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2004-2009 
 

 

Cholesterol is one of the most thoroughly researched organic molecules, however 

emerging information is regularly added to the literature about the function of cholesterol 

in biological systems.  Elevated plasma cholesterol and particularly cholesterol on the 

low-density lipoprotein (LDL) has been directly correlated with risk for development of 

atherosclerosis, the disease process that can lead to many of the complications associated 

with heart disease.  Acyl-CoA:Cholesterol Acyl Transferase isoform 2 (ACAT2) is an 

enzyme that has been implicated in the development and progression of atherosclerosis 

and is a target for pharmacological intervention.  This dissertation describes a role for 

ACAT2 and the hepatic ACAT2-derived cholesteryl esters (CE) in hepatic triglyceride 

metabolism.  Data are presented which indicate that CE can limit the mobilization of 

triglyceride from the liver and lead to hepatic steatosis associated with non-alcoholic fatty 

liver disease (NAFLD). 

Adenosine triphosphate (ATP) Binding Cassette transporters G5 and G8 

(ABCG5/G8 or G5G8) form an apical membrane obligate heterodimeric protein complex 

that transports intracellular free sterols to bile or the intestinal lumen.  Data are presented 

to show that transgenic over-expression of G5G8 does not affect the NAFLD phenotype 



 xi 

in ACAT2 modified mice. Disruption of G5G8 in mice replicates the rare autosomal 

recessive human disease β-sitosterolemia, which is identified by high retention of 

dietary plant sterols (phytosterols). Further, data are presented that indicate that ACAT2 

does not efficiently esterify plant sterols in vivo.  In collaborative studies, we also showed 

that mice that retain phytosterols  (G5G8-/-) do not have altered bile acid composition, 

compared to animals that readily excrete these non-absorbable sterols.   

Consistent with theβ-sitosterolemia phenotype, mice lacking G5G8 retained high 

concentrations of phytosterol after dietary challenge with phytosterol, displayed lipid 

metabolic disturbances, and cytotoxicity in several organs.  We observed that mice 

lacking G5G8 developed altered lipoprotein profiles including an apolipoprotein E-rich 

lipoprotein (ERL), hepatosplenomegaly, hemolytic anemia, and myocardial infarction in 

response to high dietary phytosterol retention.  

Our results show that ACAT2 and G5G8 have contrasting roles in modulating 

free sterol metabolism, suggesting a critical role for hepatic expression of these proteins 

in the development or prevention (respectively) of whole-body lipid homeostatic 

diseases.   
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STEROL CLASSES 

Roles of Sterols in Biological Systems 

 Sterols are a class of organic molecules with a basic steroid nucleus of 4-ring 

carbon (cyclopentanoperhydrophenanthrene) structure; the four rings are designated A, 

B, C, and D.  Sterols contain a hydroxyl (-OH) group bonded to Carbon-3 in ring A and a 

branched carbon chain bonded to Carbon-17 in ring D.  Cholesterol, the main mammalian 

sterol, has a saturated hydrocarbon chain.  Phytosterols are the main plant sterols 

(campesterol, sitosterol, and stigmasterol) and vary from cholesterol by addition of a 

methyl-, ethyl-, or desaturation of the side chain (Figure 1).   

Sterols have long been recognized to play a role in biological systems. As will 

further be explored in greater detail, elevated plasma cholesterol levels in mammals is a 

recognized risk factor for the development of coronary artery disease and 

atherosclerosis1, 2. Cholesterol is a necessary component of mammalian membranes and 

modifies membrane fluidity, as does changes in fatty acid composition.  The hydroxyl 

group of the cholesterol molecule interacts with the polar head of the membrane 

phospholipids, whereas the hydrocarbon tail and planar ring of the cholesterol molecule 

are embedded within the non-polar portion of the lipid bilayer and interacts with the 

phospholipids tails3.  Phytosterols (plant sterol molecules) are a structural component of 

plant membranes.  Ergosterol and brassicasterol are the sterols found in fungi and algae, 

respectively.  These non-cholesterol sterols function similarly to cholesterol as they are 

often a structural component in the membranes of their specific organisms.  

In mammals, sterols and their precursors can function in cellular signaling and 

protein modification.  In an elaborate pathway of feedback regulation, cholesterol is able 
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to regulate its own biosynthesis.  As well reviewed, the amount of membrane cholesterol 

in a cell can upregulate or downregulate de novo cholesterol synthesis from Acetyl-CoA4.  

