds in the fatty acid. 

Data were normalized by cellular protein content; * p<0.05. D. Simplified pathway 

of sphingolipid synthesis. SPT, serine palmitoyltransferase; SPHK, sphingosine 

kinase; SGPP, S1P phosphatase; S1P, sphingosine-1-phosphate; SMase, 

sphingomyelinase. Myriocin is an inhibitor of de novo (i.e., SPT) sphingolipid 

synthesis and Fumonisin B1 is an inhibitor of ceramide synthase (i.e., 

sphingosine N-acyltransferase). 
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Figure 9. Effect of myriocin on sphingolipid biosynthesis in hepatocytes 

overexpressing apoM.  

Primary hepatocytes were isolated from WT and apoM Tg mice and treated with 

vehicle or 10 μM myriocin for 6 h in serum free media. Lipids were extracted from 

cells (A-C) and media (D) and the indicated sphingolipids determined by LC-ESI-

MS/MS. Different chain length species of ceramide (A) and dihydroceramides (B) 

are shown; numbers indicate chain length followed by the number of double 

bonds in the fatty acid. Unlike letters in the figure indicate significant differences 

(p < 0.05) between genotypes or between vehicle and myriocin treatment.  
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Figure 10. Inhibition of hepatocyte ceramide synthases in apoM Tg mice 

increases cellular levels of S1P and DH-S1P without affecting their 

secretion.  

Primary hepatocytes were isolated from WT and apoM Tg mice and treated with 

vehicle or 25 μM fumonisin B1 for 6 h in serum-free media. Lipids were extracted 

from hepatocytes (A, B) and media (C) and the indicated sphingolipids 

determined by LC-ESI-MS/MS. (A) Different chain length species of ceramide 

are shown; numbers indicate chain length, followed by the number of double 

bonds in the fatty acid. Unlike letters in the figure indicate significant differences 

(p < 0.05) between genotypes or between vehicle and myriocin treatment. 
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Table 1. Chemical composition of HDL from WT and apoM Tg mice 

mean ± SD               

  mg/mg apoA-I  mg/mg 

  TC PL EC FC   EC/FC TC/PL (FC+PL 
+apoA-I)/CE 

WT 1.8 ± 0.4 4.3 ± 0.7 1.3 ± 0.3 0.5± 0.1      2.4 ± 0.2 0.4 ± 0.0 2.7 ± 0.2 

apoM Tg 2.3 ± 0.2 5.1 ± 0.4 1.7 ± 0.2 0.6 ± 0.1  2.9± 0.5 0.4 ± 0.0 2.4 ± 0.3 

0.042* 0.047* 0.02* 0.508*   0.014* 0.271* 0.042* P 

FPLC fractionated HDL (Figure 2A) was pooled (fractions 110-150) and an 

equivalent fraction of each HDL peak was subjected to lipid extraction and TC, 

FC, PL compositions of HDLs from WT and apoM Tg mice were analyzed by 

enzymatic assays. Esterified cholesterol (EC) was calculated from TC and FC. 

Mouse apoA-I levels were measured by ELISA. n=7, 5 for WT and apoM Tg 

mice. 
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Supplemental Figure 1. ApoM Tg mice have increased plasma FC and CE 

levels.  

A. Genotyping of apoM Tg mice. Tail genomic DNA was extracted and PCR was 

performed to identify human apoM Tg positive mice as detailed in Materials and 

Methods. 600 bp PCR product= human apoM; 350 bp PCR product= VLDLr (load 

control). B. Plasma from male WT and apoM Tg mice was collected and 

analyzed for TC and FC by enzymatic assay. CE was calculated as TC-FC x 

1.67 (to correct for loss of fatty acid). WT, n=13; apoM Tg, n= 9. * p<0.05 
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Supplemental Figure 2. ApoM Tg and WT mice have comparable hepatic TG 

secretion.  

A. Plasma samples from mice of the indicated genotypes were Western blotted 

for apolipoprotein apoB. B. Western blot results were quantified using Multi 

Gauge software. Total apoB from apoB100 and apoB48 were calculated, 

normalized to toal apoB in WT sample on the first lane as fold change and 

plotted; * p<0.05. C & D. Mice fasted for 4 hours were retro-orbitally injected with 

tyloxapol (500 mg/kg) to acutely block TG lipolysis. Blood was collected before 

injection (0) and 30, 60, 120 and 180 min after injection. C. Plasma triglyceride 

(TG) levels at each time point were determined by enzymatic assay and plotted; 

n=5. D. The slope of the line of best fit for each mouse was calculated by linear 

regression analysis using GraphPad Prism; * p<0.05 
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Supplemental Figure 3. Liver lipids in WT and apoM Tg mice.  

Frozen livers were subjected to lipid extraction and liver TC, FC and TG were 

analyzed by enzymatic assays. Liver CE was calculated by multiplying x 1.67 

and difference between liver TC and FC. Results were normalized liver weight. 

n=8, 5, 7, 7 for female WT and apoM Tg and male WT and apoM Tg mice. * 

p<0.05 
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Supplemental Figure 4. Liver overexpression of apoM does not affect 

hepatic expression of SR-BI and LRP.  

A. Liver RNA was isolated and reverse transcribed into cDNA. SR-BI expression 

was quantified by real time PCR and results were normalized to GAPDH 

expression. B. Liver proteins from WT and apoM Tg mice were isolated and 

western blotted for SR-BI, LRP and GAPDH. LRP antibody was generously 

provided by Dr. Joachim Herz, University of Texas Southwestern Medical Center. 
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Supplemental Figure 5. Increased secretion of [3H]-S1P from hepatocytes 

overexpressing apoM.  

Primary hepatocytes were isolated from WT and apoM Tg mice and incubated in 

serum-free media for 2 h at 37°C before addition of 0.225 µCi [3H]-sphingosine 

and 1.5 mM sphingosine for 10 min to radiolabel cells. Medium was replaced with 

serum-free DMEM and cells were incubated at 37°C for 2 hrs before media and 

cells were collected for lipid extraction. Cell and media [3H]-S1P radiolabel were 

quantified by liquid scintillation spectroscopy after differential extraction [48]. 

Data are presented as [3H]-S1P/total [3H] radiolabel x 100%, normalized to 

cellular PL content measured by phosphorus assay. n=3/genotype; * p<0.05 
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Supplemental Figure 6. Plasma and HDL ceramide and sphingomyelin 

levels in WT and apoM Tg mice.  

Plasma (A) and HDL (B) isolated from WT and apoM Tg mice by FPLC were 

subjected to lipid extraction. Ceramide and sphingomyelin were determined by 

LC-ESI-MS/MS. n=3. Student’s t test was used for statistics. * p<0.05  
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Supplemental Figure 7. Liver and hepatocyte expression of sphingolipid 

metabolism genes.  

RNA was isolated from liver and primary hepatocytes of WT and apoM Tg mice, 

transcribed into cDNA, and quantified by quantitative real time PCR. A. 

Expression of serine palmitoyltransferase long chain 1 (SPTLC1), acid 

sphingomyelinase (acid SMase), sphingosine kinase 2 (SphK2), sphingosine 

kinase 1 (SphK1) and sphingosine-1-phosphate phosphatase 1 (SGPP1), 

normalized to GAPDH. n=6/genotype. * p<0.05 B. Expression of primary 

hepatocyte SphK1 and SphK2 mRNA, normalized to GAPDH. n=4 for each 

genotype. ND, not detected. 
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Supplemental Table 1. Real time PCR primers 

GAPDH Forward TGTGTCCGTCGTGGATCTGA 
Reverse CCTGCTTCACCACCTTCTTGAT 

SPTLC1 Forward AGTGGTGGGAGAGTCCCTTT 
Reverse CAGTGACCACAACCCTGATG  

SPHK2 Forward CGGATGCCCATTGGTGTCCTC 
Reverse TGAGCA ACA GGTCAACACCGAC 

SGPP1 Forward GAAGTGGTGCTGGAATTGCATGTG 
Reverse GCAATATGGCTTTTCCAAACAGAGTCA 

Acid 
SMase 

Forward ATGCCCTTCACACCCTAAGAA 
Reverse AGCAGGATCTGTGGAGTTGA 

SR-BI Forward GGC TGC TGT TTG CTG CG 
Reverse GCT GCT TGA TGA GGG AGG G 
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Abstract 

Apolipoprotein M (apoM), a lipocalin family member, is expressed in liver 

and kidney, associates with plasma HDL via its retained signal peptide, and 

carries plasma S1P. Hepatic apoM overexpression in mice stimulates formation 

of larger nascent HDL particles by primary hepatocytes, resulting in larger 

apoM/S1P-enriched plasma HDL particles by enhancing hepatic S1P synthesis 

and secretion. Substitution of glutamine 22 with alanine (Q22A) creates a signal 

peptidase competent cleavage site in apoM (apoMQ22A), which is rapidly cleared 

from plasma by the kidney due to its inability to associate with lipoproteins. Here, 

we studied the role of apoM’s signal peptide in the formation of large, apoM/S1P-

enriched HDL. Overexpression of apoMQ22A in ABCA-expressing HEK293 cells 

resulted in formation of smaller nascent HDL particles and relatively less cellular 

apoM compared to apoMWT overexpression. Adenoviral (Ad) overexpression of 

apoMQ22A (Ad-Q22A) in mice resulted in decreased plasma S1P (~50%) and 

apoM relative to Ad-apoMWT. Hepatocytes from mice infected with Ad-apoM and 

Ad-Q22A had increased cellular S1P levels contributed from both de novo 

sphingolipid synthesis and the sphingosine salvage pathway. However, 

expression of apoMQ22A resulted in increased media S1P, particularly when 

cellular S1P was increased by FB1 inhibition of sphingosine recycling to 

ceramide, suggesting enhanced secretion of apoMQ22A and mobilization of 

cellular S1P. Pulse-chase data demonstrated faster hepatocyte secretion of 

apoMQ22A vs. apoMWT. We conclude that apoM is rate-limiting for hepatocyte S1P 

secretion and its signal peptide delays secretion, allowing formation of larger 
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nascent HDL containing apoM/S1P that are likely precursors of large apoM/S1P-

enriched plasma HDL. 
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Introduction 

HDL cholesterol concentrations are inversely associated with coronary 

heart disease [1, 2]. The atheroprotective nature of HDL is likely due to its ability 

to promote reverse cholesterol transport [3], inhibit inflammatory [4] and 

oxidation, [5] and transport of cardioprotective molecules. One likely 

atheroprotective HDL molecule is apolipoprotein M (apoM), a minor 

apolipoprotein present on ~5% of plasma HDL particles [6]. ApoM may be 

atheroprotective by stimulating preβ HDL formation [7-9], promoting macrophage 

cholesterol efflux [9], increasing anti-oxidative activity of HDL, [10] and 

transporting sphingosine-1-phosphate (S1P) on HDL [11].  

ApoM is secreted with a retained signal peptide due to the lack of a 

competent signal peptidase cleavage site. The retained signal peptide acts as an 

anchor for membrane and lipoprotein binding [12, 13]. The substitution of 

glutamine 22 with alanine (Q22A) created a competent signal peptide cleavage 

site in apoM (apoMQ22A), leading to poor binding to plasma HDL and rapid 

clearance from plasma by the kidney [12, 13]. In HEK293 cells transfected with 

apoMWT vs. apoMQ22A, more apoMQ22A was found in 48h conditioned serum-free 

medium, suggesting better secretion efficiency of apoMQ22A [14]. These results 

are compatible with the idea that the signal peptide of apoM limits its secretion. 

However, the secretion kinetics of apoMWT and apoMQ22A has not been 

investigated.  
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Our previous studies demonstrated that apoM overexpression in ABCA1-

expressing HEK293 cells [8] and primary hepatocytes (chapter II) from 

hepatocyte-specific apoM Tg (apoM Tg) mice generated larger nascent HDL 

particles, which appear to recruit lecithin-cholesterol acyltransferase (LCAT) for 

cholesterol esterification and result in formation of larger, cholesteryl ester-

enriched plasma HDL in vivo. Primary hepatocytes from apoM Tg mice also 

increased sphingolipid synthesis and S1P secretion compared to those from wild 

type (WT) mice, agreeing with published data that apoM overexpression in 

HepG2 cells stimulated S1P secretion [15]. How apoM stimulates nascent HDL 

formation and S1P synthesis and secretion remains unknown. Since apoM is 

poorly secreted [8, 14], we speculated that the intracellular retention of apoM 

might contribute to the formation of larger nascent HDL particles and S1P 

enrichment. 

The purpose of this study was to investigate the role of the apoM signal 

peptide in hepatic apoM and HDL metabolism. Given our previous findings 

regarding the role of apoM overexpression in formation of large apoM/S1P 

nascent HDL, we wanted to determine the role of the apoM signal peptide in 

nascent HDL particle formation and S1P production and secretion from 

hepatocytes as well as its overall effect on plasma HDL and lipid metabolism. 

Our results suggest that the signal peptide of apoM not only helps the 

association of apoM with plasma lipoproteins, but also retards the secretion of 

apoM, allowing assembly of large apoM/S1P-enriched nascent and mature 

plasma HDL for transport of S1P to extrahepatic tissues. 
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Methods 

Animals 

Mice used in this study were 10-week old male mice (wild type, C57BL/6J) 

purchased from the Jackson Laboratories. They were housed in the Wake Forest 

School of Medicine animal facility with a 12h light/ 12h dark cycle and fed ad 

libitum a commercial chow diet for 2 weeks before experiments were initiated. All 

animal procedures were approved by the Institutional Animal Care and Use 

Committee of Wake Forest School of Medicine. 

Generation of adenovirus expressing apoMWT and apoMQ22A  

Wild type human apoM cDNA FLAG-tagged at the carboxyl-terminus was 

cloned into pcDNA3 and amplified as described [8]. Q22A mutation was 

introduced into pcDNA3-apoM by Quickchange® site-directed mutagenesis 

(Stratagene). The primer sequence used for mutagenesis was 5’- C TCC ATC 

TA C GCG TGC CCT GAG CAC AG -3’. DNA sequences were confirmed by 

sequencing (Genewiz). Adenoviruses expressing apoMWT (Ad-apoM) and 

apoMQ22A (Ad-Q22A) were generated from pcDNA3 constructs using an Adeno-

XTM expression system (Clontech). An additional control adenovirus expressing 

LacZ (Ad-LacZ) was also used. Adenoviruses were amplified in HEK293 cells, 

purified by CsCl gradient ultracentrifugation, and dialyzed against 20mM Tris-HCl 

pH 8.0, 270 mM NaCl, 2 mM MgCl2 and 50% v/v glycerol. The adenoviral particle 

number was determined by reading OD260 (Adeno-XTM expression system user 

manual). Adenoviruses were diluted into 150 μl saline and injected to C57BL/6 
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mice at 1.5 X 107 viral particles per mouse. Three days post-injection, mice were 

fasted for 4 h before sacrifice, and plasma and liver samples were collected for 

analysis.  

Plasma lipids and lipoprotein measurements     

Four-hour fasted mouse plasma was harvested by tail bleeding or cardiac 

puncture of anesthetized mice at sacrifice. Plasma total cholesterol and 

triglycerides were measured by enzymatic assays (Wako). Plasma samples were 

fractioned by a high resolution Superose 6TM FPLC column (10/300GL, 

Amersham Biosciences; flow rate 0.5 ml/min) with an online cholesterol analyzer 

[16]. Lipoprotein fractions were FPLC were collected for further analysis. 

Plasmid transfections  

HEK293 cells stably expressing ABCA1 [17, 18] were cultured in DMEM 

media and transfected with empty vector pcDNA3 (control), pcDNA3-apoM 

(apoMWT) or pcDNA3-Q22A (apoMQ22A) using Lipofectamine 2000TM (Invitrogen) 

and 24 hours later, nascent HDL formation was analyzed.  

Nascent HDL formation    

HEK293 cells expressing ABCA1 were transfected with control, apoMWT, 

or apoMQ22A cDNA before incubation with 10 μg/ml of 125I-apoA-I (104 cpm/μg) for 

24 h in serum-free media to monitor nascent HDL particle formation [8]. After 

incubation, conditioned media were harvested, concentrated using an Amicon 

Ultra-10 concentrator, and fractionated using three Superdex-200HR FPLC 
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columns (Amersham Biosciences) connected in. The particles were eluted (0.15 

M NaCl and 0.01% EDTA, pH 7.4, column buffer) at a flow rate of 0.3 ml/min; 

individual fractions were analyzed for 125I radioactivity, and the 125I profile was 

plotted.  

Isolation of primary hepatocytes     

Primary hepatocytes were isolated as described previously [19] with minor 

modifications. After isolation, hepatocytes were centrifuged at 50X g for 5 min in 

a 50% Percoll-William’s media E gradient to pellet live cells, which were then 

washed with William’s media E before seeding into 35 mm dishes at a density of 

0.3 X 106 cells per dish. 

ApoM secretion from primary hepatocytes      

Primary hepatocytes were isolated, incubated with Williams’ media E for 2 

h, washed, and switched to serum free DMEM for a 2h equilibration. Cells were 

then washed and incubate with Methionine/Cysteine (Met/Cys)-deficient media 

for 20 min before addition of [35S]-Met/Cys (100 µCi per 35 mm dish) in Met/Cys 

deficient media. Cells were incubated 10 min at 37°C before addition of DMEM 

complete media containing 10% FBS, 10 mM Met and 3mM Cys was added to 

prevent further radiolabeling. Hepatocytes were then washed and incubated with 

complete media for indicated length of chase time. At each chase time point, 

media were collected and centrifuged to pellet cell debris and supernatants. 

Hepatocytes were washed with PBS and cell lysates and media were harvested 

in lysis buffer (final concentration- 1% Triton X-100, 25 mM Tris-HCl, pH 7.5, 150 
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mM NaCl, supplemented with 1X protease inhibitors (Roche) and 2.5 mg/ml 

BSA. Cell lysates and media were subjected to immunoprecipitation using anti-

FLAG antibody (Sigma-Aldrich). 

Immunoprecipitation of apoM in hepatocyte cell lysates and medium        

Cell lysate and media in lysis buffer were rotated with anti-FLAG antibody 

(Sigma) overnight at 4˚C. Protein G sepharose beads (Sigma) were added and 

rotated for another 2 hr before the beads were centrifuged, washed three times 

with lysis buffer, followed by a final wash with buffer containing 0.1% SDS, 10 

mM Tris-HCl, pH 7.5, 2.5 mM EDTA. ApoM immunoprecipitates were denatured 

at 95˚C for 5 min with SDS sample buffer (Invitrogen) containing DTT (100 mM) 

and proteins were separated by SDS-PAGE. Gels were heated and dried under 

vacuum and radiolabeled proteins were visualized using a phosphorimager 

(Fujifilm). Band intensities were quantified using Multi Gauge software.  

Myriocin and Fumonisin B1 treament         

Primary hepatocytes were isolated and seeded for 2 h before they were 

washed and incubated with serum-free media for 2h. Myriocin (Sigma-Adrich, 10 

μM), dissolved in methanol, and Fumonisin B1 (Sigma-Aldrich, 25 μM), 

solubilized with ethanol, were added to hepatocytes and incubated for 6 h before 

media were collected and supplemented with phosphatase inhibitors (Roche). 

Control dishes were incubated with the appropriate vehicle. Cells were washed 

and collected in methanol. Both cells and media were subjected to LC-MS/MS 
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analysis. Replicate dishes in each group were used to determine protein content 

by BCA assay. 

LC-MS/MS analysis of sphingolipids       

Sphingolipid content/concentration of plasma, liver, HDL, hepatocytes and 

hepatocyte-conditioned medium was determined using liquid chromatography 

mass spectroscopy. HPLC grade solvents from VWR were used for all steps of 

the procedure (West Chester, PA). Extraction and quantitation of each 

sphingolipid species was essentially as described [20]. Briefly, chloroform (1 vol) 

and methanol (0.5 vol) were added to samples along with 500 pmol of each 

species of unnatural chain length internal standard (Avanti Polar Lipids, 

Alabaster, AL). The samples were sonicated and then incubated for 16 h at 48 °C 

before saponification with KOH for 2 h at 37°C to remove interfering glycerolipids. 

The extract was then neutralized and centrifuged. A fraction of supernatant was 

removed and dried using a Speed Vac. The dried residue was reconstituted by 

sonication in 0.5 ml of the starting mobile phase solvent (CH3OH/H2O/HCOOH, 

58/41/1, v/v/v, with 5 mM ammonium formate). The samples were then analyzed 

using a Shimadzu LC-20 AD coupled to an ABI 4000 quadrupole/linear ion trap 

(QTrap, Applied Biosystems, Foster City, CA) operating in a triple quadrupole 

mode as described [20].  

Statistics      

Results are reported as mean ± SEM. One-way ANOVA was used to 

analyze results among three groups from adenovirus experiments. Turkey’s post-
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hoc test identified differences between groups. Two-way ANOVA and Bonferroni 

post-hoc test were used to analyze data from myriocin and Fumonisin B1 

inhibition experiments. Significance differences due to genotype, inhibitor 

treatment, or genotype X treatment interaction are indicated in the table below 

each figure. A p value < 0.05 was considered statistically significant. Statistical 

analyses were performed with GraphPad prism software.  
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Results 

ApoM signal peptide is necessary to generate larger nascent HDL particles 

by ABCA1 

We previously reported that apoM overexpression in ABCA1-expressing 

HEK293 cells generated larger nascent HDL [8]. Results in Chapter II suggested 

that hepatocytes from apoM Tg mice also generated larger nascent HDL 

compared to those from WT mice. ApoM is poorly secreted from HEK293 cells 

[8], likely due to its retained signal peptide. Replacement of glutamine 22 with 

alanine in apoM (Q22A) generates a cleavable signal peptide and leads to 

greater steady state amounts of apoM in serum-free media of HEK293 cells 

transfected with apoMQ22A vs. apoMWT [14]. We hypothesized that without its 

signal peptide as a membrane anchor, apoMQ22A would not promote larger 

nascent HDL formation like apoMWT. We transfected plasmids encoding apoMWT, 

apoMQ22A and empty vector pcDNA3 (control) into ABCA1-expressing HEK293 

cells and initiated nascent HDL formation by incubating cells with [125I]-apoAI for 

24 h. Conditioned media were then collected and fractionated by FPLC size 

exclusion chromatography. As shown in Figure 1A, ABCA-expressing HEK293 

cells generated distinct sizes of nascent HDL particles as described previously 

[21]. Overexpression of both apoMWT and apoMQ22A stimulated the formation of 

nascent HDLs but only overexpression of apoMWT resulted in a shift of nascent 

HDLs to larger size vs. control transfection (empty vector). These data suggest 

that cleavage of apoM’s signal peptide prevented the increase in nascent HDL 

size observed with expression of apoMWT. We also compared apoM protein 
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expression in cells and media. As shown in Figure 1B, apoMQ22A had slightly 

faster migration on SDS-PAGE vs. apoMWT due to lack of the signal peptide, 

agreeing with previous studies [14]. After 24 hrs of incubation, a significant 

amount of apoMWT and apoMQ22A were secreted to media compared to cellular 

protein expression. ApoMWT and apoMQ22A had comparable levels of protein in 

media, but less apoMQ22A protein was observed in cells, suggesting better 

secretion efficiency of apoMQ22A.  

Adenoviral overexpression of apoMWT, but not apoMQ22A, increases plasma 

lipids 

We previously found that liver-specific apoM Tg mice had increased 

plasma HDL size (Chapter II), but not HDL cholesterol (HDL-C) concentrations. 

In this study, we generated adenoviruses expressing apoMWT (Ad-apoM), 

apoMQ22A (Ad-Q22A) and β-galactosidase (Ad-LacZ) to study the role of apoM 

and its signal peptide in mature HDL formation in vivo. Twelve-week old C57Bl/6 

wild type mice were injected with 1.5 X 107 viral particles per mouse, with saline 

injection as control. Three days after injection, mice were fasted for 4 hrs and 

sacrificed, and liver and plasma were collected. First, we examined liver and 

plasma apoM expression level (Figure 2A). In liver, Ad-Q22A-treated mice had a 

slightly faster migration of apoM on SDS-PAGE separation due lack of the signal 

peptide and its expression level was slightly lower compared to Ad-apoM-treated 

mice, as anticipated from our in vitro data (Figure 1B). In plasma, Ad-Q22A mice 

had reduced apoM protein levels compared to Ad-apoM mice, but protein 

migration on SDS-PAGE was similar between Ad-apoM and Ad-Q22A mice. 
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Since apoMQ22A is more rapidly removed from plasma by the kidney [13], we 

suspected the remaining apoMQ22A detected in plasma of our Ad-Q22A-treated 

mice resulted from inefficient cleavage of the signal peptide by signal peptidase. 

Ad-apoM-treated mice had ~2-fold increase in plasma total cholesterol (TC) and 

3-fold increase in plasma triglyceride (TG) concentrations relative to Ad-LacZ-

treated mice (Figure 2B & C). In contrast, Ad-Q22A-treated mice did not have a 

significant increase in plasma TC or TG. We also observed increased liver to 

body weight ratio in both Ad-apoM and Ad-Q22A vs. Ad-LacZ mice 

(Supplemental Figure 1A), but not in apoM Tg mice in our previous study (data 

not shown). The increased liver weight in Ad-apoM mice was associated with 

increased liver lipid (triglyceride, TG) accumulation as suggested by H&E 

staining (Supplemental Figure 1B) and demonstrated by mass analysis 

(Supplemental Figure 1C). There was no significant difference in liver FC 

(Supplemental Figure 1D) or CE (Supplemental Figure 1E) among groups. Ad-

Q22A-treated mice had decreased liver PL vs. Ad-LacZ-treated mice 

(Supplemental Figure 1F), but the physiological significance of this result is 

unknown. Collectively, adenoviral overexpression of apoMWT resulted in 

accumulation of plasma apoM and increased plasma TC and TG levels, whereas 

overexpression of apoMQ22A led to less accumulation of apoM in liver and plasma 

and did not increase plasma TC or TG concentrations. 

Larger plasma HDL and increased HDL-C in Ad-apoM-treated mice, but not 

Ad-Q22A-treated mice 
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We next studied lipoprotein cholesterol distribution in Ad-apoM, Ad-Q22A 

and Ad-LacZ injected mice. As shown in Figure 3A, Ad-apoM-treated mice had 

an apparent shift of HDL to larger particle sizes vs. mice injected with Ad-LacZ- 

and saline, agreeing with previous results demonstrating larger plasma HDL in 

apoM Tg mice. In contrast, Ad-Q22A-injected mice had only a slight increase in 

HDL size compared with mice injected with Ad-LacZ and saline, much less than 

that observed in Ad-apoM-treated mice. The increase in HDL size was 

accompanied with ~50% increase in plasma HDL-C in Ad-apoM-injected mice vs. 

those injected with Ad-LacZ, Ad-Q22A, or saline. Additionally, Ad-apoM mice had 

significantly increased VLDL-C and LDL-C concentrations (Figure 3A and 

Supplemental Figure 2), agreeing with previous findings with apoM Tg mice 

(Chapter II). Compared to Ad-apoM-treated mice, Ad-Q22A mice had only 

modest increases in VLDL-C and LDL-C, suggesting that the lower amount of 

plasma apoM in Ad-Q22A mice was sufficient to affect VLDL and LDL 

metabolism.  

Ad-apoM-treated mice had higher plasma S1P than Ad-Q22A-treated mice 

We and others [11, 15]  have shown that overexpression of apoM leads to 

increased plasma S1P. We measured plasma S1P in mice injected with Ad-

LacZ, Ad-apoM and Ad-Q22A mice (Figure 4). Ad-apoM-injected mice had ~5.6-

fold increase in plasma S1P vs. Ad-LacZ-treated mice, whereas Ad-Q22A mice 

had less of an increase (~2.8-fold), presumably due to less apoMQ22A in plasma 

(Figure 2A). Additionally, as expected, the trend for plasma dihydrosphingosine 

1-phosphate (Dh-S1P), the product of sphingosine kinase phosphorylation of 
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dihydrosphingosine (Dh-Sph), followed that of plasma S1P. The plasma levels of 

sphingosine and Dh-Sph, the immediate precursors of plasma S1P and Dh-S1P, 

respectively, were similar among groups.  

Increased plasma ceramide and sphingomyelin in Ad-apoM and Ad-Q22A 

mice 

We previously saw significant increases in ceramide and sphingomyelin of 

hepatocytes from apoM Tg mice, but not in conditioned hepatocyte media or 

plasma from apoM transgenic mice (Chapter II). In this study, we also measured 

plasma ceramide and sphingomyelin in Ad-LacZ, Ad-apoM and Ad-Q22A mice. 

Unexpectedly, we saw a significant increase in plasma ceramide and 

sphingomyelin in Ad-apoM and Ad-Q22A mice vs. Ad-LacZ (Figure 5). This 

increase is likely due to increased plasma VLDL and LDL observed in Ad-apoM 

and Ad-Q22A (Supplemental Figure 2). In support of this conclusion, plasma 

HDL ceramide and sphingomyelin concentrations among groups were similar 

(Supplemental Figure 3B), whereas HDL-S1P and Dh-S1P levels in HDL 

(Supplemental Figure 3A) followed similar trends as whole plasma (Figure 4).  

Inhibition of ceramide synthase stimulates hepatocyte S1P synthesis and 

secretion in both Ad-apoM and Ad-Q22A mice   

We previously found that increased hepatocyte S1P synthesis from both 

sphingolipid de novo synthesis and sphingosine recycling pathways stimulated 

S1P secretion, contributing to increased plasma S1P in apoM Tg mice (Chapter 

II). As we saw less plasma S1P in Ad-Q22A compared to Ad-apoM mice, we 
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speculated that overexpression of apoMQ22A might have less ability to stimulate 

S1P synthesis and secretion than apoMWT. To test this, primary hepatocytes from 

Ad-LacZ, Ad-apoM, and Ad-Q22A mice were isolated and treated with either 

Fumonisin B1 (FB1) to inhibit ceramide synthase or vehicle control (EtOH). 

Cellular and media sphingolipids were then quantified by mass spectrometry. 

Hepatocytes from Ad-apoM mice treated with vehicle had significantly increased 

cellular S1P, Dh-S1P, sphingosine, and Dh-sphingosine (Figure 6A) as well as 

ceramide and sphingomyelin (Figure 6B) compared to Ad-LacZ mice, agreeing 

with apoM Tg mouse hepatocyte results in Chapter II. Unexpectedly, hepatocytes 

from Ad-Q22A mice also had increased cellular S1P and Dh-S1P (Figure 6A) 

compared to Ad-LacZ mice, and even further increases in cellular sphingosine, 

Dh-sphingosine (Figure 6A), ceramide, and sphingomyelin compared to Ad-apoM 

hepatocytes (Figure 6B). Increased S1P secretion was observed in both Ad-

apoM and Ad-Q22A vehicle treated hepatocytes in addition to elevated ceramide 

and sphingomyelin in hepatocyte media, the latter likely due to enhanced VLDL 

secretion after transient overexpression of apoMWT and apoMQ22A. After inhibition 

on ceramide synthase by FB1, which significantly reduced hepatoctye ceramide 

and sphingomyelin in all three groups (Figure 6B), cellular S1P and Dh-S1P were 

dramatically induced in both Ad-apoM and Ad-Q22A hepatocytes. 

Correspondingly, we observed significantly increased S1P and Dh-S1P secretion 

after FB1 treatment for both Ad-apoM and Ad-Q22A hepatocytes, but the 

increase was strikingly higher for Ad-Q22A (Figure 6C). Lower cellular S1P in 

response to FB1 in Ad-Q22A vs. Ad-apoM hepatocytes (Figure 6A) appeared 
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inversely correlated with considerable increase in media S1P (Figure 6C), 

suggesting that apoMQ22A was better at mobilizing hepatocyte S1P than apoMWT. 

FB1 had minimal effect on hepatocyte media ceramide or sphingomyelin in all 

three groups (Figure 6D). Collectively, these data suggest that inhibition of 

sphingosine recycling by FB1 increases S1P (and Dh-S1P) production in 

hepatocytes overexpressing apoMWT and apoMQ22A, but cells expressing 

apoMQ22A are far better at mobilizing S1P for secretion.  

Inhibition of de novo sphingolipid synthesis reduces S1P synthesis in Ad-

apoM and Ad-Q22A hepatocytes, but minimally affects media S1P levels 

To further test the contribution of de novo sphingolipid synthesis to 

elevated cellular S1P in Ad-apoM and Ad-Q22A mice, we isolated hepatocytes 

from Ad-LacZ, Ad-apoM and Ad-Q22A mice and treated cells with myriocin, an 

inhibitor of de novo sphingolipid synthesis, or methanol (vehicle control). In 

vehicle treated groups, we observed increased cellular S1P, Dh-S1P (Figure 7A), 

ceramide and sphingomyelin (Figure 7B), and increased media S1P, Dh-S1P 

(Figure 7C), ceramide and sphingomyelin (Figure 7D) in both Ad-apoM and Ad-

Q22A vs. Ad-LacZ hepatocytes, similar to results with FB1 in Figure 6. In 

response to myriocin, hepatocytes from Ad-apoM had reduced cellular Dh-

sphingosine, Dh-S1P, sphingosine and S1P (Figure 7A), in addition to a modest 

reduction in cellular ceramide and sphingomyelin (Figure 7B). This reduction was 

associated with a modest reduction in media sphingosine and S1P in Ad-apoM 

hepatocytes (Figure 7C). In contrast, Ad-Q22A had less reduction in cellular Dh-

sphingosine, Dh-S1P, sphingosine, and S1P (Figure 7A) than Ad-apoM and no 
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decrease in cellular ceramide or sphingomyelin (Figure 7B) in response to 

myriocin. Media sphingolipids, including sphingosine, S1P, Dh-sphingosine, Dh-

S1P (Figure 7C), ceramide, and sphingomyelin (Figure 7D) in Ad-Q22A were 

either not altered or minimally affected after myriocin treatment. Collectively, 

these data suggest increased de novo sphingolipid synthesis may contribute to 

elevated cellular S1P in hepatocytes overexpressing apoM, but has minimal 

effect on secretion of S1P. 

ApoMQ22A is secreted from hepatocytes faster than apoMWT 

Adenoviral overexpression of apoMQ22A increased hepatocyte media S1P 

and Dh-S1P (Figures 6 and 7) more that apoMWT, particularly in the context of 

ceramide synthase inhibition and increased cellular S1P levels (Figure 6). This 

suggested that apoMQ22A may be secreted more efficiently than apoMWT, 

increasing the mobilization of cellular S1P. To investigate this possibility, we 

perform pulse-chase experiments to quantify the secretion kinetics of apoMWT 

and apoMQ22A. We isolated primary hepatocytes from Ad-apoM and Ad-Q22A 

mice, radiolabeled cells with [35S]-Met/Cys for 10 min, and chased for 0, 30, 60 

and 120 min. At the end of the pulse label period (i.e. 0 chase), Ad-apoM and Ad-

Q22A had similar expression of apoM (Figure 8A), suggesting equivalent levels 

of expression in Ad-apoM and Ad-Q22A hepatocytes. As chase time increased, 

cellular apoM decreased faster in Ad-Q22A vs. Ad-apoM hepatocytes (Figure 

8B). Correspondingly, media apoM increased faster for Ad-Q22A vs. Ad-apoM 

hepatocytes as chase time progressed (Figure 8C), suggesting faster secretion 

of apoMQ22A. Collectively, our results suggest that the signal peptide of apoM 
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mediates intracellular retention, decreasing the rate, and perhaps extent, of 

apoM and S1P secretion.  
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Discussion 

The purpose of this study was to investigate the role of the apoM signal 

peptide in hepatic apoM, S1P, and HDL metabolism. Our studies generated 

several novel findings. Unlike its WT counterpart, apoMQ22A, a form of apoM 

lacking its signal peptide, did not promote larger nascent HDL formation in 

transfected HEK293-ABCA1 cells or larger plasma HDL particles in mice injected 

with Ad-Q22A vs. Ad-apoM. This resulted in less plasma apoM and S1P in Ad-

Q22A mice compared to Ad-apoM mice. Hepatocytes from mice infected with Ad-

apoM and Ad-Q22A had increased cellular S1P levels contributed from both de 

novo sphingolipid synthesis and the sphingosine salvage pathway. However, 

expression of apoMQ22A resulted in increased media S1P, particularly when 

cellular S1P was increased by FB1 inhibition of sphingosine recycling to 

ceramide, suggesting enhanced secretion of apoMQ22A and mobilization of 

cellular S1P. Pulse-chase experiments supported a faster hepatocyte secretion 

rate for apoMQ22A vs. apoMWT. Thus, apoM secretion is rate-limiting for 

hepatocyte S1P secretion. Collectively, our study is the first evidence to show 

that the signal peptide not only serves as a membrane or lipoprotein anchor for 

apoM, but also slows its secretion, thereby regulating S1P secretion, and 

facilitating larger nascent and mature HDL formation. These large, apoM-S1P-

enriched HDL particles may have distinct physiological roles in extrahepatic S1P 

signaling that necessitate a dedicated HDL-mediated pathway for S1P transport 

in plasma. 

apoMQ22A is secreted from hepatoctyes at a faster rate than apoMWT 
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ApoM is one of a few hepatic secretory proteins that is secreted with its 

signal peptide [22, 23]. ApoM secretion rate from transfected HEK293 cells is 

slow relative to albumin, an efficiently secreted hepatocyte protein [8], 

presumably due to retention of its signal peptide that anchors apoM to 

membranes and lipoprotein PL monolayers [6, 14]. ApoMQ22A, a mutant version 

of apoM that contains a signal peptidase cleavable signal peptide, is increased in 

transfected HEK293 cell media compared to apoMWT  [14], which has been 

interpreted as increased secretion efficiency. However, studies using 

hepatocytes from apoMWT vs. apoMQ22A Tg mice found media apoMQ22A was 40% 

that of apoMWT [13], which paralleled a similar decrease in hepatocyte mRNA, 

suggesting secretion of apoMQ22A and apoMWT were similar. Our studies directly 

demonstrated faster secretion of apoMQ22A compared to apoMWT from primary 

hepatocytes of Ad-Q22A and Ad-WT mice (Figure 6). The faster secretion of 

apoMQ22A was not due to differences in synthesis for apoMQ22A and apoMWT as 

amounts of newly synthesized apoM in hepatocytes after the 10 pulse 

radiolabeling period were similar (Figure 6A). In addition, steady state levels of 

apoM were even higher in Ad-apoM and Ad-Q22A mice (Figure 2A). Although 

apoMQ22A secreted more rapidly from hepatocytes, its concentration in plasma is 

low (Figure 2A and [13]) due to poor binding to lipoproteins and rapid clearance 

from plasma by the kidney [13]. Our results demonstrate that the signal peptide is 

necessary to delay apoM secretion from hepatocytes, impacting it physiological 

function.  
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apoM signal peptide is necessary for large HDL particle formation 

Overexpression of apoMWT in HEK293 cells [8] and primary hepatocytes 

(Chapter II) stimulated large nascent HDL particle formation, whereas apoMQ22A 

did not (Figure 1). We speculate that the signal peptide of apoM is essential for 

cellular retention to facilitate nascent HDL particle enlargement. Our previous 

study suggested that apoM co-localized with endoplasmic reticulum (ER) and 

Golgi markers in HEK293 cells, but not with plasma membrane [8]. ER and Golgi 

compartments are involved in mobilization of cholesterol for nascent HDL 

formation by ABCA1 [24]. Although nascent HDL particles are primarily 

assembled at the plasma membrane [25, 26] we previously showed that ~20% of 

newly synthesized apoA-I in HepG2 cells is lipidated in the secretory pathway 

[27]. Thus, apoM may mediate transfer of FC and/or PL to ABCA1 for nascent 

HDL formation in ER and Golgi. However, little evidence supports such a direct 

role for apoM in lipid transfer since it does not directly bind cholesterol [28] or 

phospholipids, unless they are oxidized to end products that resemble 

lysophosphatidylcholine species [29]. We show that altering the intracellular 

trafficking of apoM towards greater secretion by removing the signal peptide 

(e.g., apoMQ22A) negates the increase in nascent HDL particle size observed with 

apoMWT expression. ApoM may indirectly facilitate lipid addition to nascent HDL 

particles in the secretory pathway be reducing particle secretion rate via its 

retained signal peptide, although the exact mechanism for how this might occur 

is unclear. ER retention of secretory proteins reduces secretion rate and 

facilitates intracellular lipid transfer. For example, overexpression of apoA-IV 
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modified with a KDEL ER retention sequence reduces apolipoprotein B secretion 

and enhances transfer of TG and PL to VLDL, resulting in secretion of larger 

VLDL particles [30, 31]. Additional studies will be required to determine whether 

a similar function for apoM exists to facilitate increased nascent HDL particle 

size.  

Adenoviral overexpression of apoMQ22A fails to increase HDL particle size 

Overexpression of apoMQ22A not only negated the increase in nascent 

HDL size observed with apoMWT, but also failed to increase plasma HDL particle 

size. The most likely explanation for increased plasma HDL particle size with 

apoM overexpression is formation of larger nascent HDL particles that are 

precursors of mature plasma HDL. This concept is supported by our studies in 

Chaper II, demonstrating that liver-specific overexpression of apoM resulted in 

larger nascent HDL particle formation by primary hepatocytes and larger CE-

enriched HDL particles in plasma. The decrease in plasma apoMQ22A was 

presumably due to rapid clearance from plasma by the kidney as discussed 

above [13]. The apoMQ22A that remained in plasma likely retained its signal 

peptide due to inefficient signal peptidase cleavage, since its migration on SDS-

PAGE Western blots was indistinguishable from apoMWT (Figure 2A). Ad-Q22A 

mice also did not exhibit an increase in plasma TG, VLDL-C, and LDL-C as 

observed for Ad-apoM mice. As such, Ad-Q22A mice had a plasma lipid and 

lipoprotein phenotype similar to that of Ad-LacZ mice and WT mice (Figures 2 

and 3; Supplemental figure 2). Ad-apoM mice had a larger shift in HDL size and 

an increase in HDL-C than apoM Tg mice compared to their respective control 
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counterparts, likely due to more robust expression of apoM in the case of 

adenovirus-mediated gene transfer. Chronic exposure to apoM overexpression 

as in the case of Tg mice may also lead to compensatory changes that blunt the 

impact of apoM overexpression relative to the short-term overexpression via 

adenoviral gene transfer. Our studies highlight the critical nature of the retained 

signal peptide of apoM in intrahepatic as well as intravascular metabolism of HDL 

and demonstrate that it is necessary and sufficient to increase HDL particles 

size.  

Plasma apoM and S1P 

ApoM transports plasma S1P on HDL and other lipoproteins as originally 

shown by Dälback’s group [11]. Our study in Chapter II and a recent study with 

adenoviral overexpression of apoM has confirmed this role of apoM [15]. Similar 

to our results with apoM Tg mice (Chaper II), we also observed a 5.6-fold 

increase in plasma S1P in Ad-apoM vs. Ad-LacZ mice. In contrast, Ad-Q22A 

mice only had 2.8-fold increase in plasma S1P. In Chapter II, we showed that 

increased hepatocyte S1P synthesis and secretion from apoM Tg mice 

contributed to increased plasma S1P. We originally anticipated that apoMQ22A 

overexpression would result in decreased sphingolipid synthesis and S1P 

secretion relative to apoMWT, explaining the reduce plasma S1P in Ad-Q22A 

mice. However, we saw even higher cellular sphingolipid content and S1P 

secretion in hepatocytes from Ad-Q22A vs. Ad-apoM mice (Figures 6 and 7). 

Results from this study and in Chapter II suggest that apoM is rate-limiting in S1P 

secretion. Furthermore, ApoMQ22A is better able to mobilize hepatocyte S1P for 
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secretion than apoMWT, so lower plasma levels of S1P in Ad-Q22A mice are not 

due to decreased hepatic production. More likely is that apoMQ22A cannot bind to 

lipoprotein particles in plasma and is rapidly cleared with its bound S1P cargo. In 

the absence of apoM competent for HDL binding, some apoM cargo may also 

transfer to albumin, imparting functional consequences with regard to S1P 

signaling (i.e., decreased endothelial cell signaling and barrier function) [32]. 

Adenoviral overexpression of apoM and hepatocyte S1P production and 

secretion 

Overexpression of apoMWT and apoMQ22A stimulated S1P synthesis and 

secretion. To determine the relative contributions of the de novo sphingolipid 

synthesis and sphingosine recycling pathways, we perform inhibitor studies using 

myriocin and Fumonisin B1. Inhibition of the sphingosine recycling pathway (i.e. 

ceramide synthase) resulted in a large increase in hepatocyte S1P, but a more 

modest increase in media, suggesting that apoM is rate-limiting in S1P secretion. 