The rate-limiting enzyme in cholesterol biosynthesis is 3-hydroxy-3-methylglutaryl 

coenzyme A reductase (HMGCR) which produces mevalonate.  HMGCR contains a 

sterol sensing domain (SSD) to regulate protein stability.  When cholesterol is abundant 

within the membrane, the HMGCR protein is degraded and further cholesterol synthesis 

is prevented5, 6.  Conversely, when cholesterol is limited within the cell, the SSD of a 

protein called SCAP (sterol regulatory element-binding protein-1c (SREBP-1c) cleavage-

activating protein) initiates the processing and translocation of SREBP to the nucleus and 

the transcription and translation of genes involved in cholesterol biosynthesis is 

upregulated7, 8.   

In a similar pathway, sterol loading within a cell can regulate its removal from the 

cell.  Some oxysterol derivatives of cholesterol are effective ligands for the Liver X 

Receptors (LXR) isoforms.  LXRs are transcription factors that can regulate transcription 

of genes involved in cholesterol synthesis, sterol absorption from the intestinal lumen, 

reverse cholesterol transport, and synthesis of bile acids.  The products of LXR-mediated 

transcription provide mechanisms to limit intracellular cholesterol accumulation9.  

Cholesterol biosynthesis is a multi-step pathway.  In the steps following HMGCR 

and mevalonate production, there are many precursor molecules of cholesterol that can 

regulate the synthesis, function, and localization of proteins.  Isopentenyl-pyro-phosphate 

(-PP) is a five-carbon intermediate in cholesterol synthesis and is required for the 

synthesis of selenocysteine-transfer ribonucleic acids (Sec-tRNA)10.  Inhibition of de 



 4 

novo cholesterol synthesis can lower the availability of these 5-carbon units for 

selenoprotein synthesis10.   

Downstream from isopentyl-PP synthesis in the cholesterol biosynthetic pathway 

is the formation of farnesyl-PP.  Farnesyl-PP is used in protein prenylation (addition of a 

farnesyl- or geranylgeranyl- moiety) for protein targeting to membranes.  Interestingly, 

geranylgeranyl-PP can negatively regulate the transcriptional activity of LXR, by 

interfering with the interaction of LXR and transcriptional cofactors9, 11, 12.  As 

biosynthesis of cholesterol is a multi-step, energy-consumptive process and because LXR 

is primarily involved in the transcription and translation of proteins that regulate 

intracellular cholesterol levels, inhibition of LXR activity by elevated concentration of 

geranylgeranyl-PP serves to retain newly synthesized cholesterol within the cell.  

 

Cholesterol as a Precursor in Hormone and Bile Acid synthesis 

 Cholesterol biosynthesis is an irreversible process, in that the final molecule 

cannot be metabolized into its precursors.  Excess cholesterol can be oxidized as a ligand 

for LXR-dependent transcription.  Regulation of excess cholesterol can also act as a 

precursor compound in the synthesis of bile acids and steroid hormones.  Cholesterol is a 

hydrophobic molecule and mammals have developed a mechanism to remove excess 

cholesterol by catabolizing it into an amphipathic detergent molecule through one of two 

bile acid synthesis pathways (classical and acidic).  Bile acid synthesis involves a series 

of enzymatic steps of hydroxylation and oxidation that leaves the 4-ring structure intact 

but more hydrophilic.  One of the major enzymes involved in rodent bile acid synthesis 

through the classical bile acid synthetic pathway is Cholesterol 7α-hydroxylase 
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(Cyp7A1).  Cyp7A1 transcription is regulated by LXR.  This mechanism represents one 

of the compensatory mechanisms to clear excess cholesterol from the body13.   

Cholesterol is also an important precursor molecule in the multi-step process of 

steroid hormone biosynthesis.  Cholesterol is catabolized to pregnenolone in the 

mitochondria by cleavage of the hydrocarbon side chain of a molecule of cholesterol by a 

protein in the cytochrome P450 family of enzymes, isoform 11A1 (Cyp11A1 or 

P450scc)14.  Pregnenolone is converted to progesterone, and through a series of 

enzymatic reactions, progesterone is metabolized into cortisol (in the adrenal), 

aldosterone, testosterone, and estradiol.  In addition to hormone biosynthesis, cholesterol 

is also the precursor molecule for the formation of vitamin D.  The conversion process is 

dependent on ultraviolet (UV) light3.  In the synthesis of bile acids, steroid hormones, and 

some vitamins, cholesterol is the precursor molecule and essential for several mammalian 

life processes. 