Overexpression of apoMQ22A resulted in less cellular S1P and more media S1P 

relative to apoMWT in response to Fumonisin B1 treatment (Figure 6). This 

outcome likely reflects the faster secretion rate of apoMQ22A (Figure 8), which is 

better able to mobilize cellular S1P for secretion. Inhibition of de novo 

sphingolipid synthesis with myriocin reduced cellular S1P, but did not increased 

S1P secretion above that of vehicle-treated cells. These data suggest that both 

pathways contribute to increased cellular S1P with apoM overexpression, but the 

sphingolipid recycling pathway is the major contributor to enhanced S1P 
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secretion. The mechanism by which apoM overexpression increases cellular S1P 

content is unknown.  

apoM and sphingolipid metabolism 

Although there were differences between overexpression of apoMWT and 

apoMQ22A in stimulating large nascent and plasma HDL formation, they both 

resulted in a similar increase in liver to body weight ratio hepatic lipid 

accumulation. S1P lyase catalyzes the irreversible degradation of S1P to 

phosphoethanolamine and hexadecanol. S1P lyase knockout mice have 

increased S1P, sphingosine, ceramide and sphingomyelin in serum and/or liver 

compared to WT mice as well as increased phospholipid, triacylglycerol, and 

cholesterol concentrations in VLDL, LDL and HDL [33]. The data suggest a link 

between sphingolipid and neutral lipid metabolic pathways. Our data suggest that 

overexpression of apoMWT and apoMQ22A had similar ability to stimulate liver lipid 

synthesis, as both Ad-apoM and Ad-Q22A mice had comparable increases in 

plasma ceramide and sphingomyelin, presumably from VLDL and LDL. 

Furthermore, as most ceramide and sphingomyelin secreted from hepatocytes is 

in VLDL [34], increased media ceramide and sphingomyelin in Ad-apoM and Ad-

Q22A hepatocytes suggests enhanced VLDL secretion. In fact, treating mice with 

myriocin to inhibit sphingolipid synthesis decrease VLDL apoB and TG secretion 

[35], supporting the concept that increased cellular sphingolipids in both Ad-

apoM and Ad-Q22A hepatocytes, likely ceramide and/or S1P, may regulate 

VLDL secretion.  
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Furthermore, we observed a slight but significant reduction in liver 

phospholipid content in Ad-Q22A, but not Ad-apoM mice (Supplemental Figure 

1), suggesting that S1P secretion mediated by apoMQ22A may limit production of 

phosphoethanolamine derived from S1P degradation by S1P lyase for 

phospholipid synthesis. Faster secretion of apoMQ22A vs. apoMWT may reduce an 

intracellular pool of S1P destined for degradation, resulted in this difference in 

liver phospholipids between Ad-apoM and Ad-Q22A mice. 

Summary and conclusions 

Adenoviral overexpression of apoMWT increases large apoM/S1P HDL 

particles in plasma. Overexpression of apoMQ22A, a mutant version of apoM that 

contains cleavable signal peptide, reverses this phenotype. Both forms of apoM 

increase hepatocyte S1P, but apoMQ22A enhanced S1P secretion because of its 

faster secretion rate. We conclude that apoM is rate-limiting for hepatocyte S1P 

secretion and its signal peptide delays secretion, allowing formation of larger 

nascent HDL containing apoM/S1P that are likely precursors of large apoM/S1P-

enriched plasma HDL. 
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Figure 1. Overexpression of apoMWT, but not apoMQ22A, stimulates 

generation of larger nascent HDL particles. 

ABCA1-expressing HEK293 cells were transfected with plasmids expressing 

apoMWT, apoMQ22A or control (i.e., empty) pcDNA3 vector for 24 hours before 

incubation with 125I-apoAI (105 cpm, 10 µg/ml) in serum-free DMEM for 24 hours.  

Media and cells were then collected for analysis. A. Media were fractionated 

using three high resolution Superdex-200 FPLC columns in series to separate 

nascent HDL particles of varying size. Elution was monitored by 125I 

quantification. B. Cells were lysed and equivalent amount of media and cells 

were Western blotted for hApoM using an anti-FLAG antibody and β-actin. 
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Figure 2. Plasma lipids in Ad-LacZ, Ad-apoM and Ad-Q22A mice 

Adenovirus expressing LacZ (Ad-LacZ), apoMWT (Ad-apoM) and apoMQ22A (Ad-

Q22A) were generated and injected retro-orbitally (1.5 X 107 viral particles in 150 

µl saline) into the C57Bl/6 WT mice. Saline (n=1), Ad-LacZ (n=3), Ad-apoM 

(n=3), Ad-Q22A (n=3). Mice were sacrificed 3 days later after a 4 h fast and 

plasma and liver were collected. A. One-µl plasma and 60 µg of liver protein from 

Ad-apoM and Ad-Q22A mice were western blotted for human apoM using anti-

FLAG antibody. B. Plasma total cholesterol and triglyceride levels were 

measured by enzymatic assays. Data are presented as mean ± SEM. One-way 

ANOVA and Turkey’s post-hoc test were used for statistical analysis among 

groups. *, p<0.05. 
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Figure 3. Increased HDL size and HDL-C in Ad-apoM mice, but not in Ad-

Q22A mice 

A. Equivalent volumes of plasma from mice with the indicated treatments were 

subjected to FPLC size exclusion chromatography to fractionate lipoproteins; 

cholesterol profile was generated by an online cholesterol analyzer. B. HDL-C 

was calculated based on total plasma cholesterol, quantified by enzymatic assay, 

and the fraction of cholesterol distributed in the HDL region by FPLC. Data are 

presented as mean ± SEM. n=1 for saline control. n=3 for Ad-LacZ, Ad-apoM 

and Ad-Q22A. One-way ANOVA and Turkey’s post-hoc test was used to analyze 

differences among groups. *: p < 0.05 
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Figure 4. Plasma S1P and Dh-S1P are increased in Ad-apoM mice, but to a 

lesser extent in Ad-Q22A mice 

Lipids from plasma samples were extracted and subjected to mass spectrometry 

for Sphingosine, Dh-Sphingosine, S1P and Dh-S1P analysis. Data are presented 

as mean ± SEM. n=3 for Ad-LacZ, Ad-apoM and Ad-Q22A. One-way ANOVA 

and Turkey’s post-hoc test was used to analyze differences among groups. *: p < 

0.05. 
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Figure 5. Plasma ceramide and sphingomyelin levels are elevated in Ad-

apoM and Ad-Q22A mice 

Lipids from plasma samples were extracted and subjected to mass spectrometry 

to analyze ceramide and sphingomyelin levels. Data were presented as mean ± 

SEM. n=3 for each group. One-way ANOVA and Turkey’s post-hoc test was used 

to analyze differences among groups. Unlike letters denote significant differences 

(p< 0.05) among groups of mice. 
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Figure 6. Inhibition of ceramide synthase stimulates hepatocyte S1P 

synthesis and secretion in both Ad-apoM and Ad-Q22A mice 

Hepatocytes from mice injected with Ad-LacZ, Ad-apoM and Ad-Q22A were 

isolated and cultured for 3 hr before switching to serum-free media containing 

Fumonisin B1 (FB1, 25μM) or vehicle (EtOH). Cells were cultured for 6 h at 37°C 

before cell lysate and media were collected for lipid extraction and sphingolipid 

quantification by mass spectrometry. (A) Cellular Sphingosine (Sph), S1P, Dh-

Sphingosine (Dh-Sph), and Dh-S1P; (B) Cellular ceramide (Cer) and 

sphingomyelin (SM); (C) Media Sph, S1P, Dh-Sph, and Dh-S1P; and (D) Media 

Cer and SM. n=3/group. Two-way ANOVA and Bonferroni post-hoc test were 

used for statistical analysis. Unlike letters indicate significance differences 

between adenovirus genotype within the same treatment (FB1 or vehicle) group 

or adenovirus genotype within a treatment (FB1 or vehicle) group. P< 0.05. 

Significances differences between genotype, treatment and genotype X 

treatment interaction are listed in the table below each figure.  
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Figure 7. Inhibition of de novo sphingolipid synthesis reduces S1P 

synthesis in Ad-apoM and Ad-Q22A hepatocytes, but minimally affects 

media S1P levels 

Hepatocytes from mice injected with Ad-LacZ, Ad-apoM and Ad-Q22A were 

isolated and cultured for 3 hr before switching to serum-free media containing 

myriocin (10 μM) or vehicle (MeOH). Cells were cultured for 6 h at 37°C before 

cell lysate and media were collected for lipid extraction and sphingolipid 

quantification by mass spectrometry. (A) Cellular Sphingosine (Sph), S1P, Dh-

Sphingosine (Dh-Sph), and Dh-S1P; (B) Cellular ceramide (Cer) and 

sphingomyelin (SM); (C) Media Sph, S1P, Dh-Sph, and Dh-S1P; and (D) Media 

Cer and SM. n=3/group. Two-way ANOVA and Bonferroni post-hoc test were 

used for statistical analysis. Unlike letters indicate significance differences 

between adenovirus genotype within the same treatment (myriocin or vehicle) 

group or adenovirus genotype within a treatment (FB1 or vehicle) group. P< 0.05. 

Significances differences between genotype, treatment and genotype X 

treatment interaction are listed in the table below each figure.  
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Figure 8. ApoMQ22A is secreted from hepatocytes faster than apoMWT 

C57Bl/6 mice were injected with Ad-LacZ, Ad-apoM and Ad-Q22A. Three days 

after injection, primary hepatocytes were isolated, plated for 2 hrs, serum starved 

for 2 hrs, radiolabeled with [35S]-Met/Cys (100µCi) in Met/Cys deficient media for 

10 min, and then chase with Met/Cys complete media for 0, 30, 60 and 120 min. 

At each time point, cell lysates and media were collected and 

immunoprecipitated for human apoM using anti-FLAG antibody. A. Radiolabeled 

human apoM was separated by SDS-PAGE and visualized using a 

phosphorimager. B. Quantification of blots was performed using Multi Gauge 

software.  
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Supplemental Figure 1. Liver lipid accumulation in Ad-apoM and Ad-Q22A 

mice 

A. Liver to body weight ratio were calculated and plotted. B. Liver was collected 

at sacrifice and fixed in 10% formalin for 24 hrs before paraffin embedding, 

sectioning, and staining with hematoxylin and eosin (H&E). Representative 

images from WT and Ad-apoM mice are shown with the arrows indicating lipid 

droplets. Liver samples were lipid extracted and triglyceride (TG, C), free 

cholesterol (FC, D) and total cholesterol (TC) were measured by enzymatic 

assays; phospholipid (PL, F) was quantified by phosphorus assay. Liver 

cholesteryl ester (CE, E) was calculated as TC-FC X 1.67 to correct for loss of 

fatty acid mass during the procedure. Data are normalized to liver protein, 

analyzed by Lowry assay. n=1 for saline; n=3 for three other groups. One-way 

ANOVA and Turkey’s post-hoc test was used to analyze differences among 

groups. * p< 0.05.  
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Supplemental Figure 2. Increased plasma VLDL-C and LDL-C in Ad-apoM 

and Ad-Q22A mice 

Plasma VLDL-C (A) and LDL-C (B) were calculated based on total plasma 

cholesterol, measured by enzymatic assay, and the fraction of each lipoprotein 

class eluting from the FPLC column. Data are presented as mean ± SEM. n=1 for 

saline; n=3 for Ad-LacZ, Ad-apoM and Ad-Q22A groups. One-way ANOVA and 

Turkey’s post-hoc test was used to analyze differences among groups. * p< 0.05. 
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Supplemental Figure 3. HDL sphingolipids from representative Ad-LacZ, 

apoM and Q22A mouse 

Peak HDL fractions from representative Ad-LacZ, Ad-apoM and Ad-Q22A mouse 

were collected from FPLC column and an equivalent plasma volume of each 

HDL peak was lipid extracted and analyzed for Sphingosine (Sph), S1P, Dh-

Sphingosine (Dh-Sph) and Dh-S1P, (A) and ceramide (Cer) and sphingomyelin 

(SM) (B) concentration. 
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Hepatic ABCA1 deficiency is associated with delayed apolipoprotein B 
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Abstract 

ATP binding cassette transporter A1 (ABCA1) is a membrane transporter 

that facilitates nascent HDL formation. Tangier disease subjects with complete 

ABCA1 deficiency have <5% of normal levels of plasma HDL, elevated 

triglycerides (TGs), and defective vesicular trafficking in fibroblasts and 

macrophages. Hepatocyte-specific ABCA1 knockout mice (HSKO) have a similar 

plasma lipid phenotype with 20% of normal plasma HDL levels and a two-fold 

elevation of plasma TGs due to increased hepatic secretion of large, triglyceride-

enriched VLDL. We hypothesized that enhanced VLDL TG secretion in the 

absence of hepatocyte ABCA1 is due to defective intracellular trafficking of 

apolipoprotein B (apoB), resulting in augmented TG addition during VLDL particle 

assembly. We found that trafficking of newly synthesize apoB through the 

secretory pathway was delayed in ABCA1-silenced rat hepatoma cells and 

HSKO mouse primary hepatocytes relative to controls. Endoglycosidase H 

treatment of cellular apoB revealed that both ER and Golgi compartments were 

involved in the delayed apoB trafficking. Reduced rate of protein trafficking was 

also observed for albumin and an adenoviral-expressed GPI-linked fluorescent 

fusion protein, suggesting a generalized delay of secretory cargo in the absence 

of hepatocyte ABCA1. Our results suggest an important role for hepatic ABCA1 

in maintaining secretory vesicle trafficking that may normally limit VLDL particle 

expansion during TG accretion.  
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Introduction 

Hypertriglyceridemia is associated with metabolic syndrome and insulin 

resistance, which have become major health issues in the United States and 

globally. The primary cause of hypertriglyceridemia in these diseases is hepatic 

overproduction of large, triglyceride (TG)-enriched VLDL particles (VLDL1) [1]. 

VLDL maturation and secretion involves at least two distinct steps [2]. In the first 

step, apolipoprotein B (apoB) is cotranslationally translocated into the 

endoplasmic reticulum (ER) lumen where it undergoes initial lipidation catalyzed 

by microsomal TG transfer protein (MTP), forming pre-VLDL particles. In the 

second step, pre-VLDL particles fuse with bulk lipid droplets in the ER and/or 

post-ER compartments of the secretory pathway, forming mature VLDL2 

particles destined for secretion. VLDL particles vary in size and composition and 

can be separated into two main classes: large, buoyant VLDL1 particles (Sf > 

100), which contain more TG, and smaller, more dense VLDL2 particles (Sf 20-

100) [3]. Insulin regulates VLDL production by inhibiting de novo apoB synthesis 

and promoting apoB degradation, both of which inhibit the second step of VLDL 

assembly [4], resulting in secretion of smaller-sized VLDL particles (VLDL2). In 

insulin resistant states, increased hepatic lipogenesis due to an influx of free fatty 

acids (FFA) from adipose tissue to liver and hyperinsulinemia-stimulated 

SREBP1c upregulation results in augmented TG synthesis and secretion 

manifested as overproduction of larger-sized VLDL1 [5].  

ATP binding cassette transporter A1 (ABCA1) is a membrane bound 

transporter that facilitates free cholesterol and phospholipid efflux to lipid-free or 
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poor-apoA-I, forming nascent HDL particles [6, 7]. Complete absence of ABCA1 

function causes Tangier disease (TD), a rare genetic disorder characterized by 

<5% normal HDL levels, a 50% decrease in plasma LDL, and a significant 

increase in plasma TG concentrations [8, 9]. Chow-fed hepatocyte-specific 

ABCA1 knockout mice (HSKO) display a plasma lipid and lipoprotein phenotype 

similar to TD subjects, with 20% of normal plasma HDL levels, a 50% decrease 

in LDL concentrations, and a two-fold increase in plasma TG relative to wild type 

(WT) mice [10], suggesting that hepatic ABCA1 expression plays a major role in 

the TD plasma lipid/lipoprotein phenotype. Whereas the role of hepatocyte 

ABCA1 in HDL assembly and maintenance of plasma HDL concentrations is 

established, its role in increased plasma TG concentrations is poorly understood. 

Recent studies demonstrated that silencing of ABCA1 in rat hepatoma McA 

RH7777 cells (McA) increased secretion of large TG-enriched VLDL1 particles 

[11]. In addition, HSKO mice had increased secretion of VLDL1 particles and 

decreased post-heparin plasma lipase activity, both contributing to increased 

plasma TG levels [10]. However, the cellular mechanism responsible for 

increased hepatic secretion of VLDL1 particles in the absence of ABCA1 is 

unknown. 

Schmitz et al. showed that TD is associated with defects with intracellular 

vesicle trafficking [12]. Fibroblasts and monocytes from TD patients displayed 

enlarged Golgi morphology, suggesting defective secretory vesicle trafficking [13]. 

In addition, vesicular trafficking of ceramide from Golgi to plasma membrane was 

decreased in TD fibroblasts [14]. Subsequent studies demonstrated that 
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secretion of fluorescent-tagged fusion proteins targeted to the plasma membrane 

was decreased in TD fibroblasts and macrophages [15]. However, whether 

vesicular trafficking is defective in ABCA1 deficient hepatocytes has not been 

investigated.  

In the present study, we tested the hypothesis that hepatocyte ABCA1 

expression is necessary for normal secretion of vesicles containing VLDL cargo, 

resulting in secretion of normal-sized VLDL particles. We found that silencing 

ABCA1 in rat hepatoma cells delays apoB trafficking in both ER and post-ER 

compartments coincident with secretion of larger VLDL1 particles. Albumin 

secretion was also delayed, suggesting a generalized slowing of secretory 

vesicles when ABCA1 was silenced. Primary hepatocytes from HSKO mice also 

showed slower trafficking of apoB and adenoviral-expressed fluorescent fusion 

proteins, suggesting a generalized reduced rate of secretory vesicle trafficking to 

the plasma membrane in the absence of ABCA1. The reduced vesicular 

trafficking may allow more time for VLDL particle expansion, resulting in 

secretion of larger TG-enriched VLDL1 particles in ABCA1 deficient hepatocytes. 
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Materials and Methods 

Materials 

Anti-human apoB100/48 antibody (20A-G1b, Academy Bio-medical Inc.), 

anti-albumin antibody (Roche), and protein G sepharose beads (Sigma) were 

used for immunoprecipitation. siRNA smartpool for ABCA1 and control (Thermo 

Scientific) and Dharmafect 1 transfection reagent were used for siRNA 

transfection. [35S] Methionine/Cysteine was purchased from Perkin Elmer.  

Animals 

ABCA1 HSKO mice were generated as described previously [16]. ABCA1 

HSKO mice were backcrossed into the C57Bl/6 background; wild type (ABCA1 

flox/flox) and HSKO (ABCA1 flox/flox-Albumin Cre) mice for this study were 

generated from heterozygous matings. All animals were fed chow and housed in 

a specific pathogen free facility with a 12 h dark/12 h light cycle. All procedures 

were approved by the Wake Forest University Institutional Animal Care and Use 

Committee. 

Silencing ABCA1 in McArdle cells  

McA cells (3X 105 cells per well in 6-well collagen-coated plates) were 

cultured with DMEM containing 10% fetal bovine serum throughout the 

experiment. Cells were transfected with either control or ABCA1 siRNA 

(Dharmacon 50nM) for at least 48 hours using Dharmafect 1 transfection reagent 
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as described previously [11], resulting in >75% decrease in ABCA1 protein 

expression based on western blot analysis [11].  

Primary hepatocyte isolation  

Primary hepatocytes were isolated as previously described [10]. Briefly, 

mice were anesthetized with Ketamine/Xylazine. Livers were exposed and 

perfused via portal vein with HBSS buffer containing HEPES (10 mM) and EDTA 

(0.5 mM) until cleared of blood.  Livers were then perfused with HBSS containing 

HEPES (10 mM), CaCl2 (5 mM) and collagenase type I (Worthington, 0.3mg/ml). 

Hepatocytes were released from dissected liver tissue and filtered through a 100 

µm cell strainer (BD Falcon), washed twice with Williams’ media E followed by 

centrifugation (50 X g for 5 min), and seeded on collagen-coated dishes. Primary 

hepatocytes were cultured in Williams’ media E with penicillin/streptomycin, 10% 

FBS and 0.1 nM insulin and used for experiments within 24 hours of isolation.  

VLDL TG secretion 

McA cells were radiolabelled with [3H]-oleic acid (1 µCi per 35 mm dish) + 

0.8 mM oleate for 16 hours. Primary hepatocytes were radiolabeled with [3H]-

oleic acid and stimulated with 0.4 mM oleate for 6 hours. After the radiolabeling 

period, media were taken and lipids were extracted using the Bligh Dyer Method 

[17]. TLC was used to separate TG from other lipids in the lipids extract. The TG 

band was isolated and quantified by scintillation counting. Cellular protein content 

was determined by Lowry assay and used to normalize TG radiolabel.  

Pulse chase experiments 
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Both McA and primary hepatocytes were maintained at 37˚C during the 

pulse-chase procedures. McA cells were pre-incubated with 0.8 mM oleate for 2 

hours before switching to Methionine/Cysteine (Met/Cys)-deficient media for 30 

min. Cells were then radiolabeled with [35S]-Met/Cys (100 µCi) for different 

periods of time (10 or 15 min), followed by addition of Met/Cys complete media at 

the end of pulse period to terminate radiolabelling. The radiolabeling medium 

was then removed, the cells were washed, and fresh Met/Cys complete medium 

was added for the indicated chase times before cell lysates and media were 

collected in Triton X-100 lysis buffer (1% Triton X- 100, 25 mM Tris-HCl, pH 7.5, 

150 mM NaCl) containing protease inhibitor cocktail (Roche). Cells were 

collected at the end of pulse period for the 0 chase time point. Cell lysate and 

media samples were then processed for immunoprecipitation. 

Immunoprecipitation of apoB in hepatocyte cell lysates and medium  

Cell lysate and media in lysis buffer were rotated with indicated antibodies 

overnight at 4˚C. Protein G sepharose beads (Sigma) were added and rotated for 

another 2 hr before the beads were centrifuged, washed three times with lysis 

buffer, and then once with washing buffer (0.1% SDS, 10 mM Tris-HCl, pH 7.5, 

2.5 mM EDTA). ApoB immunoprecipitates were denatured at 37˚C for 30 min 

with SDS sample buffer (Invitrogen) containing DTT (100 mM), whereas albumin 

immunoprecipitates were denatured at 95˚C for 5 min. Six and 12% SDS-PAGE 

gels were used to resolve apoB and albumin, respectively. Gels were heated and 

dried under vacuum and radiolabeled proteins were visualized using a Phosphor 

Imager (Fujifilm). Band intensities were quantified using Multi Gauge software.  
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Endoglycosidase H treatment 

Immunoprecipitated cellular apoB was reconstituted in denaturing buffer 

and treated with endoglycosidase H (Endo H) (New England Biolab) or reaction 

buffer in the presence of protease inhibitors at 37˚C for 1h. ApoB 

immunoprecipitates were also treated with peptide N-glycosidase F2 (PNGase) 

(New England Biolab) as a positive control to fully cleave apoB N-linked 

oligosaccharides.  

Media VLDL floatation 

Density gradient ultracentrifugation was used to separate medium 

lipoproteins after radiolabeling cells with [35S]-Met/Cys for 4 hour. Conditioned 

media (4 ml) were adjusted to 1.10 g/ml with KBr and overlaid with the following 

KBr solutions: 3 ml 1.065 g/ml, 3 ml 1.02 g/ml, 3 ml 1.006 g/ml, followed by 

centrifugation in a SW40 rotor for 38,000 X g for 1 h. The top 1 ml fraction was 

collected as VLDL1, followed by centrifugation for an additional 16 hours to 

isolate VLDL2, LDL and HDL fractions. ApoB was immunoprecipitated from 

pooled fractions to determine its density distribution among lipoproteins secreted 

from hepatocytes. 