 

Phylogenetic need for sterols 

 As sterols are an integral factor in eukaryotic membrane fluidity, there is a need 

for organisms in this kingdom to synthesize or consume sterols.   Prokaryotes lack 

membrane sterols and the enzymes required for de novo sterol synthesis15, 16; instead 

bacterial membrane-fluidity is controlled by the fatty acid composition of the lipid 

bilayer17, 18.  There are several eukaryotes that are sterol auxotrophs.  Fruit flies 

(Drosophila melanogaster), roundworms (Caenorhabditis elegans), and mosquitoes 

(several species) are eukaryotes that have a biological need for sterols, but are unable to 

synthesize them19-22.  Flies are able to metabolize phytosterols to cholesterol by 
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dealkylation of the sterol side chain.  The resultant cholesterol molecule is a precursor 

required for insect steroid synthesis23.  Similar to flies, worms have a biological 

requirement for cholesterol.  In worms, the primary need for cholesterol is as the 

precursor of steroid synthesis and reproduction, more than a structural component of 

membranes24. Sterols have also been shown to be critical for the development of several 

species of mosquitoes (Aedes, Culex, and Anopheles)25, 26.  Specific inhibition of 

mosquito sterol carrier protein-2 (SCP-2) has been demonstrated to have effective 

larvicidal activity by disrupting the development of larvae into adult mosquitoes.  

Inhibition of SCP-2 interrupts cholesterol absorption from a blood meal25. Targeting of 

sterol transport in mosquito could therefore be a target for prevention of some mosquito-

borne parasitic diseases, as it would block larval development and prevent parasitic 

transmission. 

 Whereas some eukaryotes have an auxotrophic sterol requirement for proper 

hormone synthesis and development, the sterol biological usage of cholesterol 

autotrophic eukaryotes is broader.  The budding yeast Saccromyces cerevisiae has a 

pathway similar to mammalian cholesterol synthesis where farnesyl-PP is a precursor for 

the synthesis of ergosterol.  Several of the genes in the pathway of yeast ergosterol 

synthesis (ERG9p, ERG1p, and ERG7p) are homologous to mammalian genes for 

cholesterol synthesis (squalene synthase, squalene epoxidase, and lanosterol synthase, 

respectively)19.  Ergosterol is also sensitive to UV irradiation modification to vitamin D27 

and is thought to be the binding target through which the anti-fungal drug amphotericin B 

is able to function28.  By binding the sterols within the yeast cell membrane, amphotericin 

B is able to from pores in the membrane and cause the cytostol to leak, killing the yeast.  
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Thus in yeast, there is an absolute biological need for sterols to maintain membrane 

integrity. 

In several eukaryotes, it is clear that the role of sterols in maintenance of 

membrane structural integrity is equally important to the roles of sterols in steroid 

synthesis and signaling.  Several of the enzymes of de novo cholesterol synthesis and 

cholesterol modification are localized to the membrane of the endoplasmic reticulum 

(ER)29, an organelle which has lower cholesterol content compared to other organelles 

and the plasma membrane30.  Intracellular cholesterol trafficking can modulate 

cholesterol homeostasis between organelles and the plasma membrane.  The vast majority 

of total cellular cholesterol is found in the plasma membrane (65-80%), whereas 2% or 

less of the total cellular cholesterol is in the ER membrane29, 31.  It has, however, been 

shown that small fluctuations in plasma membrane cholesterol content are reflected in 

substantial changes in ER membrane cholesterol content32, a mechanism which could 

function in both limiting free cholesterol content in the cell and by regulating the energy 

consumptive process of de novo cholesterol synthesis.   

Cholesterol content can also vary within a membrane.  In highly ordered, 

detergent-insoluble regions called “lipid rafts,” there is an accumulation of cholesterol 

and sphingolipids. It is in this membrane microenvironment that many 

glycosylphosphatidylinositol (GPI) anchored proteins are compartmentalized and cellular 

signaling can occur33, 34.  Cholesterol and sphingolipid microenvironments provide the 

structural integrity requirement of lipid rafts for signaling through protein-protein 

interactions.  Poorly formed lipid rafts due to cellular cholesterol insufficiencies can lead 

to errant cellular signaling, as can be seen in some disorders of the nervous system34.   
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Cellular cholesterol insufficiencies are not often the result of inadequate dietary 

consumption, as mammals have the capacity to synthesize necessary cholesterol.  A 

genetic recessive syndrome that causes incomplete cholesterol biosynthesis is Smith-