Adenovirus YFP-GPI experiment  

Adenovirus expressing a GPI-linked yellow fluorescence proteins (YFP-

GPI) was generously provided by Dr. Ruth McPherson (University of Ottawa) [15] 

and Kai Simons (Max Planck Institute) [18], amplified in HEK293 cells, and 

titered using an Invitrogen adenovirus titration kit. Viral particles (100 multiplicity 
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of infection) were used to infect primary hepatocytes. Twenty-four hours after 

infection, hepatocytes were cooled down to 19.5˚C for 2-4 hrs to block vesicular 

trafficking; during the last 30 min of the temperature block, cycloheximide (25 

µg/ml) was added to inhibit protein synthesis. After the temperature block, cells 

were warmed to 32˚C for 30 min and fixed with 4% paraformaldehyde for 

visualization under the fluorescent microscope (Olympus). In experiments using 

phosphatidylinositol-specific phospholipase C (PI-PLC, Invitrogen), after the 

temperature block, cells were warmed to 37˚C for 30 min and then incubated at 

19˚C for 2 hrs with PI-PLC before media and cell lysates were collected and 

fluorescence intensity was measured using a BMG Labtech. 

Statistical Analysis 

Two-tailed student’s t test was used to compare means between groups. 

Statistical analyses were performed using GraphPad Prism. Significance level 

was set at p< 0.05. 
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Results 

Silencing of ABCA1 in McA hepatoma cells delays apoB secretion 

In McA cells treated with ABCA1 siRNA, secretion of newly synthesized 

VLDL TG from 3H-oleic acid increased compared to control siRNA-treated cells 

(Figure 1A), similar to previous studies [11]. However, secretion of newly 

synthesized apoB was similar for control vs. ABCA1 siRNA treatment (Figure 1B), 

suggesting that increased TG secretion was mainly due to increased VLDL 

particle size, not VLDL particle number. As VLDL lipidation and particle assembly 

occurs in the secretory pathway of the ER and Golgi, we investigated whether 

the increased VLDL particle size observed with ABCA1 silencing was due to 

delayed VLDL particle trafficking, allowing more time for VLDL particle TG 

enrichment. Pulse-chase experiments were performed to determine VLDL 

particle secretion kinetics by monitoring apoB secretion, since each VLDL 

particle contains one non-exchangeable apoB molecule. As apoB100 is more 

abundantly expressed in McA cells than apoB48 (Figure 1B), we focused our 

quantitative analysis on apoB100 secretion (Figure 2B), although similar trends 

were observed for apoB48. At the end of 15 min radiolabel pulse (chase 0 min), 

there was no apparent difference in cellular apoB100 synthesis for control and 

ABCA1 siRNA-treated cells, indicating ABCA1 depletion did not alter apoB100 

synthesis per se in McA cells (Figure 2A; 0 min). After 30 minutes of chase, 

radiolabelled apoB100 began to appear in the medium, and by 60 minutes, there 

appeared to be more apoB100 and apoB48 in ABCA1-silenced cells and less in 

the medium compared to control cells (Figure 2A and B). Similar differences 
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were observed at 90 min of chase time (data not shown). However, at the 180 

min time point, there was no apparent difference between control and ABCA1 

siRNA-treated groups (Figure 2A), suggesting that apoB secretion was delayed 

in the ABCA1 knockdown McA cells, but given sufficient time, apoB escaped 

degradation and was secreted into the medium. We confirmed this finding in an 

independent experiment in which we pulsed McA cells with [35S] Met/Cys for 10 

min and chased for 60 min. As shown in Figure 2C, there was apparent increase 

in cellular apoB100 and apoB48 in ABCA1 siRNA vs. control-treated cells. In 

addition, a greater proportion of newly synthesized apoB secreted into the 

medium of ABCA1-silenced McA cells was distributed in VLDL1 particles 

(Supplemental Figure 1), in agreement with our previously published results [11], 

suggesting that delayed apoB secretion was associated with increased TG 

addition during VLDL particle transit through the secretory pathway.  

ApoB trafficking is delayed throughout the secretory pathway in ABCA1-

silenced McA cells 

Pre-VLDL particle expansion with addition of bulk TG in the second step of 

VLDL particle assembly has been reported to occur in the ER and post-ER 

cellular compartments [19-23]. To determine whether the observed delay in 

VLDL particle secretion in ABCA1-silenced McA cells occurred in the ER or post-

ER cellular compartment, we examined endoglycosidase H (Endo H) sensitivity 

of cellular apoB. siRNA treated-McA cells were pulsed with [35S] Met/Cys for 10 

min and chased for 60 min. Cellular apoB was then immunoprecipitated and 

incubated ± Endo H. After the 10 minute pulse, there was no difference in 
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radiolabeled apoB between control and ABCA1-silenced cells (data not shown), 

consistent with our previous experiment suggesting that ABCA1 did not affect 

apoB synthesis. After the 60 minute chase period, ABCA1-silenced cells clearly 

contained more apoB in the absence of Endo H treatment (Figure 3A, lanes 4-6) 

compare to control siRNA-treated cells (lanes 1-3). These results were quantified 

in Figure 3B. With Endo H incubation, apoB100 displayed two distinct bands 

(Figure 3A; lanes 7-12); the upper band was an Endo H resistant form of 

apoB100, indicating its intracellular location in a post-ER compartment and the 

bottom band was the sensitive form of apoB100, suggesting its location was in 

the ER compartment. ApoB48 showed full sensitivity to Endo H treatment. 

Previous studies have suggested that apoB48 may not undergo oligosaccharide 

modification in the cis-Golgi [24], allowing it to maintain Endo H sensitivity. 

Interestingly, we did not observe a difference in distribution of Endo H sensitive 

vs. resistant apoB100 between control and ABCA1 siRNA-treated cell (Figure 3A; 

quantified in Figure 3C). These results suggest that delayed apoB trafficking 

occurs throughout the secretory pathway when McA cell ABCA1 expression is 

reduced. 

Slowed trafficking in the absence of ABCA1 may be generalized for 

secretory proteins 

To determine whether delayed secretion of apoB from ABCA1-silenced 

McA cells was specific for apoB or more generalized, we investigated the 

secretion kinetics of albumin, another major hepatic secretory protein. Cells were 

pulsed with [35S] Met/Cys for 10 min and chased for 60 min before cellular and 
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media albumin were immunoprecipitated, separated by SDS-PAGE, and 

visualized with a phosphorimager (Figure 4A). At the end of the pulse period 

(chase 0 min), there was no significant difference in the amount of newly 

synthesized albumin in control vs. ABCA1 siRNA-treated cells, suggesting no 

difference in albumin synthesis (Figure 4B). After a 60 min chase, there was a 

significant increase in cellular albumin in ABCA1 siRNA-silenced cells vs. control 

(Figure 4C) and a trend towards decreased albumin in the media (Figure 4D). 

These results were similar to the delayed secretion of apoB (Figures 1 and 2) in 

ABCA1 silenced McA cells, suggesting that delayed protein secretion in ABCA1 

deficiency is not specific for apoB. 

Vesicular trafficking is defective in primary hepatocytes lacking ABCA1 

Next, we studied apoB and vesicular trafficking in primary hepatocytes 

lacking ABCA1. Consistent with the results from ABCA1 siRNA-treated McA cells, 

hepatocytes from ABCA1 HSKO mice had increased TG secretion compared to 

wild type (WT) mice (Figure 6A), in agreement with our previously published 

study [10]. Next, we examined secretion of newly synthesized apoB from WT and 

ABCA1 HSKO mouse primary hepatocytes after a 10 min pulse with [35S] 

Met/Cys and a 60 min chase with complete media. Primary mouse hepatocytes 

secreted mostly apoB48 compared to apoB100 (Figure 5B), presumably due to 

higher apoB mRNA editing enzyme activity [25]. Hepatocytes from ABCA1 HSKO 

mice had increased newly synthesized cellular apoB48 and apoB100 compared 

to those from WT mice after the 60 min chase, suggesting slower apoB trafficking 

through the secretory pathway in primary hepatocytes lacking ABCA1 (Figure 5B 
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and quantification on apoB48 in Figure 5C). However, there was no apparent 

difference on apoB in medium between the two genotypes (Figure 5B).  

To determine whether the delay in apoB secretion from HSKO mouse 

hepatocytes was due to reduce trafficking of vesicles containing VLDL cargo or a 

more generalized defect in vesicular trafficking, we investigated trafficking of a 

YFP-GPI (yellow fluorescence protein-glycosyl-phosphatidylinositol) fusion 

protein used previously to investigate trafficking of vesicular cargo targeted to 

apical membrane lipid rafts in polarized and non-polarized cells [18].  Primary 

hepatocytes were infected with adenovirus expressing YFP-GPI for 24 hours. 

Then, we incubated cells at 19.5˚C for 2 hours to accumulate yellow fluorescent 

protein in the Golgi with cycloheximide added for the last 30 min to prevent 

further protein synthesis. Cells were warmed to 32˚C and incubated for 20 min to 

allow release of secretory proteins to move to the plasma membrane before they 

were fixed and imaged under a florescence microscope. At 19.5˚C, fluorescent 

proteins accumulated in the Golgi in both WT and ABCA1 HSKO hepatocytes 

(Figure 6A). After 20 min of release, there was apparent accumulation of plasma 

membrane YFP in WT hepatocytes. In contrast, fluorescence remained diffuse 

within ABCA1 HSKO hepatocytes, suggesting that ABCA1 deficiency resulted in 

slower YFP-GPI trafficking to the plasma membrane (Figure 6A). In another set 

of experiments, after the 19.5˚C temperature block, cells were warmed to 37˚C 

for 20 min and then treated with PI-PLC at 19.5˚C to cleave YFP from its GPI 

anchor before medium and cell lysates were collected to measure fluorescence 

intensity. PI-PLC treatment resulted in ~ 60% decrease in the ratio of membrane 

197 
 



to cellular fluorescence intensity in HSKO hepatocytes (Figure 6B). Combined 

with fluorescence image data, these results indicated that trafficking of a 

secretory protein other than apoB was decreased in ABCA1 HSKO primary 

hepatocytes. Collectively, these data agreed with the findings in ABCA1 siRNA-

treated McA cells, further emphasizing that hepatic ABCA1 may play a critical 

role in regulating secretory protein trafficking kinetics. 

Silencing of ABCA1 did not alter expression of sortilin or apoCIII 

To further investigate how ABCA1 affects VLDL assembly and apoB 

trafficking, we analyzed expression of genes that regulate VLDL particle 

assembly. Sortilin, a lysosomal trafficking protein, directly interacts with apoB to 

mediate its degradation and regulates VLDL apoB secretion [26]. ApoC-III 

promotes VLDL assembly and secretion [3]. We examined sortilin and apoC-III 

mRNA expression in ABCA1 siRNA-treated McA cells. As shown in Figure 7, 

sortilin and apoC-III expression were similar between control and ABCA1 siRNA-

treated groups, whereas ABCA1 mRNA expression was reduced by ~50%, as 

expected. These data suggest that ABCA1 modulation of vesicular trafficking rate 

is independent of expression of these two genes.  
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Discussion 

Hepatocyte ABCA1 plays a key role in forming nascent HDL and 

maintaining the plasma pool of HDL (Timmins 2005). ABCA1 also has a less well 

understood role in regulating the secretion of hepatic VLDL. Our previous studies 

found that ABCA1 deficiency leads to increased VLDL TG secretion in McA cells, 

primary hepatocytes, and livers from ABCA1 HSKO mice [10, 11]. Here, we 

investigated the role of ABCA1 in apoB secretory trafficking in McA cells and 

primary hepatocytes and made several novel observations. First, we 

demonstrate slowed apoB trafficking in ABCA1-silenced McA cells and 

hepatocytes from HSKO mice, which was associated with increased secretion of 

large TG-enriched VLDL particles. These results suggested that slowed apoB 

trafficking may offer more temporal opportunity for pre-VLDLs to fuse with TG-

enriched lipid droplets in the secretory pathway, leading to TG-enriched VLDL 

particles during second step VLDL assembly. Second, we found that slowed 

apoB trafficking was apparent in both ER and post-ER compartments, suggesting 

the reduced trafficking rate of apoB was throughout the secretory pathway. 

Finally, we show that absence or deficiency of ABCA1 results in a generalized 

secretory protein trafficking defect. Our results, along with those of previously 

published studies using fibroblasts and macrophages [12-15], suggest that 

ABCA1 plays a critical role in modulating general secretory protein trafficking. 

ABCA1 is a membrane transporter that effluxes phospholipid and free 

cholesterol to lipid-free apoA-I, forming nascent particles [7]. We previously 

reported that hepatocyte ABCA1 activity accounted for most of the plasma HDL 
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pool [16, 27], suggesting that ABCA1 is critical in maintaining plasma cholesterol 

homeostasis. In addition, studies using primary hepatocytes from ABCA1 total 

knockout mice suggested that nascent HDL formation might compete with VLDL 

particle secretion for available cellular cholesterol [28]. Thus, in the absence of 

hepatocyte ABCA1, cholesterol that is not assembled into nascent HDL particles 

is available for secretion in VLDL particles. In support of this idea, liver 

cholesterol levels in ABCA1 HSKO mice or cellular cholesterol content in 

ABCA1-silence McA cells is not elevated compared to their respective controls 

[10, 11], suggesting alterative pathways for secretion of liver cholesterol in the 

absence of nascent HDL particle formation.  

Activation of PI3 kinases by insulin inhibits both VLDL apoB and TG 

secretion [4, 29] in a process that involves post-ER presecretory proteolysis 

(PERPP) and translocation of activated PI3 kinase to an ER compartment 

containing apoB [30]. We have also observed decreased PI3 kinase activation in 

ABCA1-silenced McA cells and hepatocytes lacking ABCA1 that is associated 

with increase secretion of large TG-enriched VLDL [10, 11]. Recent evidence 

suggests that insulin activates class II PI3 kinase (PIK3C2γ), promoting apoB 

degradation in a process that was dependent on PERPP-mediated autophagy 

[31]. Sortilin, a lysosomal trafficking protein that was associated with 

cardiovascular risk in GWAS studies, is a downstream target of insulin signaling 

and interacts with apoB, targeting it for degradation [26, 32, 33]. Insulin-mediated 

activation of PI3 kinases results in downstream phosphorylation of the 

transcription factor, Foxo1, which then translocates from the nucleus to 

200 
 



cytoplasm, decreasing MTP and apoC-III expression and TG packaging into 

VLDL particles [34, 35]. Although hepatocyte ABCA1 deficiency and insulin 

resistance both lead to diminished PI3 kinase activation and increased secretion 

of TG-enriched VLDL [10], they occur by different mechanisms.  For example, 

insulin resistance results in decreases apoB degradation and increases secretion, 

whereas hepatic ABCA1 deficiency slows apoB secretion, but does not appear to 

decrease its degradation. In addition, insulin resistance may be associated with 

reduced sortilin or increased apoC-III expression [34, 36], but ABCA1 deficiency 

does not (Figure 7). Thus, the mechanism by which ABCA1 regulates VLDL 

particle secretion is distinct from that of the canonical insulin signaling pathway.  

There may be other potential mechanisms by which hepatocyte ABCA1 

regulates VLDL secretion. Microsomal triglyceride transfer protein (MTP) 

transports lipids in the ER, facilitating pre-VLDL and luminal lipid droplet 

formation [37]. Although ABCA1 HSKO and WT mice have similar levels of 

hepatic MTP protein expression, it remains possible that MTP activity is 

increased in ABCA1 HSKO mice [10]. For example, liver-specific deletion of 

IRE1α (inositol-requiring transmembrane kinase/endoribonuclease 1 alpha), a 

key molecule in unfolded protein response during ER stress, results in a 40% 

decrease in MTP activity, but not protein expression, due to decreased 

expression of protein disulfide isomerase (PDI), an essential subunit of the active 

MTP heterodimer [25]. These mice have defective VLDL particle assembly and 

secretion, even though de novo lipogenesis, TG synthesis, and apoB synthesis 

and secretion are similar to control mice. Since ER accumulation of apoB100 can 
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induce hepatic ER stress [38], a transient increase in apoB in ABCA1 deficient 

hepatic cells (Figure 1B) may result in sufficient ER stress to activate the IRE1α-

XBP1 (X-box binding protein 1)-PDI pathway, stimulating VLDL TG secretion. 

Additional studies will be necessary to test this hypothesis.  

Liver phosphatidylcholine (PC) to phosphatidylethanolamine (PE) ratio 

regulates membrane integrity and development of steatohepatitis [39]. Increased 

PC/PE ratio suppresses calcium ATPase SERCA (sarco/endoplasmic 

reticulum Ca2+-ATPase) expression, inhibits microsomal calcium translocation 

activity, and induces ER stress, which may contribute to development of insulin 

resistance and obesity [40]. Correction of this ratio by downregulation of Pemt 

(phosphatidylethanolamine N-methyltransferase), an enzyme that converts PE to 

PC, normalized SERCA expression and calcium translocation activity. 

Coincidentally, ER calcium concentration also regulates secretory protein 

trafficking [41]. For example, treatment of HepG2 cells with calcium ionophores 

blocked secretion of albumin and other proteins, resulting in ER accumulation 

[41]. Since ABCA1 also transfers phospholipids, particularly PC, along with 

cholesterol to form nascent HDL particles, it is intriguing to speculate that an 

increase in PC/PE ratio induced by ABCA1 deficiency may result in ER retention 

of apoB and other secretory proteins in hepatocytes, possibly activating the 

IRE1α-XBP1-PDI pathway as described above.  

Apolipoprotein A-IV (apoA-IV) interacts with apoB in the secretory 

pathway, leading to slower apoB trafficking and increased secretion of TG-
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enriched VLDL [42, 43]. However, apoA-IV is only expressed in intestinal 

enterocytes, so it is not available to affect hepatic VLDL secretion [44, 45].  

In summary, we have provided evidence for a novel role of hepatic ABCA1 

in modulating vesicular trafficking that may regulate VLDL assembly. Clarifying 

this mechanism in future work may help us understand the regulation of VLDL 

assembly and help identify molecular targets to stimulate VLDL production, 

alleviating hepatic steatosis. 
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Figure 1. McA cells treated with ABCA1 siRNA had increased VLDL TG, but 

not apoB, secretion.  

McA cells were transfected with control or ABCA1 siRNA for 48 hours. A. Cells 

were radiolabelled with [3H]-oleic acid + 0.8 mM oleate for 16 hours. [3H]-TG in 

media was quantified after lipid extraction and TLC separation. B. Cells were 

radiolabel with [35S] Met/Cys for 4 hours, then cells and media were collected for 

apoB quantification by phosphorimager analysis after apoB immunoprecipitation 

and SDS-PAGE separation. 
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Figure 2. Silencing ABCA1 in McA cells delays apoB secretion.  

McA cells were transfected with control or ABCA1 siRNA for 48 hours, pulse 

radiolabeled with [35S] Met/Cys for 15 minutes, and chased with Met/Cys for 0, 30, 

60 and 180 min. A. Cellular and secreted [35S]-apoB were visualized by 

phosphorimager analysis after apoB immunoprecipitation and SDS-PAGE 

separation. B. ApoB100 in panel A was quantified using a phosphorimager and 

values normalized to the 30 min chase time (i.e., 100%). The percentage of 

cellular and secreted apoB100 for subsequent time points was then plotted. Data 

were log transformed and analyzed using student’s t test. *, p< 0.05. (C) McA 

cells were transfected with control or ABCA1 siRNA for 48 hours, pulse 

radiolabeled with [35S] Met/Cys for 10 min, and chased for 60 min. Cellular and 

secreted [35S]-apoB were visualized by phosphorimager. 
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Figure 3. ApoB trafficking was delayed in both ER and post-ER cellular 

compartments of ABCA1 silenced McA cells.  

A. siRNA-transfected McA cells were pulsed with [35S] Met/Cys for 10 min and 

chased for 60 min. ApoB was then immunoprecipitated from cell lysate, 

incubated ± Endo H, separated by SDS-PAGE, and visualized with a 

phosphorimager. n=3 for each treatment. PNGase incubation of apoB to cleave 

N-linked oligosaccharides was used as a positive control for deglycosylated apoB 

(lane 13). B. Cellular apoB100 without Endo H treatment (control) was quantified 

and plotted (lanes 1-6). C. The intensity of Endo H sensitive (lanes 7-12; lower 

apoB100 band) and resistant (lanes 7-12; upper apoB100 band) apoB100 was 

also quantified and the ratio was calculated and plotted. 
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Figure 4. Albumin secretion is delay in ABCA1 silenced McA cells.  

A. siRNA-transfected McA cells were pulsed with [35S] Met/Cys for 10 min and 

chased for 0 or 60 min. Albumin was immunoprecipitated from cell lysate (0 and 

60 min chase) and media (60 min chase), separated by SDS-PAGE, and 

visualized using a phosphorimager. B. Quantification of cellular [35S]-albumin at 0 

min chase. C. Percentage of initial (0 min chase) [35S]-albumin remaining in cells 

after a 60 min chase.  D. Percentage of initial (0 min chase) [35S]-albumin 

secreted into medium after a 60 min chase. Individual data points are shown with 

horizontal lines denoting mean ± SEM. * p<0.05 
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Figure 5. Increased TG secretion and slower apoB trafficking in primary 

hepatocytes from ABCA1 HSKO mice.  

A. Primary hepatocytes were incubated with [3H]-oleic acid + 0.4 mM oleate for 6 

hours. [3H]-TG in media was analyzed and normalized by cellular protein amount. 

B. Primary hepatocytes were pulsed with [35S]-Met/Cys for 10 min and chased for 

60 min. Both cellular and media apoB were immunoprecipitated and quantified by 

SDS-PAGE and phosphorimager analysis shown in C. 
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Figure 6. Decreased trafficking of YFP-GPI from the Golgi to plasma 

membrane in ABCA1 HSKO hepatocytes.  

A. Primary hepatocytes were infected with adenovirus expressing YFP-GPI for 

24 hours. Then, cells were incubated at 19.5˚C for 2 hours to accumulate yellow 

fluorescent protein in the Golgi with cycloheximide added during the last 30 min 

to prevent further protein synthesis. Cells were warmed to 32˚C and incubated 

for 20 min to allow release of secretory proteins to move to the plasma 

membrane before they were fixed and imaged under a florescence microscope.  