Lemli-Opitz Syndrome (SLOS); this syndrome is caused by a disruption in the activity of 

7-dehydrocholesterol reductase (DHCR7), which catalyzes the final step in the multi-step 

pathway of cholesterol synthesis: reduction of 7-dehydrocholesterol to cholesterol.  7-

dehydrocholesterol has been determined to be compatible in the formation of lipid rafts, 

however the protein composition in lipid rafts isolated from the brain of a rat model for 

SLOS had distinct differences in protein expression (3-5-fold differences in expression of 

some raft-specific proteins) compared to control animals35.  There is a continuum of 

effects that SLOS can cause, including mental retardation, developmental delay, 

behavioral problems, and microcephaly. Effects of SLOS can be embryonic lethal or 

manageable when diagnosed postnatally; treatment can involve dietary supplementation 

with cholesterol36.  In addition to SLOS, several disorders of the nervous system have 

been attributed to inadequate control of cholesterol biosynthesis and homeostasis, 

including Niemann-Pick disease, Type CI (NPC1) disease, Alzheimer’s disease, and 

Huntington’s disease30.  The sterol effects of these diseases demonstrate an absolute 

biological requirement for cholesterol in mammals. 
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Phytosterols- Sterols with effects in plants and animals 

As indicated in Figure 1, there are small but significant differences in the structure 

of the sterols synthesized in yeast (ergosterol), plants (campesterol, sitosterol, and 

stigmasterol), and mammals (cholesterol). As indicated above, in patients with SLOS, 

very small differences in chemical structure of sterols can have very dramatic 

consequences on cellular function.  Phytosterols are the structural component of plant 

membranes, as cholesterol is in mammalian membranes.  The de novo synthesis of 

phytosterols involves mevalonate and squalene intermediates, similar to de novo 

cholesterol synthesis37, but enzymes within each organism produce different end products 

with subtle differences in the side chain.  

As was first noted in the early 1900s during studies of cabbage feeding and 

rabbits, (1) phytosterols are enriched in the oil-rich seeds of plants compared to the “grass 

fruits” and “vegetative organs” and (2) phytosterols consumed by mammals are unaltered 

in the feces without appearance in blood38.  With the exception of the female wistar rat, 

mammals are not readily able to metabolize phytosterols into bile acids39-41, therefore 

phytosterols which are absorbed into the body must be secreted into bile directly as free 

phytosterol. Phytosterols can compete with cholesterol for absorption by the intestine, 

and so increased dietary phytosterols are thought to lower plasma cholesterol on the low 

density lipoprotein (LDL), presumably by effects on cholesterol absorption.  As such, 

phytosterols were presumably first implied to have therapeutic value in the absorption of 

cholesterol in mammals in the 1950s42, 43. Phytosterols have been employed as a 

nutraceutical food additive for reduction in the plasma cholesterol concentration of low-
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density lipoprotein (LDL-C)44.  The effects of phytosterol supplementation will be 

discussed in more detail.   

 

STEROLS IN THE DEVELOPMENT OF HUMAN DISEASE 

Cholesterol in atherosclerosis 

 Atherosclerosis is a progressive cardiovascular disease (CVD) process wherein 

excess plasma cholesterol from low-density lipoproteins (LDL) is deposited in the 

luminal surface of artery walls.  Several years of cholesterol deposition can lead to plaque 

formation, inflammation, stenosis, and constricted blood flow through the vessel.  An 

unstable or “vulnerable” plaque can rupture, leading to thrombosis, infarction, and death.  

According to the United States Centers for Disease Control and Prevention (CDC), CVD 

is the leading cause of death annually in America.   

In an on-going large-scale population study that originated in 1948, participating 

residents of Framingham, Massachusetts were assessed for several health variables (diet, 

family history, weight, smoking history, exercise, etc.) and correlations to risk of 

development of CVD were made during the Framingham Heart Study (FHS).  In the 

nearly 2000 articles that have been published to date on this study, several of the key 

factors of the effects of cholesterol on risk of atherosclerosis have been addressed.  One 

of the major risk factors for development of CVD and atherosclerosis is 

hypercholesterolemia (high levels of total plasma cholesterol)1, 2.  In the FHS, one of the 

most substantial findings showed that risk involved both the total plasma concentration of 

cholesterol and the lipoprotein cholesterol distribution. It was shown that the ratios of the 

concentrations of plasma high-density lipoprotein cholesterol (HDL-C or “good” 
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cholesterol) and LDL-C (“bad” cholesterol) are important for determining risk of 

atherosclerosis development, in addition to total plasma cholesterol concentration45, 46.  