B. At the end of release, hepatocytes were treated with PI-PLC at 19.5˚C for 2 

hours, and media and cell lysate were collected. Fluorescence intensity (FI) was 

measured and the ratio of membrane to cellular FI was calculated and plotted. 
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Figure 7. Sortilin and apoC-III mRNA mRNA expression in McA cells   

McA cells were transfected with either control or ABCA1 siRNA for 2 days and 

then incubated with 0.8 mM oleate for 4 hrs before they were treated with Trizol 

to isolate RNA. cDNA was transcribed from mRNA and quantitative real time 

PCR was performed to measure expression of ABCA1, sortilin and apoC-III. 

Results were normalized to GAPDH expression. *, p< 0.05 by student’s t test. 
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Supplemental Figure 1. Defective apoB trafficking was associated with 

increased VLDL particle size in ABCA1 silenced McA cells.  

A. siRNA transfected McA cells were radiolabelled with [35S]-Met/Cys for 4 hours. 

Media were subjected to ultracentrifugation to separate lipoproteins. ApoB was 

immunoprecipitated from pooled lipoprotein fractions, separated by SDS-PAGE, 

and visualized using a phosphorimager. B. ApoB in each lipoprotein fraction was 

quantified and percentage of apoB in each fraction was calculated and plotted. 
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Abstract 

Insulin inhibits VLDL apoB and TG secretion via activation of PI3 kinases. 

However, the role of PI3 kinases in VLDL TG secretion is controversial as one 

study suggested that class II PI3 kinase (PIK3γ2), but not class I PI3 kinase 

p110α, was involved, whereas another study suggested both were involved. 

Using adenoviruses expressing constitutively active (CA) and dominant negative 

(DN) p110α to infect hepatocytes, we found that: 1) overexpression of p110αCA 

stimulated lipogenesis, inhibited VLDL TG secretion, and promoted apoB 

degradation, similar to the effect of insulin treatment; 2) overexpression of 

p110αCA did not reduce apoB mass secretion, unlike insulin treatment; and 3) 

overexpression of p110αDN inhibited lipogenesis, promoted VLDL TG secretion 

and inhibited apoB degradation. Our results suggest that p110α might be partially 

responsible for insulin inhibition of VLDL TG secretion, but not apoB secretion, 

supporting a distinct role of PI3 kinase p110α isoform in VLDL secretion. 

 

Supplemental key words: nonalcoholic fatty liver disease, NAFLD, steatosis 
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Background 

Non-alcoholic fatty liver disease (NAFLD) is prevalent in United States and 

has become a critical health issue as it may irreversibly develop into cirrhosis 

and hepatocellular carcinoma, requiring liver transplantation [1]. Alleviating 

hepatic lipid burden by stimulating VLDL TG production without generating 

additional atherogenic apoB-containing lipoprotein particles is a potential solution 

to reduce the severity of NAFLD. However, a complete understanding of VLDL 

assembly and secretion is lacking. 

VLDL assembly and secretion is a multi-step process [2]. The initial step 

involves the co-translational assembly of apoB with lipids in endoplasmic 

reticulum (ER) to yield small, primordial, HDL-size particles. These “pre-VLDL” 

particles subsequently fuse with lipid droplets in a “second step” to become 

mature VLDL particles. 

Insulin is the most studied hormonal regulatory mechanism of VLDL 

secretion [3]. Upon binding to its receptor on cell surface, insulin promotes 

phosphorylation of insulin receptor substrates followed by phosphorylation of PI3 

kinases and Akt to activate downstream signaling [4]. There are three classes of 

PI3 kinases [5, 6]. The best understood class I PI3 kinases phosphorylate 

PI(4,5)P2 to PI(3,4,5)P3 by forming a heterodimeric complex composed of  a 

catalytic domain (p110α, β, δ or γ) and a regulatory domain (p85, p55, p101, or 

p84). p110α and β are the major catalytic PI3 kinase domains in liver [5]. The 

least understood Class II PI3 kinases phosphorylate phosphatidylinositol (PI) and 
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PI4P to PI3P and PI(3,4)P2, respectively [7]. Mammalian Class III PI3 kinase was 

first identified in yeast as Vps34 (vacuolar protein sorting), phosphorylates PI to 

PI3P with other regulatory subunits, and is obligatory for autophagosome 

formation [8]. However, Vps34 is not directly activated via insulin [9]. PI3 kinase 

isoform-specific functions related to insulin activation and VLDL assembly are 

poorly understood.  

Insulin inhibits apoB secretion by promoting its degradation via a PI3 

kinase-activated post-ER presecretory proteolysis (PERPP) mechanism [10], 

recently suggested to be autophagy-dependent [11-13]. Due to broad specificity 

of pan PI3 kinases inhibitors, Wortmannin and LY294002, the role of individual 

PI3 kinase classes in VLDL assembly and secretion is unknown. Recently, 

Andreo et al. showed that insulin inhibition of apoB secretion was dependent on 

the class II PI3 kinase, PI3K2γ, but not class I PI3 kinase p110α [11]. In contrast, 

Sparks et al. suggested that both class I and III PI3 kinases were responsible for 

insulin inhibition of apoB secretion [13]. Despite this discrepancy, both groups 

presented evidence suggesting that sortilin, a lysosomal protein identified by 

GWAS studies and associated with cardiovascular risk, was the downstream 

target of insulin signaling that directly interacts with apoB100 to target its 

degradation [14-16]. Insulin also inhibits the maturation phase of VLDL assembly, 

thus reducing triglyceride packaged onto VLDL particles [17]. This action of 

insulin is also thought to be PI3 kinase-dependent [17-19]. Although considerable 

work has focused on the complexity of PI3 kinase activation and apoB secretion, 
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little is known regarding the role of class I PI3 kinase in insulin-mediated 

inhibition of VLDL TG secretion. 

In our study, we generated adenoviruses expressing membrane-

associated constitutively active (CA) or inactive (Dominant negative; DN) p110α 

to investigate its role on VLDL secretion. Here, we show that activation of p110α 

stimulated lipogenesis, inhibited VLDL TG secretion, and promoted apoB 

degradation, but did not reduce apoB mass secretion; dominant negative 

inhibition of p110α had the opposite effects. We conclude that activation of 

p110α via insulin signaling may be partially responsible for insulin inhibition of 

VLDL TG secretion. 
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Materials and Methods 

Animals 

Wild type C57Bl/6 mice were housed in the Wake Forest School of 

Medicine animal facility with a 12h light/ 12h dark cycle and fed ad libitum a 

commercial chow diet. All animal procedures were approved by the Institutional 

Animal Care and Use Committee of Wake Forest School of Medicine. 

Primary hepatocyte isolation 

Primary hepatocytes were isolated as previously described [20]. Briefly, 

mice were anesthetized with ketamine/xylazine. Livers were exposed and fully 

perfused via the portal vein with HBSS buffer containing HEPES (10 mM) and 

EDTA (0.5 mM) before perfusion with HBSS buffer containing HEPES (10 mM), 

CaCl2 (5 mM) and Collagenase type I (Worthington, 0.3mg/ml). Hepatocytes 

were released from dissected liver tissue and filtered through a 100 µm cell 

strainer (BD Falcon), washed twice with Williams’ media E followed by 

centrifugation at 50 X g for 5 min, and seeded on collagen-coated dishes. 

Primary hepatocytes were cultured in Williams’ media E with 

penicillin/streptomycin, 10% FBS and 0.1nM insulin and used for experiments 

within 24 hours of isolation.  

Adenovirus generation 

Plasmids with inserts expressing constitutively active p110α (p110αCA) 

and dominant negative p110α (p110αDN) were generously provided by Dr. 
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George Kulik from Wake Forest School of Medicine [21]. We subcloned the 

cDNA constructs into an adenoviral expressing system (Adeno-X, Invitrogen) and 

generated adenoviruses expressing p110αCA and p110αDN in addition to 

control adenovirus expressing β-galactosidase (LacZ). Titration of adenovirus 

was performed using Adeno-X rapid titration kit (Clontech).  

Adenovirus infection 

Hepatocytes were infected at a multiplicity of infection (MOI) of 100 for 4 

hours and incubated for 24 hours. Rat hepatoma McArdle RH7777 cells (McA) 

were cultured on collagen-coated plates, infected at a MOI of 500 for 4 hours and 

incubated for 24 hours to test PI3 kinase activity. 

VLDL TG secretion 

Twenty-four hour after adenovirus infection, hepatocytes were 

radiolabeled with [3H]-oleic acid supplemented with 0.4 mM oleate for 6 hrs 

before medium and cells were collected for analysis. Media and cellular [3H]-TG 

radioactivity and cellular protein concentration was determined as described 

previously [22, 23]. Results were expressed as [3H] dpm/µg cell protein. 

Pulse chase on apoB secretion-  

Primary hepatocytes were maintained at 37˚C during the pulse-chase 

procedures. Cells were radiolabeled with [35S]-Met/Cys (100 µCi) for 10 min 

followed by addition of Met/Cys complete media to terminate radiolabelling. The 

radiolabeling medium was then removed, the cells were washed, and fresh 

Met/Cys complete medium was added for the indicated chase times. After the 
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chase, cell lysates and media were collected in Triton X-100 lysis buffer (1% 

Triton X- 100, 25 mM Tris-HCl, pH 7.5, 150 mM NaCl) containing protease 

inhibitor cocktail (Roche). Cells were collected at the end of pulse period for the 0 

chase time point. Cell lysate and media samples were then processed for 

immunoprecipitation. 

Immunoprecipitation of apoB in hepatocyte cell lysates and media 

Cell lysate and media in lysis buffer were rotated with indicated antibodies 

overnight at 4˚C. Protein G sepharose beads (Sigma) were added and rotated for 

another 2 hr before the beads were centrifuged, washed three times with lysis 

buffer, and once with washing buffer (0.1% SDS, 10 mM Tris-HCl, pH 7.5, 2.5 

mM EDTA). ApoB immunoprecipitates were denatured at 37˚C for 30 min with 

SDS sample buffer (Invitrogen) containing DTT (100 mM). Twelve percent SDS-

PAGE gels were used to separate apoB. Gels were heated and dried under 

vacuum and radiolabeled proteins were visualized using a Phosphor Imager 

(Fujifilm). Band intensities were quantified using Multi Gauge software.  

Western blotting 

Akt phosphorylation was used to monitor the level of PI3 kinase activation. 

McA cells were lysed using RIPA lysis buffer containing protease and 

phosphatase inhibitors, sonicated, and centrifuged at 10,000 X g for 15 min, and 

the supernatant was collected as cell lysate. Protein concentrations were 

determined using BCA assay (Thermo Scientific). Proteins were loaded on 4-

20% SDS-PAGE and transferred to nitrocellulose membrane (Schleicher & 
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Schuell) before blocking with 5% milk in TBST buffer. Membranes were 

incubated with primary antibody at 4˚C overnight and washed three times before 

incubation with secondary antibody for 1 hr at room temperature. Blots were 

exposed using Supersignal West Pico chemiluminescence substrate (Pierce) and 

visualized with a Fujifilm LAS-3000 camera. Primary antibodies detecting 

phospho-Akt (Ser473) (Cell Signaling), total Akt (Cell Signaling), beta 

galactosidase (Abcam), p110α (Cell Signaling), and anti-rabbit and anti-goat 

secondary antibodies (GE) were used in this study. 

Statistical analysis 

Data are presented as mean ± SEM. One-way ANOVA and Turkey’s post-

hoc test (GraphPad Prism software) were used to detect statistically significant 

results (p <0.05).  
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Results 

Characterization of p110αCA and p110αDN adenoviruses  

Plasmid p110αCA encodes mouse p110α with a farnesylation signal that 

targets membrane association, resulting in a fusion protein with constitutively 

active PI3 kinase activity [21]. p110αDN is similar to p110αCA, but has a 

mutation in its catalytic domain that eliminates catalytic activity, leading to  

dominant negative inhibition of p110α activity [21]. To pursue consistent, high 

level expression of these proteins in primary hepatocytes, cDNA constructs were 

cloned into an adenoviral system and activity of these adenoviruses was tested. 

McA cells were infected with adenovirus expressing LacZ, p110αCA, or 

p110αDN and the levels of Akt phosphorylation were used to indicate the extent 

of PI3 kinase activation (Figure 1A). In McA cells infected with p110αCA, PI3 

kinase was activated even more than in cells stimulated with 100 nM insulin. 

Infection of p110αDN resulted in decreased PI3 kinase activation in McA cells in 

the presence of insulin stimulation, confirming its inhibition of PI3 kinase 

activation. LacZ had no effect on PI3 kinase activation. Due to different infection 

units of p110αCA and p110αDN in this experiment, greater p110α expression 

was obtained with adenovirus p110αCA infection. Subsequent experiments in 

primary hepatocytes used similar numbers of adenovirus confirmed the activities 

of p110αCA and p110αDN (Figure 1B). These results demonstrated that the 

adenoviruses activated or inhibited PI3 kinase as expected. 

Activation of p110α inhibits VLDL TG secretion 
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Insulin inhibits the maturation phase of VLDL assembly in a PI3 kinase-

dependent manner, thus reducing VLDL TG secretion, in addition to promoting 

apoB degradation and decreasing apoB secretion [17, 19]. To test the role of 

p110α in VLDL TG secretion, we infected primary hepatocytes with adenovirus 

expressing LacZ, p110αCA, and p110αDN and incubated cells with [3H]-oleic 

acid. As shown in Figure 1C, hepatocyte overexpression of p110αCA inhibited 

TG secretion, whereas p110αDN promoted TG secretion relative to LacZ. 

Furthermore, radiolabeled oleic acid incorporation into cellular TG (Figure 2A) 

and phospholipids (PL) (Figure 2B) were significantly increased in p110αCA vs. 

LacZ infected hepatocytes, suggesting that p110α activation induced TG 

synthesis, recapitulating the lipogenic function of insulin [24]. Overexpression of 

p110αDN significantly decreased the incorporation of [3H]-oleic acid into PL, but 

not TG (Figure 2B). These results suggest that despite stimulating TG synthesis, 

activation of p110α inhibits VLDL TG secretion, recapitulating insulin inhibition of 

VLDL TG secretion. 

Activation of p110α stimulates apoB synthesis, promotes its degradation, 

but does not inhibit its secretion 

Using a p110α-specific inhibitor, PIK75, Andreo et al. showed that p110α 

was dispensable for insulin stimulated apoB degradation [11]. Sparks et al. 

showed that class I PI3 kinases were responsible for insulin inhibition of apoB 

secretion using adenoviral overexpression of PTEN, a lipid phosphatase whose 

main function is to dephosphorylate PI(3,4,5)P3 [25], and transfection of 

constitutively active class I PI3 kinases [16]. We also studied how apoB secretion 
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was regulated by p110α in our system. We infected primary hepatocytes with 

adenovirus expressing LacZ, p110αCA, or p110αDN for 24 hours and 

radiolabelled cells with [35S]-Methionine/Cysteine (Met/Cys) for 10 min before 

chasing with Met/Cys complete media for 0, 60 and 120 min. Primary 

hepatocytes were able to secrete more apoB48 than apoB100 [26], thus we 

focused our attention on apoB48. As shown in Figure 3A and 3B, 

overexpression of p110αCA increased radiolabel apoB48 at chase 0 min vs. 

LacZ, suggesting that activation of p110α stimulated apoB48 synthesis, which is 

contradictory to the reported insulin inhibition of apoB synthesis [27]. After a 60 

and 120 min chase, hepatocytes overexpressing p110αCA had increased cellular 

apoB48 and a trend towards increased apoB48 secretion by 120 min vs. LacZ 

control (Figure 3A and 3C). After normalizing to cellular apoB48 content at 0 min 

chase, we found that the percentage of cellular apoB48 during the chase 

increased, whereas the percentage of media apoB48 decreased after 

overexpression of p110αCA at both 60 and 120 min of chase (Figure 3D and 

3E), suggesting that overexpression of p110αCA likely increases apoB48 

degradation or delays apoB48 trafficking. Compared to p110αCA, 

overexpression of p110αDN decreased apoB48 synthesis (Figure 3B) and 

increased the percentage of secreted apo48 (Figure 3E). These results suggest 

that p110αDN overexpression inhibited apoB48 degradation, offsetting 

decreased apoB48 synthesis, thus not changing apoB48 mass secretion. 

Collectively, our data suggest that activation of p110α stimulated apoB synthesis, 

promoted its degradation, but did not decrease radiolabel apoB mass secretion, 
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which is different from the effect of insulin to promote apoB degradation and 

decrease apoB secretion [19]. We showed earlier that activation of p110α 

stimulated lipogenesis (Figure 2A), but inhibited VLDL TG secretion (Figure 1B), 

which is similar to the response to insulin activation. Altogether, our data suggest 

that different PI3 kinases, downstream of insulin signaling, may be separately 

responsible for insulin inhibition of VLDL apoB and TG secretion. 
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Discussion 

In this study, we show the first evidence that p110α regulates VLDL TG 

secretion, similar to insulin, suggesting that this kinase is responsible for insulin 

inhibition of VLDL TG secretion. We also found that p110α regulated apoB 

secretion in a manner different from that of insulin, suggesting that inhibition of 

VLDL apoB and TG secretion by insulin may be mediated by different PI3 

kinases. 

Insulin inhibits VLDL apoB and TG secretion in the postprandial state 

when ample energy is provided from chylomicrons and glucose after food intake 

[17]. This inhibition is mediated by PI3 kinases based on studies using pan-PI3 

kinase inhibitors, Wortmannin and LY294002 [28, 29]. Insulin acutely induces 

lipogenesis by stimulating expression of the transcriptional factor sterol response 

element binding protein 1c (SREBP1-c) in liver [30], which is the proposed 

mechanism for hepatic steatosis during hyperinsulinemia. Despite this increase 

in the availability of lipid substrates, insulin reduces TG secretion via limiting TG 

packaging into VLDL particles [17], presumably by reducing microsomal 

triglyceride transfer protein (MTP) expression, which is indispensable for VLDL 

secretion [31, 32]. This mechanism is mediated by Forkhead box protein O1 

(Foxo1), which is activated and translocates from nucleus to cytoplasm upon 

insulin treatment [33, 34], thus decreasing MTP expression. p110α, a member of 

class IA PI3 kinases, is a key intermediate in insulin signaling [35]. Using 

adenoviral overexpression of constitutively active and dominant negative p110α, 

we suggest that activation of p110α and acute stimulation of insulin signaling 
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both decrease VLDL TG secretion. However, we did not directly study whether 

insulin inhibition of TG secretion was fully dependent on p110α activation. 

Furthermore, due to similar regulatory subunits for p110α and p110β, 

overexpression of p110α in our system may also affect p110β activation. Using 

liver-specific p110α and p110β knockout mice, Chattopadhyay et al. suggested 

that p110α stimulates lipogenesis in vivo, similar to what we saw in this study, 

whereas p110β did not, despite the fact that both were essential for 

gluconeogenesis. These combined studies suggest that p110α activation is a 

primary signaling node of increased lipogenesis [36]. Our study also suggested 

that stimulated VLDL TG production may have contributed to reduced hepatic TG 

accumulation in p110α-/- mice that were originally ascribed to reduced 

lipogenesis [36]. Collectively, our data show that p110α activation inhibited VLDL 

TG secretion, similar to insulin. 

Insulin inhibits apoB secretion by promoting its degradation via a PI3 

kinase activated-PERPP dependent pathway [11, 13]. Other studies suggest that 

insulin inhibits VLDL secretion by MTP-dependent and independent mechanisms 

[33, 37], suggesting the existence of different regulatory mechanisms 

downstream of insulin signaling, likely due to different PI3 kinases in the 

pathway. Using a p110α specific inhibitor PIK75, Andreo, et al. showed that 

insulin inhibition of apoB secretion was not dependent on class I PI3 kinases 

[11]. Instead, insulin inhibition of apoB secretion was blunted by knockdown of 

PIK3C2γ, for the first time suggesting the indispensable role of class II PI3 

kinases in mediating insulin inhibition of apoB secretion [11]. In contrast, Sparks 
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et al. recently suggested that both class I and III PI3 kinases were responsible for 

insulin inhibition of apoB secretion using overexpression of PTEN and 

transfection of kinase mutant Vps34, respectively [13, 16]. Regardless of these 

discrepancies, both groups suggested that autophagy was responsible for insulin 

inhibition of apoB secretion. However, data regarding whether class III PI3 kinase 

Vps34 is required for this regulation has not been consistent [13, 16]. 

Furthermore, sortilin, a lysosomal protein associated with cardiovascular risk in 

GWAS studies, directly interacts with apoB100, but not apoB48, to target it for 

degradation via autophagy [13-15]. Although apoB48 secretion is also inhibited 

by insulin treatment [17], this regulatory mechanism is still poorly understood in 

contrast to considerable knowledge on insulin inhibition of apoB100 secretion. 

Using primary hepatocytes, which mostly expressed apoB48 presumably due to 

high apoB editing enzyme activity [26], we show that activation of p110α 

stimulates apoB48 synthesis, promotes its degradation, but does not affect its 

secretion. We still do not have a mechanism for increasing apoB synthesis by 

p110α, which is contradictory to inhibition of apoB synthesis by insulin [27]. 

Nonetheless, activation of p110α stimulates apoB degradation, but does not 

decrease apoB secretion, suggesting that other PI3 kinases may be responsible 

for inhibition of apoB secretion by insulin. 

In summary, our study suggests that p110α regulates VLDL TG secretion 

similar to insulin, but not apoB secretion. Selective hepatic insulin resistance, in 

which insulin fails to suppress hepatic gluconeogenesis but continues to activate 

lipogenesis and increase VLDL production increases in type 2 diabetes [30]. 
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However, key molecules branching off insulin signaling pathways that are 

responsible for selective insulin resistance are still unknown, but are critical to 

understanding disease etiology. Considering that different PI3 kinases are 

responsible for insulin action, their role in selective insulin resistance merits 

further investigation. Furthermore, pan- and isoform-specific inhibitors of PI3 

kinase have been developed and are currently undergoing oncology clinical trials 

[38, 39]. Their effect on liver and plasma TG metabolism could be evaluated to 

understand the distinct role of PI3 kinases in human hepatosteatosis and 

hyperlipidemia. 
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Figure 1. Overexpression of p110αCA activated PI3 kinases and inhibited 

TG secretion 

A. Adenoviruses expressing LacZ, p110αCA, or p110αDN were infected into 

McA cells for 4 hrs before fresh media were added for overnight incubation. B. 

Primary hepatocytes were infected with LacZ, p110αCA, or p110αDN at MOI of 

100 for 4 hrs before fresh media were added for overnight incubation. For A and 

B, cells were then serum starved for 6 hrs before insulin (100 nM) was added to 

indicated dishes for 20 min. Cell lysates were collected with protease and 

phosphatase inhibitors and cell proteins were Western blotted with the indicated 

antibodies. C. Primary hepatocytes isolated from C57Bl/6 wild type mice were 

infected with adenovirus for 4 hrs at MOI=100 and incubated overnight. Cells 

were then incubated with [3H]-oleic acid + 0.4 mM oleate for 6 hrs before media 

were taken for lipid extraction and cells were collected for lipid extraction and 

protein quantification. Media TG in the lipid extract was separated by thin layer 

chromatography and [3H]-TG was quantified by liquid scintillation counting and 

normalized to cellular protein content. Data were analyzed using one-way 

ANOVA with Turkey’s post-hoc test. Unlike letters denote statistical significance 

(p< 0.05). n=4 for each group. 
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Figure 2. p110αCA stimulates and p110αDN inhibited lipogenesis 

In experiments shown by Figure 1C cellular lipids were extracted, TG and PL 

were separated by TLC, and radioactivity was quantified and normalized to 

cellular protein content. Cellular TG (A) and PL (B) were analyzed using one-way 

ANOVA with Turkey’s post-hoc test; unlike letters denote statistically significance 

differences (p< 0.05). n=4 for each group. 
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Figure 3. Overexpression of p110αCA and p110αDN on apoB secretion 

Primary hepatocytes were infected with adenovirus LacZ, p110αCA or p110αDN 

for 4 hrs, incubated overnight, radiolabelled with [35S]-Met/Cys in Met/Cys 

deficient media for 10 min, and chased with Met/Cys complete media for 0, 60 

and 120 mins. Cell lysates and media were collected and apoB was 

immunoprecipitated. Immunoprecipitates were separated on SDS-PAGE and 

apoB radioactivity was visualized using a phosphorimager (A). The band 

intensity for apoB48 in cells (B) and media (C) was quantified with Multi Gauge 

software. At chase times of 60 and 120 min, the percentage of cellular (D) and 

secreted apoB48 (E) was calculated by normalizing to the amount radiolabeled 

apoB48 (i.e., 100% in cell) at the end of the pulse (0 min chase). Data represent 

mean, n=2. 
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Abstract 

Background: ATP binding cassette transporter A1 (ABCA1) is critical for HDL 

formation as ABCA1 mutations (i.e., Tangier disease) lead to <5% of normal 

plasma HDL levels. Hepatocyte-specific ABCA1 knockout (HSKO) mice have 

20% of wild type (WT) plasma HDL levels, suggesting a major role for hepatocyte 

ABCA1 in the Tangier disease plasma lipid phenotype. However, whether 

plasma sphingolipid species are reduced with whole body ABCA1 deficiency and 

the extent to which hepatocyte ABCA1 contributes to plasma sphingolipids 

levels, including sphingosine-1 phosphate (S1P), an important lipid signaling 

molecule, are unknown. 

Results: Using mass spectrometry analysis, we found ~17% decrease in apoB 

lipoprotein-depleted plasma sphingosine (SO) level in subjects with heterozygous 

ABCA1 mutations compared to their family controls. A compound heterozygous 

patient had further reduction in plasma sphingolipids (~99% for SO). ABCA1 

HSKO vs. WT mice had significantly reduced plasma sphingolipids (82% for 

C18SO), S1P (52%), and apoM (76%), an apolipoprotein carrier of S1P, which 

was associated with a significant decrease in liver sphingolipids (23% decrease 

for C18SO). Using d3-serine labeling of hepatocytes, and myriocin and Fumonisin 

B1 to inhibit de novo sphingolipid and ceramide synthesis, respectively, we found 

that ABCA1 HSKO hepatocytes: 1) had upregulated de novo sphingolipid 

synthesis, and 2) reduced secretion of total sphingolipids, but increased 

secretion of newly synthesized sphingolipids.  
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Conclusion: Our results suggest that hepatocyte ABCA1 plays a major role in 

maintaining plasma sphingolipids through decreased synthesis, but increased 

secretion.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

254 
 



Introduction 

Sphingolipids are essential components of eukaryotic cell membranes, but 

also serve as signaling molecules in cell growth, apoptosis, cancer, and 

metabolic diseases [1, 2]. Sphingolipids encompass a group of lipids that 

includes sphingomyelin, ceramides, sphingosine, and their glycosylated and 

phosphorylated derivatives and are built on the backbone of sphingoid bases 

(i.e., aliphatic amino alcohols). Sphingomyelin (SM) is the major species of 

plasma sphingolipids and is transported on lipoproteins. Human very low density 

lipoproteins (VLDL) and low density lipoproteins (LDL) contain a greater fraction 

of plasma SM than high density lipoproteins (HDL) due to relatively higher VLDL 

and LDL concentrations [3]. However, SM is the second most abundant 

phospholipid and the most abundant sphingolipid in HDL [4]. SM regulates HDL 

metabolism by affecting HDL modifying enzymes, lecithin:cholesterol 

acyltransferase [5] and phospholipid transfer protein [6], ABCA1 activity [7], 

cellular cholesterol efflux [8], and removal of HDL cholesterol by SR-BI [9]. In 

addition, sphingosine 1-phosphate (S1P), a sphingolipid signaling molecule, is 

also transported in plasma by apoM on HDL (65%) and to a lesser extent by 

albumin (35%) [10]. However, HDL sphingolipid metabolism is relatively 

understudied compared with other HDL lipids.   

ATP binding cassette transporter A1 (ABCA1) is a membrane transporter 

that effluxes free cholesterol, phosphatidylcholine (PC), and SM to lipid-free 

apoA-I, forming nascent HDL particles [11, 12]. Nascent HDL particles generated 

by non-hepatic, ABCA1-expressing HEK293 cells contain ~10% SM in all 
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nascent HDL, regardless of particle size [13]. ApoB lipoprotein-depleted plasma 

from humans with heterozygous ABCA1 mutations had ~34% and 12% reduction 

in S1P and apoM, respectively; however, plasma SM concentration was not 

examined [14]. Although our previous studies in hepatocyte-specific ABCA1 

knockout (ABCA1 HSKO) mice suggest that hepatocyte ABCA1 activity accounts 

for ~80% of normal plasma HDL-C [15], hepatocyte ABCA1 contribution to 

plasma sphingolipids concentrations is unknown. 

The goal of our study was to determine whether humans with defective 

ABCA1 alleles had decreased plasma sphingolipid concentrations. We also 

wanted to determine the contribution of hepatocyte ABCA1 activity on plasma 

sphingolipid concentrations using ABCA1 HSKO mice. We found that humans 

with defective ABCA1 alleles had significantly reduced apoB-depleted plasma 

sphingosine concentrations. ABCA1 HSKO mice also had significantly decreased 

plasma sphingoid bases, S1P, and apoM compared to wild type (WT) mice. 

ABCA1 HSKO mouse hepatocytes had a modest, but significant, reduction in 

media total sphingosine concentration compared to WT hepatocytes. De novo 

sphingolipid synthesis and secretion was elevated in ABCA1 HSKO hepatocytes. 

However, we observed a significant reduction in liver sphingolipids in ABCA1 

HSKO mice, suggesting a positive correlation between plasma and liver 

sphingolipid levels. We conclude that hepatocyte ABCA1 is a major contributor in 

maintaining the plasma pool of HDL sphingolipids, including sphingomyelin and 

S1P. 
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Materials and Methods 

Human samples 

Six subjects with heterozygous mutations in ABCA1, one compound 

ABCA1 heterozygote, and 8 unaffected family members were studied. Subject 

description, sample collection, and plasma lipids/ apolipoprotein quantification 

have been reported previously [14, 16]. ApoB-depleted human plasma was 

generated as described previously [14]. 

Animals  

ABCA1 HSKO mice were generated as described previously [15]. Mice 

were housed in the Wake Forest School of Medicine animal facility with a 12h 

light/ 12h dark cycle and fed a commercial chow diet ad libitum. All animal 

procedures were approved by the Institutional Animal Care and Use Committee 

of Wake Forest School of Medicine. ABCA1 HSKO and WT littermates were 

derived from heterozygous matings. Seventeen week-old mice were sacrificed 

after a 4h fast or in the non-fasting state.  

S1P analysis 

Mouse plasma S1P were analyzed as described previously [14]. 

Primary hepatocyte isolation     

Primary hepatocytes were isolated as described previously [17] with minor 

modifications. After isolated from liver, hepatocytes were centrifuged at 50 X g for 

5 min in a 50% Percoll-containing Williams’ media E to pellet live cells, which 

were then washed with Williams’ media E before seeding in 35 mm dishes at a 

density of 0.4 X 106 cells per dish.  
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Stable isotope labeling      

Hepatocytes were cultured for 2 hr in Williams’ E media before they were 

washed and switched to MEM media for another 2 hr incubation. Then 

hepatocytes were incubated with MEM containing 1 mM d3-serine (Cambridge 

Isotope Laboratories) and 2 mM c13-alanine (Cambridge Isotope Laboratories) 

with or without treatment with fumonisin B1 (35 µM, Sigma), dissolved by 

ethanol, or myriocin (1 µg/ml, Sigma), dissolved in methanol, for 24 hours before 

media and cells were collected. Cells were pelleted and lysed with extraction 

buffer (50 mM HEPES, pH 7.4, 1 mM EDTA, 0.2% Triton X100), the lysates were 

clarified by centrifugation, and the supernatant was collected. Protein 

concentrations were determined by BCA assay. Lysates containing 90 µg of 

protein in 100 µl of extraction buffer were used for lipid extraction and sphingoid 

base analysis. 

Sphingoid bases analysis 

Plasma sphingolipids were analysed as described before [18] with some 

modifications. Briefly, tissues were homogenized in Precellys® homogenization 

tubes in PBS (pH 7.4) with 0.2% Triton X-100 (vol/vol)) using a Precellys 24 

tissue homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France). One 

hundred µl plasma, 80 µg tissue homogenate protein or 90 μg protein from cell 

lysates were aliquoted. Methanol (0.5 ml) spiked with 200 pmol of the internal 

standards d7-sphingosine and d7-sphinganine (d7SA, d7SO; Avanti Polar Lipids, 

Alabaster, Alabama, USA) were added to the aliquot of plasma or tissue 

homogenate. The mixture was incubated in a thermo-mixer at 37oC for 1 hour. 
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Precipitated proteins were pelleted by centrifugation and the supernatant was 

transferred to a new tube. For lipid hydrolysis, 75μl of methanolic HCl (1 N HCl 

and 10 M H2O in methanol) was added to the supernatant and incubated for 16 

hours at 65oC. This was followed by the addition of 100 μl of 10M KOH to 

neutralize the HCl and hydrolyze the phospholipids. To this mix, 625µl chloroform 

were added and then 100 µl 2N ammonium hydroxide and 0.5 ml alkaline water 

were added to complete the phase separation. The mix was then vortexed and 

centrifuged at 16000g for 5 minutes. After centrifugation, the upper phase was 

discarded and the lower organic phase was washed two to three times with 

alkaline water. Finally, the organic phase was dried under N2 and kept at -20 oC 

until analyzed. 

The sphingoid bases were separated on a C18 column (Uptispere 120 Å, 

5µm, 125 × 2 mm, Interchim, Montluçon, France) and analysed on a TSQ 

Quantum Ultra mass spec (Thermo, Reinach, BL, and Switzerland). Intra- and 

inter-assay coefficient of variation (CV %) of the method was between 5% and 

20%.  

In this study 14 different sphingoid base backbones were analysed. The 

plasma and tissue levels of C16SO, C16SA, C17SO, C17SA, C18SO, C18SA, 

C18SAdiene, C19SO, C20SO, C20SA, doxSA (deoxysphinganine), doxSO 

(deoxysphingosine), deoxymethylsphinganine (doxmethSA), 

deoxymethylsphingosine  (doxmethSO) sphingoid bases were quantified. 

Western blotting       
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One µl of plasma from WT and ABCA1 HSKO mice was subjected to 12% 

SDS-PAGE and transferred to a nitrocellulose membrane (Schleicher and 

Schuell, Keene, NH) (250mA, 2 h). Membranes were blocked with 5% milk in 

TBST buffer, incubated with primary antibody at 4˚C overnight, washed three 

times, and then incubated with secondary antibody for 1 h at room temperature. 

Blots were exposed using Supersignal West Pico chemiluminescence substrate 

(Pierce) and visualized with a Fujifilm LAS-3000 camera. Antibodies for Western 

blots included: anti-mouse apoM antibody (LifeSpan), anti-mouse apoA-I primary 

antibody (Biodesign), and anti-rabbit secondary antibody (GE Healthcare). 

Quantification of band intensity was performed using Multi Gauge software. 

Statistical analysis  

Two-tailed student’s t test was used to compare results for human ABCA1 

mutations (normal vs. heterozygotes) and mouse genotypes (WT vs. ABCA1 

HSKO). In experiments using myriocin or Fumonisin B1, two-way ANOVA and 

Bonferroni post test was used for statistical analysis. A p value < 0.05 was 

considered statistically significant.  

 

 

 

 

 

260 
 



Results 

Sphingolipids in plasma and tissues are present in a broad spectrum of 

subspecies. Sphingoid bases can be either saturated (sphinganine, dihydro-

sphingosine, SA) or unsaturated (sphingosine, SO) state. They are usually N-

acetylated with a second fatty acid and conjugated to O-linked head groups. In 

this study, we were primarily interested in differences in total sphingolipids in the 

absence of ABCA1. Therefore, we simplified the analysis by subjecting the 

sphingolipids to a sequential acid and base hydrolysis. Acid hydrolysis 

specifically breaks the N-alkyl chain, whereas alkaline conditions lead to release 

of the O-linked head group [19]. The resulting free sphingoid base metabolites 

were analyzed by LC-MS. The sum of the individual sphingoid bases reflects the 

total sphingolipid content in the analyzed samples. 

Humans with mutation in ABCA1 have decreased HDL sphingolipid 

concentrations 

We previously showed that humans with heterozygous mutations in 

ABCA1 (Het) had significant reduction in plasma HDL-C, apoA-I, and S1P 

compared to their family controls (WT) [14, 16]. In the same human samples, we 

analyzed plasma sphingoid bases. Compared to their family controls, Het 

humans had comparable levels of all plasma sphingoid bases and atypical 

deoxysphingoid base (DSB), including doxmethSA, doxmethSO, doxSO, and 

doxSA (Figure 1A and 1B). DSBs are products from serine palmitoyltransferase 

activity using alanine and glycine instead of its major substrate serine [20]. 
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However, we did observe reduction in all these plasma sphingoid bases in a 

patient with compound heterozygous mutations in ABCA1 (Com Het) who 

presumably had minimal ABCA1 activity [14], suggesting that complete ABCA1 

deficiency may result in significant reduction in plasma sphingoid base levels. As 

ABCA1 activity maintains plasma HDL concentrations, we next analyzed 

sphingoid bases in apoB-depleted plasma to distinguish sphingoid bases in 

VLDL and LDL fractions from those in HDL and albumin fractions. Here, we 

found a significant reduction of total sphingosine (SO) (17%) in Het vs. WT 

subjects, but no significant changes in minor HDL sphingoid bases or DSB 

(Figure 2A and 2B), suggesting that the reduction in SO was mostly attributed to 

C18SO derived from condensation of serine and palmitoyl-CoA. The Com Het 

patient had a near absence of major sphingoid bases, but a modest reduction in 

DSB levels in apoB-depleted plasma. Collectively, our data suggest a decrease 

in HDL sphingolipids in humans with ABCA1 mutations, indicating that ABCA1 

activity in human maintains plasma HDL sphingolipid levels. 

ABCA1 HSKO mice have decreased plasma sphingolipid concentrations 

We previously reported that hepatocyte ABCA1 activity contributes ~ 80% 

of the plasma HDL-C pool in chow-fed mice [15]. To determine whether 

hepatocyte ABCA1 is a major contributor to plasma HDL sphingolipids, we also 

analyzed plasma sphingoid bases in ABCA1 HSKO mice compared to their WT 

littermate controls. As shown in Figure 3A & 3B, there was a significant 

decrease in plasma levels of C17SO, C18SO, C18SA, C18SAdiene and C16SO, but 

not C20SO, C20SA or doxSA, in ABCA1 HSKO vs. WT mice. We also observed 
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similar changes in plasma sphingoid bases between ABCA1 HSKO vs. WT mice 

in non-fasting plasma (Supplemental Figure 1). Collectively, our data show that 

hepatocyte ABCA1 deficiency leads to reduced plasma sphingolipids, suggesting 

that hepatocyte ABCA1 activity plays a major role in maintaining plasma HDL 

sphingolipid levels. 

ABCA1 HSKO mice have decreased hepatic sphingolipid levels 

We next analyzed liver sphingoid base levels and found a significant 

reduction in major sphingoid bases (C17SO, C18SO, S18SA and C18SAdiene) in 

ABCA1 HSKO mice compared to WT mice, but not in the minor species of 

sphingoid bases (C16SO, C19SO, C20SO, C20SA and doxSA) (Figure 4). This 

trend paralleled the trend in plasma (Figure 3), confirming liver as an important 

source of plasma sphingolipids.   

ABCA1 HSKO hepatocytes have increased secretion of newly synthesized 

sphingolipids 

To determine whether sphingolipid synthesis was reduced in hepatocytes 

lacking ABCA1, we measured d3-serine incorporation into hepatocytes and 

media sphingolipids after incubation ± myriocin to inhibit de novo sphingolipid 

synthesis. Cellular SA and SO levels were similar in ABCA1 HSKO vs. WT 

hepatocytes and unaffected by myriocin treatment (Figure 5A). However, there 

was a significant reduction in media SA and SO in ABCA1 HSKO hepatocytes 

compared to WT hepatocytes (Figure 5B). Sphingoid base molecular species 

were also analyzed in cells and media and the results agreed with the reduction 
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in media, but not cellular SA and SO, in ABCA1 HSKO hepatocytes for all 

molecular species measured (Supplemental Figure 2). However, newly 

synthesized SO was significantly higher in ABCA1 HSKO hepatocytes (Figure 

5C), leading to enhance secretion (Figure 5D). Myriocin treatment of 

hepatocytes completely eliminated newly synthesized cellular and media SA and 

SO as anticipated (Figure 5C and 5D). C18SAdiene was the only cellular 

molecular species significantly reduced by myriocin treatment, but most media 

species were reduced in response to myriocin (Supplemental Figure 2). 

Collectively, these data suggest reduced sphingolipid secretion from hepatocytes 

lacking ABCA1, despite increased de novo sphingolipid synthesis and secretion. 

To determine the impact of the sphingolipid recycling (i.e., salvage) 

pathway on hepatocyte sphingolipid content and secretion, we treated cells with 

fumonisin B1 to inhibit ceramide synthase. Total cellular SA and SO content was 

similar (Figure 6A and Supplemental Figure 3A) and media SA and SO 

concentrations were lower (Figure 6B and Supplemental Figure 3B) in vehicle 

treated (ethanol) ABCA1 HSKO vs. WT hepatocytes, similar to results using 

methanol as vehicle control (Figure 5). Newly synthesized cellular SA and SO 

were similar between genotypes (Figure 6C), but SO concentration was 

significantly higher in media of ABCA1 HSKO mouse hepatocytes (Figure 6D). In 

Fumonisin B1-treated hepatocytes, as expected, we observed an elevation in 

newly synthesized cellular SA due to a block in its conversion to ceramide, in 

agreement with a significant reduction in newly synthesized SO (Figure 6C), 

which is derived from ceramide. A further increase in newly synthesized cellular 
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SA in ABCA1 HSKO hepatocytes suggested enhanced de novo sphingolipid 

synthesis in the absence of ABCA1 (Figure 6C), which resulted in increased 

newly synthesized SA in media (Figure 6D). Fumonisin B1 treatment of 

hepatocytes nearly eliminated sphingosine synthesis, as expected, due to 

inhibition of dihydroceramide synthase in the sphingolipid de novo pathway 

(Figure 6C and 6D). Total cellular SA was significantly increased in fumonisin 

B1-treated WT hepatocytes and further increased in ABCA1 HSKO hepatocytes 

(Figure 6A). In contrast, total SO was significantly reduced in WT hepatocytes, 

but not in ABCA1 HSKO hepatocytes (Figure 6B). Compared to cellular 

sphingolipids, media SA was minimally affected by fumonisin B1, but media SO 

was significantly reduced in response to fumonisin B1 treatment of WT 

hepatocytes and further reduced in ABCA1 HSKO hepatocytes (Figure 6B). 

Analysis of sphingoid base molecular species confirmed reduction in cellular and 

media SO in response to fumonisin B1 (Supplemental Figure 3). Collectively, 

these data suggest that absence of hepatocyte ABCA1 results in increased 

secretion of a relative small pool of newly synthesized sphingolipids with minimal 

impact on hepatic sphingolipid mass.  

Hepatocyte ABCA1 deficiency results in reduced plasma S1P and apoM 

Plasma S1P is transported on plasma HDL via apoM and, to a lesser 

extent, on albumin [21]. We previously found a significant reduction in plasma 

S1P in subjects with ABCA1mutations [14]. Thus, we analyzed plasma S1P and 

apoM levels in ABCA1 HSKO mice. We observed a significant reduction in 

plasma S1P levels in ABCA1 HSKO vs. WT mice (0.31 μM vs. 0.63 μM) (Figure 

265 
 



7A). This was associated with a significant reduction (76%) in plasma apoM in 

ABCA1 HSKO vs. WT mice (Figure 7B and 7C) in addition to reduced plasma 

apoA-I levels (Figure 7B). These data suggest that the documented decrease in 

plasma S1P in ABCA1 deficient subjects is predominantly due to absence of 

hepatocyte ABCA1.   
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Discussion 

In this study, we show that plasma HDL sphingolipids were significantly 

reduced in humans with ABCA1 mutations and mice with hepatocyte ABCA1 

deficiency. Similar to ABCA1 deficient humans, mice with hepatocyte ABCA1 

deficiency also had significantly reduced plasma S1P and apoM. The similarity in 

response of plasma sphingolipids to whole body ABCA1 deficiency in humans 

and hepatocyte ABCA1 deficiency in mice suggested that hepatocyte ABCA1 

plays a major role in regulating plasma sphingolipid levels. To explore this 

mechanistically, we examined liver and hepatocyte sphingolipid content and 

synthesis. ABCA1-deficient hepatocytes had reduced secretion (i.e., 

accumulation) of media sphingolipids, but increased de novo sphingolipid 

synthesis and secretion, suggesting that ABCA1 regulates the synthesis of a 

small pool of hepatocyte sphingolipids destined for secretion without affecting the 

bulk cellular sphingolipid pool. These results suggest an intimate association 

between hepatocyte ABCA1 expression and cellular and systemic sphingolipid 

metabolism.   