Even if under 200mg/dL total plasma cholesterol, high levels of plasma LDL-C and low 

levels of plasma HDL-C would be considered a high risk profile for development of 

CVD47-49.   

It has been previously shown that there can be a direct correlation between 

elevated plasma LDL-C and dietary cholesterol consumption in the general human 

population, with exceptions for hyper- and hypo-responders and those with genetic 

predispositions to chronically elevated plasma cholesterol levels50, 51. According to the 

current guidelines issued by the United States Department of Agriculture (USDA) and the 

Food and Drug Administration (FDA), a typical daily diet containing 2000 kilocalories 

(Cal) should contain less than 300mg of cholesterol (0.07% w/w) and 20g of saturated 

fat.  Diets rich in saturated fats, particularly in combination with elevated cholesterol, 

have also been shown to increase risk for CVD by elevating total plasma cholesterol 

concentration in humans, non-human primates, and rodents51-56.  In addition to limiting 

dietary cholesterol consumption, there are also pharmaceuticals available that work in 

some patients to limit the amount of cholesterol in the body.  One class of pharmaceutical 

is the statin, these drugs inhibit HMGCR activity to reduce de novo cholesterol synthesis. 

Another cholesterol-limiting drug is ezetimibe (EZE).  EZE inhibits the absorption of 

cholesterol through a protein called Niemann-Pick disease, type C1-like 1 (NPC1L1) in 

intestines and limits the re-absorption of cholesterol from bile at the canilicular surface of 

hepatocytes57.   
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A brief description of the transit itinerary of dietary cholesterol through the 

mammalian body is as follows: (1) absorption through the lumen of the intestine via 

NPC1L1 and packaging onto the surface (free cholesterol) or the core (esterified 

cholesterol) of chylomicrons, (2) transit through the lymphatic system to peripheral 

tissues, (3) chylomicron remnant uptake by the liver, (4a) storage or repackaging by the 

liver onto very low density lipoprotein (VLDL) particles or (4b) bile acid or hormone 

synthesis and removal from the whole body cholesterol pool or (4c) direct secretion of 

free sterols into bile, (5) deposition of cholesterol into blood vessel walls from LDL, (6a) 

formation of an atherosclerotic lesion or (6b) reverse cholesterol transport back to the 

liver as HDL-C and (4b/c).  To elaborate, it is advantageous to keep LDL-C levels 

relatively low, as these are the particles that deposit cholesterol into atherosclerotic 

plaques and HDL-C levels relatively high, as these are lipoprotein particles that return 

cholesterol to the liver for removal from the whole body cholesterol pool.  Many of the 

intricacies of the mechanisms and regulation of these processes will be covered in much 

greater detail in the following pages.   

 

A role for Phytosterols in β-Sitosterolemia 

 The rare autosomal recessive disease β-sitosterolemia is another example of a 

disease where accumulation of sterols leads to a disease process.  As discussed above, 

hypercholesterolemia leads to atherosclerosis, whereas in β-sitosterolemia, there is 

increased absorption and decreased biliary secretion of sterols.  In this case, however, one 

of the hallmarks of β-sitosterolemia is an abundance of tissue phytosterol (campesterol, 

sitosterol, and stigmasterol in Figure 1), a symptom that is not generally seen in familial 
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hypercholesterolemia (FH). β-sitosterolemia was first described in 1974 in two sisters 

who presented with extensive tendon xanthomas (deposition of sterols in tendons), but 

their plasma cholesterol levels were considered normal58.  These sisters were reported to 

have elevated intestinal absorption of phytosterols and tissue phytosterol content, a 

phenomenon unseen in the general population.  As more patients were identified with this 

disease, it was shown that β-sitosterolemic individuals also have an increased risk for 

development of premature coronoary atherosclerosis59 and may be susceptible to 

erythrocyte and platelet abnormalities60.  It was later discovered that the accumulation of 

phytosterols and the genetic cause of the disease was due to homozygous recessive 

mutations in either of the half transporters of the heterodimeric partner Adenosine 

triphosphate (ATP) Binding Cassette transporter family G5 and G8 (ABCG5/G8 or 

G5G8)61, 62.  