ABCA1 and Plasma HDL Sphingolipids 

Previous studies in ABCA1-deficienct Tangier disease subjects showed 

reduced plasma and HDL SM concentrations [22, 23]. SM is the major 

sphingolipid in plasma lipoproteins. In agreement with human data, we observed 

a significant reduction in total sphingosine, presumably from SM, in apoB-

depleted plasma from subjects with heterozygous ABCA1 mutations and a 
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further plasma sphingoid base reduction in a patient with compound 

heterozygous ABCA1 mutations. ABCA1 HSKO mice also had significant 

reduction in plasma sphingoid bases vs. WT mice, suggesting that hepatic 

ABCA1 activity is a major contributor in maintaining plasma sphingolipids. The 

reduction in plasma sphingoid bases in ABCA1 deficient humans was less than 

that of ABCA1 HSKO mice, likely due to the abundance of VLDL and LDL in 

human plasma, which contain two-thirds of plasma sphingomyelin [24]. There are 

several likely mechanisms to explain reduced HDL sphingolipids in the absence 

of ABCA1. First, ABCA1 mediates the efflux of SM, PC, and FC to form nascent 

HDLs [25]. Less efflux of SM from ABCA1-deficient hepatocytes could partially 

contribute to reduction in HDL SM. Second, HDL particles are hypercatabolized 

in ABCA1 HSKO mice [15], resulting in less circulating HDL available to mediate 

efflux of SM via ABCG1 or other transporters [26]. Third, phospholipids like SM 

may be transferred from VLDL and LDL to HDL by the activity of phospholipid 

transfer protein (PLTP) [27]. Plasma PLTP activity was reduced ~80% in whole 

body ABCA1 knockout mice [28] and completely eliminated in ABCA1 HSKO 

mice [15], suggesting defective transfer of SM to HDL due to very low levels of 

both PLTP and HDL acceptor particles.  

In hepatocytes from ABCA1 HSKO mice, we observed a modest, but 

significant, reduction in accumulation of media sphingolipids, suggesting a 

reduction in sphingolipid efflux in the absence of ABCA1. However, ABCA1 

deficient hepatocytes have enhanced production of larger VLDL particles [17, 

29], presumably containing more SM, which may counterbalance the decreased 
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efflux of sphingolipids, mostly SM. In contrast to steady-state sphingolipid 

concentrations, we observed enhanced de novo sphingolipid synthesis and 

secretion in ABCA1 HSKO hepatocytes. Although the mechanism for this 

response is unknown, the results suggest that hepatocyte ABCA1 deficiency 

stimulates synthesis and secretion of sphingolipid species to compensate for the 

modest decrease (~23%) in hepatic sphingolipids, likely resulting from decreased 

uptake of SM from plasma lipoproteins due to a major decrease (~82%) in 

plasma sphingolipid concentration. Enhanced VLDL secretion in ABCA1 HSKO 

mice may facilitate secretion of sphingolipids because newly synthesized 

sphingomyelin and ceramide were mostly secreted onto VLDL particles [30].  

Hepatic ABCA1 and Plasma Deoxysphingoid Base 

DSB is a product of SPT activity using alanine and glycine instead of 

serine as substrate [20]. We previously showed that plasma DSB levels were 

elevated in diabetic patients, presumably due to the dysregulated amino acid 

metabolism in diabetes [19]. Whether DSB levels are elevated in mouse models 

with insulin resistance and diabetes is unknown. ABCA1 HSKO mice have 

attenuated PI3 kinase activation in response to acute insulin treatment and after 

fasting-refeeding, suggesting an insulin resistance phenotype [17]. Early-onset 

diabetes is associated with individuals harboring the R230C ABCA1 variant that 

results in diminished ABCA1 activity [31]. However, we did not observe 

elevations in plasma DSB levels in humans with ABCA1 mutations or ABCA1 

HSKO mice. Thus, ABCA1 deficiency does not appear to affect DSB production.  
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Hepatic ABCA1 and S1P 

We previously reported significant reduction in plasma S1P and HDL (i.e., 

apoB-depleted plasma) apoM in humans with heterozygous ABCA1 mutations 

[14]. In agreement with the human data, we also found significant reductions in 

plasma S1P and apoM in ABCA1 HSKO mice, suggesting that hepatocyte 

ABCA1 is a major contributor to plasma and HDL-S1P. ABCA1 was suggested to 

mediate S1P transport from astrocytes [32] and erythrocytes [33], which is the 

major source for plasma S1P [34]. Liver or hepatocytes can also produce plasma 

S1P [35]. Whether hepatocyte ABCA1 is directly involved in S1P transport from 

liver or hepatocytes to plasma is unknown. However, HDL stimulates secretion of 

apoM [36], which is the major carrier for plasma S1P [21]. Thus, plasma HDL 

reduction due to ABCA1 deficiency results in less plasma apoM to transport S1P. 

Regardless, ABCA1 regulation of apoM and S1P merits further investigation 

considering the atheroprotective role of apoM/S1P-containing HDL [37]. 

ABCA1 HSKO mice had attenuated PI3 kinase activation in liver in 

response to insulin, but the mechanism is still unclear [17]. S1P activates PI3 

kinases in liver and hepatocytes [38, 39], suggesting that attenuated PI3 kinase 

activation in ABCA1 HSKO mice may be partially due to reduced plasma and 

HDL-S1P. 

In conclusion, our results demonstrate that hepatocyte ABCA1 is a major 

contributor in maintaining normal plasma sphingolipids, including SM and S1P. 
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Figure 1. Plasma sphingoid base concentrations in humans with ABCA1 

mutations 

One hundred μl of plasma from subjects with heterozygous mutations in ABCA1 

(Het, n=8), their family controls (WT, n=6) and a compound heterozygous subject 

(Com Het, n=1) were subjected to lipid extraction and MS analysis for sphingoid 

bases. (A) C16SO, C17SO, SO, SA, C19SO and (B) C16SA, C17SA, C20SO, C20SA, 

doxSA, doxSO, doxmethSA and doxmethSO were quantified. SO, sphingosine; 

SA, sphinganine; doxSA, deoxysphinganine; doxSO, deoxysphingosine; 

doxmethSA, deoxymethylsphinganine; doxmethSO, deoxymethylsphingosine. 

Data are presented as mean ± SEM. There were no statistically significant 

differences between WT and Het subjects by Student’s t-test.  
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Figure 2. Decreased plasma HDL sphingoid base concentrations in 

subjects with ABCA1 mutations  

ApoB-depleted plasma was prepared as described previously [14]. One hundred 

μl aliquots of apoB-depleted plasma from subjects with heterozygous mutations 

in ABCA1 (Het, n=8), their family controls (WT, n=6), and a compound 

heterozygous subject (Com Het, n=1) were subjected to lipid extraction and MS 

analysis for sphingoid bases. (A) C16SO, C17SO, SO, SA, C19SO and (B) C16SA, 

C17SA, C20SO, C20SA, doxSA, doxSO, doxmethSA and doxmethSO were 

quantified. Data are presented as mean ± SEM.  *p < 0.05 for Het vs. WT 

comparison. 
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Figure 3. Decreased plasma sphingoid base concentrations in ABCA1 

HSKO mice 

WT and ABCA1 HSKO mice were fasted for 4 hour before plasma samples were 

taken. One hundred μl aliquots of mouse plasma were subjected to lipid 

extraction and MS analysis for sphingoid bases. (A) C17SO, C18SO, C18SA and 

C18SAdiene and (B) C16SO, C19SO, C20SO, C20SA and doxSA were quantified. 

Data are presented as mean ± SEM.  *p < 0.05 for WT (n=31) vs. HSKO (n=28) 

comparison. 

 

 

 

 

 

 

 

 

 

 

 

275 
 



 

276 
 



Figure 4. Decreased liver sphingoid base content in ABCA1 HSKO mice 

Liver lysates from WT and ABCA1 HSKO mice containing 80 μg protein were 

subjected to lipid extraction and MS analysis for sphingoid bases. (A) C17SO, 

C18SO, C18SA and C18SAdiene and (B) C16SO, C19SO, C20SO, C20SA and doxSA 

were quantified. Data are presented as mean ± SEM.  *p < 0.05 for WT (n=13) 

vs. HSKO (n=9) comparison. 
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Figure 5. Increased secretion of newly synthesized sphingolipids in ABCA1 

HSKO mouse hepatocytes 

Hepatocytes from WT and ABCA1 HSKO mice were isolated as described 

previously [17], labeled with d3-serine and C13-alanine, and treated with vehicle 

(MeOH) or myriocin for 24 hours. Cells and media were collected and subjected 

to sphingoid base analysis. Cellular protein content was quantified by BCA assay 

for normalization of data. Total cellular (A) and media (B) SA and SO and newly 

synthesized sphingoid bases in cells (C) and media (D) were quantified. n=4 per 

group. Two-way ANOVA and Bonferroni post-hoc test was used for statistical 

analysis. Unlike letters denote statistically significant differences, p<0.05. 
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Figure 6. Increased sphingolipid de novo synthesis but reduced secretion 

of total sphingolipids in hepatocytes from ABCA1 HSKO mice revealed by 

Fumonisin B1 

Hepatocytes from WT and ABCA1 HSKO mice were isolated as described 

previously [17], labeled with d3-serine and C13-alanine, and treated with vehicle 

(EtOH) or Fumonisin B1 (FB1) for 24 hours. Cells and media were collected and 

subjected for sphingoid base analysis. Cellular protein content was quantified by 

BCA assay for normalization. Total cellular (A) and media (B) sphinganine and 

sphingosine and newly synthesized sphingoid bases in cells (C) and media (D) 

were quantified. n=4 per group. Two-way ANOVA and Bonferroni post-hoc test 

was used for statistical analysis. Unlike letters denote statistically significant 

differences, p<0.05. 
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Figure 7. Decreased plasma S1P and apoM in ABCA1 HSKO mice. 

A. Plasma S1P levels were analyzed as described previously [14] for WT (n=26) 

and ABCA1 HSKO (n=21) mice. *, p< 0.05. B. WT and ABCA1 HSKO mouse 

plasma (1 μl) was Western blotted for mouse apoM and apoA-I. C. ApoM band 

intensity was quantified, plotted and analyzed. Data were log transformed and 

analyzed by two-tailed student’s t test. *, p< 0.05.  
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Supplemental Figure 1. Decreased plasma sphingolipid concentrations in 

non-fasted ABCA1 HSKO mice    

Plasma samples were obtained from non-fasting WT and ABCA1 HSKO mice at 

8am. One hundred μl mouse plasma samples were subjected to lipid extraction 

and MS analysis for sphingoid base analysis. (A) C17SO, C18SO, C18SA and 

C18SAdiene  and (B) C16SO, C19SO, C20SO, C20SA and doxSA were quantified. 

Data are presented as mean ± SEM.  *p < 0.05 for WT (n=7) vs. HSKO (n=9) 

comparison. 
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Supplemental Figure 2. Reduced secretion of sphingoid bases from ABCA1 

HSKO mouse hepatocytes 

Hepatocytes from WT and ABCA1 HSKO mice were isolated as described 

previously [17] and treated with vehicle (MeOH) or myriocin for 24 hours. Cells 

and media were collected and subjected to sphingoid base analysis. Cellular 

protein content was quantified by BCA assay for normalization of data. Total 

cellular (A) and media (B) sphingolipid molecular species were quantified. n=4 

per group. Two-way ANOVA and Bonferroni post-hoc test was used for statistical 

analysis. Unlike letters denote statistically significant differences, p<0.05. 
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Supplemental Figure 3. Reduced secretion of sphingoid bases from ABCA1 

HSKO mouse hepatocytes 

Hepatocytes from WT and ABCA1 HSKO mice were isolated as described 

previously [17] and treated with vehicle EtOH or Fumonisin B1 (FB1) for 24 

hours. Cells and media were collected and used for sphingoid base analysis. 

Cellular protein content was quantified by BCA assay for normalization. Cellular 

(A) and media (B) sphingolipid molecular species were quantified. n=4 per group. 

Data are presented as mean ± SEM.  Two-way ANOVA and Bonferroni post-hoc 

test was used for statistical analysis. Unlike letters denote statistically significant 

differences, p<0.05. 
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DISCUSSION 

HDL is anti-atherogenic due to its ability to promote reverse cholesterol 

transport, inhibit inflammation and oxidation, and carry cardioprotective 

molecules [1-3]. HDL quality, instead of HDL cholesterol level, matters more to its 

atheroprotective role [4]. ApoM, a minor apolipoprotein on HDL [5], carries S1P 

[6-8], stimulates preβ HDL formation [9, 10], promotes cholesterol efflux from 

macrophage foam cells [10], and increases the anti-oxidative activity of HDL [11]. 

Previous studies by different groups have not reached consensus on how apoM 

regulates HDL metabolism [9, 10], which we addressed in Chapter II and III in 

addition to its role in sphingolipid metabolism.  

Plasma HDL-C is inversely correlated with TG concentration, the reason 

for the association is not clear. ABCA1 facilitates the formation of nascent HDL 

particles [12, 13]. TD patients with dysfunctional mutations in ABCA1 have near 

absence of plasma HDL and elevated plasma TG [14, 15]. Humans with 

diminished ABCA1 activity due to single nucleotide polymorphisms in the ABCA1 

gene also have elevated plasma TG [16]. ABCA1 HSKO mice have ~20% of 

normal HDL level and elevated plasma TG due to increased secretion of VLDL1 

particles [17, 18]. In Chapter IV, we addressed the mechanism for hepatic 

ABCA1 regulation of VLDL TG secretion, suggesting ABCA1 activity as a 

mechanism for the inverse relationship of plasma HDL and TG concentration. We 

also studied the role of PI3 kinase p110α in VLDL secretion in Chapter V and the 

role of hepatic ABCA1 in HDL sphingolipid metabolism in Chapter VI. 
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Summary of findings 

In Chapter II, we found that: 1) liver-specific human apoM transgenic 

(apoM Tg) mice had larger plasma HDL particles that were enriched with apoM, 

CE, LCAT and S1P; 2) primary hepatocytes from apoM Tg vs. WT mice 

generated larger nascent HDL particles, stimulated sphingolipid synthesis, and 

increased S1P secretion; and 3) chemical inhibition of ceramide synthase in 

hepatocytes stimulated S1P synthesis, but not secretion, suggesting that apoM is 

rate-limiting in export of hepatocyte S1P. Our data suggest that liver-specific 

apoM overexpression generates large nascent and plasma HDL particles that 

preferentially bind apoM and S1P, and stimulates S1P biosynthesis for secretion 

into plasma. The unique apoM/S1P-enriched plasma HDL may serve to deliver 

S1P to extrahepatic tissues for atheroprotection or other as yet unidentified 

functions. Furthermore, apoM is secreted with its retained signal peptide [19, 20]. 

The substitution of glutamine 22 with alanine (Q22A) creates a signal peptidase 

cleavage site in apoM. apoMQ22A is rapidly cleared by kidney due to inability to 

associate with lipoproteins [19]. In Chapter III, we found that overexpression of 

apoMQ22A in ABCA-expressing HEK293 cells and mice did not stimulate larger 

nascent and plasma HDL formation as found with overexpression of apoMWT. 

Although adenoviral overexpression of apoMQ22A in mice resulted in less of an  

increase in plasma S1P compared to overexpression of apoMWT; however, 

overexpression of apoMQ22A in primary hepatocytes resulted in higher stimulation 

on sphingolipid synthesis, mostly from the salvage pathway, for S1P secretion 

compared to overexpression of apoMWT. Ceramide synthase inhibition 
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dramatically stimulated S1P secretion in hepatocytes overexpressing apoMQ22A 

but not apoMWT, agreeing with faster secretory kinetics of apoMQ22A compared to 

apoMWT. These results suggest that the apoM signal peptide or intracellular 

apoM retention is critical in mediating apoM’s role in formation of large nascent 

and plasma HDL and limiting apoM and S1P secretion. This, in turn, may 

regulate the amount of large, apoM/S1P-containing HDLs in plasma.  

In Chapter IV, we found that trafficking of newly synthesized apoB through 

the secretory pathway was delayed in ABCA1-silenced rat hepatoma cells and 

HSKO mouse primary hepatocytes. In addition, we observed slowed trafficking of 

albumin and adenoviral-expressed YFP-GPI. The delayed apoB trafficking 

existed in both ER and Golgi compartments, as revealed by Endo H treatment of 

cellular apoB. These results suggest a novel role for hepatic ABCA1 in 

maintaining secretory vesicle trafficking that may normally limit VLDL particle 

expansion during triglyceride accretion and likely contributes to the inverse 

relationship between plasma HDL and TG concentrations. 

Hepatic ABCA1 deficiency is associated with attenuated PI3 kinase 

activation upon acute insulin treatment. Activation of PI3 kinases by insulin 

inhibits both VLDL apoB and TG secretion [21-25]. Thus, we speculated that 

enhanced VLDL TG secretion in the absence of ABCA1 was due to loss of 

inhibition on VLDL secretion by PI3 kinases. We studied the role of PI3 kinases 

on VLDL secretion using adenoviral overexpression of constitutively active and 

dominant negative p110α in hepatocytes in Chapter V. We found that 

overexpression of p110α stimulated lipogenesis, inhibited VLDL TG secretion, 
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promoted apoB degradation, but did not seem to accelerate apoB trafficking. 

These results suggested that p110α may be responsible for insulin inhibition of 

VLDL TG secretion and promotion of apoB degradation, but not apoB secretion. 

Comparing the mechanisms by which ABCA1 and p110α regulate VLDL apoB 

and TG secretion, we further conclude that ABCA1 regulates VLDL apoB and TG 

secretion differently from PI3 kinase p110α. 

Besides the well-known role of hepatic ABCA1 in cholesterol efflux and 

VLDL secretion, hepatic ABCA1 also regulates sphingolipid metabolism. In 

Chapter VI, we observed a significant reduction in plasma HDL sphingoid base 

content in humans with ABCA1 mutations and in ABCA1 HSKO mice in addition 

to reduced plasma HDL-apoM and S1P, indicating that hepatic ABCA1 

contributes to maintenance of plasma HDL sphingolipids. Hepatocytes from 

ABCA1 HSKO mice had a modest increase in sphingolipid de novo synthesis, 

but reduction in sphingolipid secretion vs. those from WT mice. ABCA1 HSKO 

mice had reductions in liver sphingoid base levels vs. WT mice, likely resulting 

from uptake of less plasma sphingoid bases. Overall, the data in Chapter VI 

suggest an important role for hepatic ABCA1 in maintaining HDL sphingolipids. 
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Metabolism of plasma apoM/S1P-containing HDLs 

Figure 1. ABCA1 
deficiency did not 
decrease secretion of 
apoM and S1P in 
hepatocytes 
A. Primary hepatocytes 
from WT and ABCA1 
HSKO mice were 
isolated and incubated 
with [125I] apoA-I for 24 
hrs before cell lysates 
and media were 
collected and 125I 
radioactivity was 
quantified. B. Fractions 
were pooled as 
indicated and TCA 
precipitated proteins 
were Western blotted for 
mouse apoM. C. 
Equivalent amounts of 
cell lysates were 
Western blotted for 
apoM and GAPDH. D. 
Primary hepatocytes 
were incubated with [3H] 
sphingosine for 10 min 
and then incubated with 

fresh media for 2 hr before media and cells were collected for differential lipid extraction. 
Radioactivity in aqueous and organic phase was acquired by liquid scintillation counting. 
Cellular and media [3H] S1P (E) were calculated, corrected to total radioactivity and 
normalized to cellular PL content. 

Hepatic ABCA1 activity contributes ~80% of plasma HDL-C [26] and 

~50% of HDL-S1P (Chapter VI). Since ABCA1 was also considered as a 

potential S1P transporter in erythrocytes and astrocytes [27, 28], we wondered 

whether hepatic ABCA1 regulated apoM secretion. We isolated primary 

hepatocytes from WT and ABCA1 HSKO mice and incubated cells with [125I] 

apoA-I for 24 hrs to study nascent HDL formation and apoM expression in 

nascent HDL and lipid-free apoA-I fraction. As shown in Figure 1A, hepatocytes 

from ABCA1 HSKO mice failed to generate nascent HDL compared to those from 
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WT mice, as we expected. However, we observed a trend towards increased 

apoM expression in cells (Figure 1C) and media fractions of ABCA1 HSKO 

hepatocytes (Figure 1B), suggesting that hepatocyte ABCA1 deficiency might 

actually increase apoM expression or secretion. Also in WT hepatocytes, we saw 

significant apoM expression in lipid free apoA-I fractions (160-168), suggesting 

that apoM may not associate well with nascent HDL particles, agreeing with our 

previous findings [29]. The fact that we did not detect any lipoprotein-free apoM 

in plasma (Chapter II) indicates that plasma lipoproteins are better for apoM 

binding than nascent HDL. We also observed a considerable increase of apoM in 

nascent HDL fractions and a corresponding decrease in lipid-free apoA-I 

fractions in ABCA1 HSKO hepatocytes (Figure 1B), suggesting that apoM may 

bind to a population of nascent HDLs whose formation is not dependent on 

ABCA1 activity. We also investigated the secretion of S1P in primary 

hepatocytes from WT and ABCA1 HSKO mice by incubating cells with [3H] 

sphingosine supplemented with non-radiolabel sphingosine for 10 min. Cells 

were then incubated in fresh media for 2 h, after which media and cells were 

collected for differential lipid extraction. [3H] S1P in cells and media were 

quantified as described earlier [30], corrected for total radioactivity and 

normalized to cellular PL content. We observed a trend towards increased 

cellular (Figure 2D) and media [3H] S1P in ABCA1 HSKO hepatocytes vs. WT 

(Figure 2E), suggesting that ABCA1 deficiency in hepatocytes does not reduce 

S1P secretion. Collectively, these data suggest that despite the critical role of 

hepatic ABCA1 activity in maintaining plasma HDL, it does not directly affect the 
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secretion of apoM or S1P. More likely the availability of plasma HDL and/or other 

lipoproteins regulate apoM secretion, which we will address later. 

With results in Chapter II, III and VI, and the literature, we proposed a 

working model for the metabolism of apoM/S1P-containing HDL as shown in 

Figure 2.   

Figure 2. Proposed working model for metabolism of apoM/S1P-containing HDL 
① ApoM stimulates S1P production from both de novo sphingolipid synthesis and SM 
taken up from lipoproteins by liver; ② ApoM stimulates larger nascent HDL formation 
with help of ABCA1; ③ apoM is secreted with or without S1P, independent of nascent 
HDL; ④ Nascent HDLs are converted to plasma HDL by LCAT and other proteins and 
enzymes, and larger nascent HDLs generated by LCAT activity mature into larger 
plasma HDL; ⑤ Plasma HDL stimulates apoM secretion and carries apoM and/or S1P 
via its signal peptide; ⑥ apoM-containing HDLs may bind S1P transferred from RBCs or 
endothelial cells; ⑦ ApoM/S1P-containing HDL maintains integrity of endothelium, which 
secretes S1P and also S1P lyase to degrade S1P; ⑧  apoM/S1P-containing HDL 
prevents monocyte adhesion onto endothelium and inflammatory cytokine secretion from 
monocytes; ⑨ apoM-containing HDL may be taken up by liver via both LDLr and SR-BI, 
whereas non-apoM containing HDL is taken up mostly via SR-BI. 
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 After apoM is synthesized in the endoplasmic reticulum (ER), it mediates 

large nascent HDL formation with the help of ABCA1, presumably by stimulating 

transfer of PL and FC available to ABCA1. These large nascent HDLs undergo 

maturation into large plasma HDLs with LCAT esterification of cholesterol and 

with the help of other modifying proteins and enzymes. In addition, apoM 

stimulates synthesis of S1P for secretion by stimulating de novo sphingolipid 

synthesis and the salvage pathway that recycles sphingosine to avoid its 

degradation. Hepatic sphingomyelin can also be supplied by the uptake of 

plasma lipoproteins. Hepatic apoM secretion does not appear to depend on 

ABCA1 activity, so it may be secreted on nascent HDLs or in lipid-free form, 

presumably with or without S1P cargo. However, apoM does appear to readily 

associate with plasma HDL via its signal peptide. The reason for less efficient 

binding of apoM to nascent HDL vs. mature plasma HDL is unclear, but may be 

related to compositional differences in the nascent HDL particle surface that 

preclude efficient signal peptide binding. Besides transporting S1P from 

hepatocytes during secretion, apoM-containing HDLs may also bind S1P 

transferred from erythrocytes and endothelial cells, both of which have a high 

capacity to generate S1P [31, 32]. In the circulation, apoM-containing HDL 

particles maintain endothelial integrity [6, 31] and prevent monocyte adhesion 

onto endothelium and inhibit inflammatory cytokine secretion [33-35], thus 

providing atheroprotective functions. Although the catabolic pathway of apoM 

containing HDL is largely unknown, they may be taken up by liver LDL receptors 

or, more likely, via SR-BI, similar to non-apoM containing HDLs. 
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Figure 3. Overexpression of apoMWT 
vs. apoMQ22A in hepatocytes and mice 
A. Overexpression of apoMWT generates 
large nascent HDLs and stimulates S1P 
secretion. ApoMQ22A did not increase 
nascent HDL size, but facilitates S1P 
secretion more than apoMWT due to 
faster secretory kinetics. B. 
Overexpression of apoMWT, not 

apoMQ22A, stimulates large plasma HDL formation. Despite faster secretion of apoMQ22A 
and S1P compared with apoMWT, inability to associate with HDL leads to faster plasma 
clearance of apoMQ22A/S1P, presumably by the kidney. 

During the formation of apoM/S1P-containing HDL, the signal peptide of 

apoM plays a critical role. As summarized in Figure 3A, apoMQ22A is secreted 

faster than apoMWT, resulting in more apoM and S1P transport out of 

hepatocytes. However, apoMQ22A neither stimulates large nascent HDL formation 

nor associates with nascent HDL particles in contrast to apoMWT [36]. Once 

apoM and S1P are secreted into plasma as shown in Figure 3B, unlike apoMWT 

which associates with large plasma HDL particles and carries S1P in the 

circulation, apoMQ22A does not associate with HDL particles, which leads to rapid 

clearance by kidney, resulting in failure of S1P transport through the circulation. 
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Since apoM is the only carrier for S1P transport out of hepatocytes as far as we 

know, we speculate that the physiological significance of poor secretion 

efficiency of apoM via the retained signal peptide is to limit S1P transport out of 

hepatocytes and perhaps limit the amount of apoM available for binding S1P 

from other sources in plasma besides hepatocytes. The unique function of the 

apoM signal peptide is the mediation of binding to large HDL particles, instead of 

lipoprotein-free S1P, resulting in a functionality distinct pool of plasma S1P [37]. 

The presence of a dedicated hepatic apoM/S1P pathway despite ample cellular 

sources of S1P in the circulation (e.g., RBCs, endothelial cells, platelets) 

suggests an important and unique function for HDL bound apoM/S1P. 

 

 Regulation of plasma apoM by HDL 

Figure 4. Lipoprotein 
cholesterol, apoM and S1P 
in mice with HDL deficiency 
Mouse lipoproteins were 
fractionated by FPLC and 
cholesterol in each fraction 
was measured by enzymatic 
assay and converted to µg 
total cholesterol in each 
fraction. S1P level in pooled 
fractions was analyzed by 
mass spectrometry after lipid 
extraction. Pool fractions 
were Western blotted for 
mouse apoM by anti-mouse 
ApoM antibody (Lifespan 
Bioscience). 

 

ApoM is poorly secretion from primary hepatocytes (Chapter III), HepG2 

cells [20], and apoM-overexpressing HEK293 cells [29]. However, apoM level in 

plasma seems reasonable considering its poor secretion. Plasma HDL stimulates 
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apoM secretion [20], presumably by providing a phospholipid surface for binding. 

To test this idea, we analyzed plasma apoM and S1P in HDL deficient mouse 

models available to us (Figure 4). In Chapter VI, we showed that ABCA1 HSKO 

mice had significantly decreased plasma HDL-S1P and apoM, agreeing with 

previous findings that plasma apoM and S1P levels were decreased in humans 

with diminished expression of APOAI, LCAT or ABCA1 [7]. We also analyzed 

apoM and S1P in mice with deficiency in ApoA-I, ApoE or LCAT compared to 

their WT counterparts. Plasma lipoproteins were fractionated and HDL particles 

were subdivided into large and small HDLs, following methods outlined in 

Chapter II. We then analyzed apoM concentration among lipoprotein fractions by 

Western blot using aliquots of each fraction representing 10 µl or 3.3 µl plasma. 

We also measured cholesterol concentration in each fraction by enzymatic assay 

and S1P by mass spectrometry after lipid extraction. Compared to LDLrKO mice, 

apoA-I KO mice in the LDLrKO background had significantly reduced apoM and 

S1P levels in both large and small HDL in addition to reduced cholesterol. 

Furthermore, apoA-I/LDLrKO KO mice had increased apoM, S1P, and 

cholesterol levels in IDL/LDL. ApoE KO mice had decreased large and small 

HDL-C levels and apoM, but not S1P, and increased VLDL and IDL/LDL-C 

concentration, apoM, and S1P compared to its control. LCAT KO mice in the 

LDLr KO background had dramatically decreased large and small HDL-C, apoM 

and S1P; decreased IDL/LDL cholesterol, apoM, but not S1P; and increased 

VLDL cholesterol, apoM and S1P. Overall, our data suggest HDL, VLDL, and 

LDL all have the ability to transport apoM and S1P, which agrees with previous 
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findings [7]. When lipoprotein cholesterol in these lipoproteins decreases, apoM 

and S1P level in the fraction also decreases, suggesting the availability of 

lipoprotein particles is one factor to limit apoM/S1P-containing lipoproteins. In 

large and small HDLs from apoE KO mice, S1P does not follow the decrease in 

cholesterol and apoM concentrations. This may suggest the critical role of apoE 

in increasing the binding of HDL-apoM to S1P. In support of this concept, apoM 

preferentially associates with larger plasma HDL particles that are also apoE 

enriched. Regardless, in most cases, plasma HDL-apoM levels seem to parallel 

HDL-C levels, suggesting that in HDL deficiency states either less apoM is 

secreted by the liver and/or plasma apoM is catabolized at a higher rate, both 

due to insufficient plasma HDL particles to bind apoM and prevent its premature 

removal by the kidney. However, this explanation does not take into account the 

fact that <5% of plasma HDL particles contain apoM, based on its reported 

plasma concentration [5], so even in HDL deficient states, there should be ample 

plasma HDL to bind apoM. The solution to this apparent paradox will require 

further study. 

 

Connection between Metabolism of Sphingolipids and Cholesterol 

Sphingolipid metabolism is tightly connected to cholesterol metabolism, 

not only because they both are cell membrane structural components, but also 

because sphingolipids regulate cholesterol metabolism [38]. For example, serine 

palmitoyl-CoA transferase long chain subunit SPTLC1 directly interacts with 

ABCA1 and negatively regulates its trafficking and cholesterol efflux [39]. In 
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contrast, ceramide not only upregulates ABCA1 expression and promotes 

ABCA1-dependent cholesterol efflux [40, 41], but also correlates with 

biosynthesis and activation of SREBP [42], presumably regulating cholesterol 

sensing and biosynthesis within cells. Mice deficient in S1P lyase, which have 

increased liver ceramide, sphingomyelin, and S1P, in addition to increased 

plasma S1P, have elevated plasma HDL and VLDL levels and exacerbated 

hepatic steatosis, suggesting that S1P, ceramide and/or other sphingolipid 

mediators modulate in vivo cholesterol and/or triglyceride metabolism [43].  

Our studies in Chapter II and III suggest a role for apoM in regulating both 

cholesterol and sphingolipid metabolism. These two functions of apoM may be 

mechanistically related so that stimulated sphingolipid and S1P synthesis in 

primary hepatocytes and liver by overexpression of apoM modulates cellular 

cholesterol efflux and in vivo HDL metabolism as aforementioned. We speculate 

that apoM regulation of cholesterol metabolism is secondary to its role in 

sphingolipid metabolism. For examples, hepatoma cells deficient in 

dihydroceramide desaturase, the enzyme responsible for ceramide synthesis 

from dihydroceramide, not only decreases cholesterol efflux and increases 

cholesterol influx, but also reduces expression of HNF1α, which is a key 

regulator for apoM expression [44]. Our data in Figure 5 shows that sphingosine 

kinase 2 knockout mice have decreased plasma apoM levels in addition to 

decreased plasma total cholesterol, HDL-C and LDL-C. Note that sphingosine 

kinase 2 is the major sphingosine kinase isoform for S1P production in 

hepatocytes and likely is the major, if not sole, source of hepatocyte S1P since 
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we were unable to detect sphingosine kinase 1 expression in mouse liver or 

hepatocytes (Chapter II). Collectively, our data suggest that fluctuations in 

hepatic S1P levels and other sphingolipid intermediates like sphingosine, 

ceramide and/or sphingomyelin may significantly affect lipoprotein cholesterol 

metabolism.  

Overexpression of apoMQ22A also stimulates sphingolipid synthesis and 

S1P secretion, but does not facilitate large nascent and plasma HDL formation, 

suggesting that apoM association with nascent and/or plasma HDL is critical to 

the regulation of HDL metabolism by apoM. Stated another way, the retained 

signal peptide of apoM is critical for its role in HDL metabolism. This may also 

support a possibility for the role of apoM in HDL cholesterol partially independent 

on its role in sphingolipids metabolism. 

Figure 5. Decreased 
plasma apoM and 
cholesterol in mice with 
deficiency in sphingosine 
kinase 2 
Plasma from sphingosine 
kinase 2 knockout mice 
(MSPK2-/-) was provided by 
Dr. Shaun Coughlin (UCSF). 
(A) Western blot for apoM  
and (B) total plasma 
cholesterol (left panel) and 
lipoprotein cholesterol 
concentration (right panel). 
Mean ± SEM, n=3-5. * 
p<0.05. 

 

Future Directions on ApoM 

Since we speculate that stimulation of hepatocyte sphingolipid and S1P 

synthesis may be necessary for larger nascent and plasma HDL formation in the 
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context of apoM overexpression, we could determine whether long-term inhibition 

of sphingolipid synthesis by myriocin in mice will eliminate the larger HDL 

formation in apoM Tg mice. Other possibilities we have not addressed are: 1) 

enhanced cholesterol efflux from peripheral cells may promote the enlargement 

of apoM-containing plasma HDL particles and 2) slower catabolism of apoM-

containing HDLs may contribute to accumulation of larger, CE-enriched plasma 

HDL in apoM Tg mice. 

In Chapter II, we saw that apoM Tg mice had comparable in vivo 

macrophage RCT capacity compared to WT mice, despite the fact that apoM Tg 

mice had larger HDL particles which should be better vehicles for delivery of 

cholesterol from extrahepatic tissues to the liver for RCT. Our results also agree 

with a recently published study on macrophage RCT using other apoM 

transgenic and knockout mouse lines [45]. We speculate that the ability to carry 

S1P to peripheral tissues contributes to the atheroprotective role of apoM 

because HDL-S1P is partially responsible for the atheroprotective role of HDL 

[46]. However, we have not tested atheroscleroprotective functions of apoM/S1P-

containing HDLs.  

Firstly, S1P itself were shown to be responsible for maintaining endothelial 

integrity using apoM knockout mice [6], Sphk1 and SphK2 double knockout mice 

[47]. These mice all have significantly reduced plasma S1P compared to their 

controls. Whether 5-fold increase in plasma S1P levels will further stimulate 

endothelial integrity is still unknown but remains critical as to understanding the 

atheroprotective mechanism achieved by overexpression of apoM. ApoM 
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transgenic mice generated by Dälback’s group had 2.7-fold increase in plasma 

S1P but did not further prevent endothelial leakage compared to WT mice [6], 

suggesting that at basal conditions, increased plasma S1P may not benefit 

endothelial integrity. However, elevated HDL-S1P may be beneficial during 

disease conditions in which endothelial integrity is damaged. We may test this 

hypothesis in a model using LPS-induced lung inflammation and permeability 

reported earlier [48] in our WT and apoM Tg mice.  

Secondly, due to no available studies on physiological changes when 

plasma S1P is increased ~5-fold, we speculate that apoM Tg mice may have 

defective lymphocyte trafficking, similar to mice treated with S1P receptor 

agonist. S1P has its gradient of concentration (Blood>lymph>tissue) and this 

gradient is critical for lymphocyte trafficking mediated via S1P1R. S1P1R agonist 

binds and activates S1P1R temporarily, but further induces internationalization of 

the receptor to decrease its surface expression, either stimulating connections 

between endothelial cells to avoid lymphocytes traffic from thymus medulla to 

plasma, or causing lymphocytes themselves to fail to respond to high S1P levels 

in plasma and lymph which leads to accumulation of lymphocytes in thymus and 

lymph nodes and reduced lymphocyte numbers in blood, so called lymphopenia. 

If increased HDL-S1P is similar to the scenario using S1P1R agonist, we expect 

to see similar lymphopenia phenotype in our apoM Tg mice by analyzing the 

number of lymphocytes in blood, thymus and lymph node. 

Furthermore, S1P not only regulates endothelial integrity and lymphocyte 

trafficking, but also regulates monocyte and macrophages activation and function 
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which are closely related to development of atherosclerosis. S1P analogue 

FTY720 modulates 4 of 5 S1P receptors were suggested to be atheroprotective 

in some studies without affecting plasma lipids [49, 50], but not in other studies 

[51]. Recent study showed that S1P1R agonist KRP-203 ameliorated 

atherosclerosis in LDLr-/- mice. KRP-203 treated mice not only had lymphopenia 

and reduce in total and activated T cells, but also reduction in plasma cytokines 

and chemokines (TNFα, MCP-1 and IL6) in addition to reduced inflammatory 

responses in isolated bone marrow macrophages [52]. We speculate that 

increased plasma HDL-S1P in apoM Tg mice will induce similar changes in 

plasma and macrophage cytokine expression, especially after LPS injection.  

ABCA1 and secretory protein trafficking 

In Chapter IV, we suggested a novel role for hepatic ABCA1 in 

maintaining secretory protein trafficking, which may limit VLDL particle expansion 

during TG acquisition. This agrees with previous findings on defective trafficking 

in fibroblasts and macrophages from Tangier disease patients [53-56], but this is 

the first evidence to suggest defective trafficking as a potential mechanism for 

regulation on VLDL TG secretion by ABCA1. The mechanism for defective 

trafficking in the absence of ABCA1 is still unknown. There are several 

possibilities for this regulation. 

Firstly, changes on PL can contribute to defective trafficking and elevated 

VLDL TG secretion. PL not only provides lipid substrates for TG synthesis, but 

also serves as major VLDL surface lipid phosphatidylcholine (PC) [57]. PC can 

be synthesized directly via CDP-choline pathway or by methylation of 
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phosphatidylethanolamine via the activity of phosphatidylethanolamine n-

methyltransferase. Increased PC/PE ratio during obesity may reduce calcium 

transport activity in ER by reducing sarcoplasmic/endoplasmic reticulum calcium 

ATPase SERCA expression and this leads to exacerbated uncoupled protein 

responses and ER stress [58]. Calcium concentration in ER affects protein 

secretory trafficking evidenced by that treating HepG2 cells with calcium 

ionophore leads to accumulation of secretory proteins in ER [59]. We speculate 

that slowed protein trafficking in the absence of ABCA1 is likely due to increase 

in the ratio of PC to PE in ABCA1 deficient hepatocytes or liver because ABCA1 

mainly effluxes PC and SM in addition to cholesterol for nascent HDL formation 

[13]. 

Secondly, ABCA1 deficiency in hepatocytes is correlated with attenuated 

PI3 kinase activation upon acute insulin treatment and during fasting and 

refeeding procedure. PI3 kinases and their substrates are involved in the 

regulation of both vesicular trafficking and VLDL secretion. We speculated that 

delayed trafficking in the absence of hepatocyte ABCA1 was due to attenuated 

PI3 kinase activation. In Chapter V, we found that the overexpression of a key 

PI3 kinase downstream of insulin signaling, p110α, inhibited VLDL TG secretion 

and promoted apoB degradation, but did not seem to affect overall apoB mass 

secretion. Although unexpectedly the activation of p110α dramatically stimulated 

apoB synthesis which was not reported during insulin treatment [60], activation of 

p110α did not seem to accelerate the rate of apoB trafficking, suggesting that 

ABCA1 modulates vesicular trafficking independent of p110α. Furthermore, in 
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Figure 6, we tested the trafficking of YFP-GPI in hepatocytes overexpressing 

constitutively active and dominant negative p110α following similar experimental 

procedure in Chapter V. We observed that activation and inhibition of p110α 

caused a significant decrease and a trend to increase in plasma membrane YFP-

GPI after release of its secretion following the temperature block respectively. 

Although p110α may regulate vesicular trafficking in a complex manner, the 

inhibition of p110α and the absence of ABCA1 which both upregulated VLDL TG 

secretion seemed to have opposite regulation on trafficking of YFP-GPI, further 

suggesting that ABCA1 regulates vesicular trafficking and VLDL secretion 

independent of p110α. Considering the complexity of PI3 kinases members 

discussed in Chapter I, we cannot exclude the possibility that ABCA1 regulates 

apoB trafficking via other PI3 kinases. Class II PI3 kinase PI3Kγ2 [61] or class III 

PI3 kinase Vpas34 [24] was suggested indispensible for insulin inhibition on 

apoB secretion. Another evidence supporting this possibility is that 

phosphorylation of Akt, which is a downstream target of PI3 kinases, may 

phosphorylate COPII proteins which VLDL secretion depends on [62] and 

regulate ER-Golgi traffic [63].  

Figure 6. Trafficking of YFP-GPI in hepatocytes 
overexpressed with p110αCA and p110αDN. 
Primary hepatocytes isolated from WT mice were 
infected with adenovirus expressing LacZ, p110αCA 
and p110αDN (MOI 75) for 24 h, respectively, and 
adenovirus expressing YFP-GPI (MOI 75) for 16 h 
before cells were incubated in 19.5˚C for 2h with 
cycloheximide added during last 30 minutes and cells 
were then warmed to 37˚C for 30 min before treated 
with PI-PLC in 19.5˚C for 2h. Cell lysates and media 
were collected and fluorescent intensity were measured 

by spectrometry and the ratio of membrane fluorescent intensity to cellular fluorescent 
intensity were calculated in each group. One-way ANOVA was used for statistics. n=3 in 
each group. Different letters represents significant difference. 
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Furthermore, increased cellular cholesterol level due to inability to be 

effluxed in the absence of ABCA1 may contribute to the defective trafficking. In 

hepatocytes isolated from ABCA1 whole body knockout mice, increased VLDL 

secretion was suggested driven by elevated cellular cholesterol [64]. Secretory 

membrane proteins vesicular stomatitis virus glycoprotein and scavenger 

receptor A fail to efficiently transport from ER during cholesterol depletion by 

statin [65] or cyclodextrin [66], which is correlated with a severe loss of lateral 

mobility on the ER membrane [65]. Although we did not detect significant 

changes in cholesterol content in ABCA1 HSKO liver or ABCA1-siRNA treated 

hepatoma cells, we cannot exclude the possibility about dysregulation on 

compartmentalized cholesterol in ABCA1 HSKO liver or hepatocytes. 

Lastly, ceramide produced from S1P by S1P phosphorylase in ER 

regulates ER-to-Golgi trafficking of ceramide and proteins [67]. From the limited 

data we have so far in Chapter VI, we speculate a modest increase in 

sphingolipid de novo synthesis in hepatocytes lacking ABCA1. Although we only 

tested sphingoid bases but not concentrations of specific sphingolipids like 

ceramide, we expect an increase in ceramides in ABCA1 deficient hepatocytes 

which may be partially responsible for delayed trafficking in ER-to-Golgi. 

 

Hepatic ABCA1 and insulin resistance 

Hepatic ABCA1 is associated with attenuated PI3 kinase activation upon 

acute insulin treatment or after fasting-refeeding procedure [17, 18]. In humans, 

variations in ABCA1 gene are associated with altered insulin sensitivity [68, 69]. 
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However, the degree of contributions from hepatic ABCA1 contributes to 

systemic insulin resistance is still unclear and furthermore the mechanism for 

attenuated PI3 kinase activation in liver and hepatocytes lacking ABCA1 is 

uncertain and the possibilities are discussed below. 

Firstly, concentration of cholesterol in lipid raft alters signaling transduction 

in different cell types [70, 71]. As we previously stated, ABCA1 deficient 

hepatocytes may have altered compartmentalized cholesterol concentrations, 

which could be one potential mechanism for alleviate insulin signaling in the 

absence of ABCA1. Furthermore, another lipid raft component, sphingomyelin, 

also regulates signal transduction. Reduced membrane sphingomyelin content 

alleviates TLR4-induced NF-κB activation in macrophages [72] and improves 

insulin signaling [73]. As ABCA1 HSKO hepatocytes seem to have elevated 

sphingoid base synthesis, considering that sphingomyelin is the major 

sphingolipid, we speculate that an increase in membrane sphingomyelin 

concentration in the absence of ABCA1 may also partially dampen insulin 

signaling in hepatocytes. 

Lastly, S1P was suggested to induce PI3 kinase activation in liver and 

hepatocytes [74, 75]. As we saw ~50% decrease in plasma S1P in ABCA1 

HSKO mice in Chapter VI, we speculate that attenuated PI3 kinase activation in 

the absence of ABCA1 may be partially ascribed to reduced plasma S1P level. 

Whether HDL-S1P itself regulates insulin resistance in mice is still unclear. To 

address this, we may study the development of insulin resistance in apoM Tg 
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mice which have elevated plasma S1P. We speculate that apoM Tg mice are 

protected from high fat diet-induced insulin resistance. 

 

Conclusion and Significance 

We have demonstrated the process of unique apoM/S1P-containing HDL 

formation and also addressed the roles of ABCA1 in secretory protein trafficking, 

VLDL TG secretion and HDL sphingolipids, adding more knowledge to the well-

accepted role of ABCA1 in cholesterol efflux. These results have broaden our 

knowledge on the roles of hepatic apoM and ABCA1 in lipid metabolism. 
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