 When the mouse homologues to G5G8 were identified, a murine model of β-

sitosterolemia was made63.  These mice displayed several of the disease characteristics 

that were seen in the human patients, including: decreased biliary sterol secretion, 

hyperabsorption of dietary cholesterol and phytosterol, and hepatic sterol accumulation 

when fed a high cholesterol diet.  A rat model of β-sitosterolemia was later discovered 

when it was shown that there were spontaneous mutations in ABCG5 in three strains of 

laboratory rat (WKY inbred, SHR, and SHRSP rat strains)64.   

 The lipid homeostatic effects of G5G8 were also analyzed in a series of studies 

where the human gene encoding G5G8 was transgenically over-expressed in the livers of 

mice65-68.  In these studies, it was shown that overexpression of G5G8 (G5G8Tg) can lead 

to higher hepatobiliary secretion of sterols.  Pharmacologic inhibition of NPC1L1 with 
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ezetimibe could raise hepatobiliary secretion of sterols presumably by lowering reuptake 

of sterols.  G5G8 and NPC1L1 can work in opposing ways, as the liver can secrete free 

sterols into bile through the G5G8 transporter and free sterols can be uptaken by 

NPC1L1.  In this way, inhibition of NPC1L1 will lower the reuptake by the liver of 

sterols from the bile, whereas transgenic overexpression of G5G8 will actively pump the 

sterols from the liver into the bile.  Both mechanisms can have the effect of lowering 

sterol accumulation.  These studies also addressed the effects of G5G8Tg on the 

prevention of atherosclerosis.  In one study, the researchers analyzed the effects of 

G5G8Tg in a mouse background prone to development of atherosclerosis (LDL-receptor 

knockout animals, LDLr-/-)67 when these animals were fed a Western Diet for 6 months 

(approximately 24 weeks).  The LDLr-/- animals with the human G5G8Tg were protected 

from atherosclerosis by en face analysis of the aorta and lesional area seen at the aortic 

root, compared to LDLr-/- animals, presumably because sterols (mainly cholesterol) were 

not accumulating in the body and were more efficiently being shuttled into bile.  In a 

second study analyzing the effects of G5G8Tg on LDLr-/- mice fed a Western diet for 10 

or 13 weeks66, no statistically significant differences were seen in proximal aortic lesional 

area of LDLr-/- mice or G5G8Tg LDLr-/- mice.  The discrepancies in the data of these two 

studies could be attributed to experimental differences in diet feeding (10 and 13 weeks 

compared to 24 weeks) or in analytical technique (en face and aortic root vs. proximal 

aorta analysis).  To normalize these data and to determine with no uncertainty whether 

G5G8Tg is preventive in the development or severity of atherosclerosis, a comparison of 

plasma cholesterol and a determination of chemical composition of total aortic 

cholesteryl ester content would be an accurate measure69.   
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In a study addressing the effect of statin treatment on G5G8Tg in a non-

atherogenic background, mice were fed a chow diet (very low cholesterol) or a chow diet 

supplemented with lovastatin for 3 days. Statins are compounds that lower the synthesis 

of cholesterol by inhibiting the activity of HMGCR.  These mice were suggested to be 

hyper-responsive to statin treatment in this cholesterol-deficient model70.   The mice in 

this study may also be a good model for the effects of severe cholesterol depletion as 

their total plasma cholesterol drops to 40mg/dL, their liver cholesterol is lower and 

presumably unesterified, and their biliary cholesterol concentration is higher than mice 

without the transgene or G5G8Tg mice not treated with statin.  Interestingly, the group 

reported that short term statin treatment of G5G8Tg mice caused upregulation of the gene 

expression of several cholesterol biosynthetic and reabsorption genes: HMGCR, HMGC-

synthase, squalene synthase, SREBP2, farnesyl diphosphate synthase (FPPS), and 

NPC1L1.  In these studies, G5G8Tg in the liver would likely have no effects on 

phytosterol accumulation as G5G8 expression in the enterocytes would likely exclude 

dietary phytosterols from entering the body and the abundant expression of hepatic 

G5G8Tg would strictly deplete the body of phytosterols as well as cholesterol.   

 

Sterols in total parenteral nutrition (TPN) 

 Total parenteral nutrition (TPN) is a potentially life-saving medical treatment 

wherein a malnourished patient with poorly functioning or absorbing gastrointestinal (GI) 

tract is fed intravenously to provide complete nutritional requirements.  TPN can be given 

to patients, often children, who have GI complications such as: short bowel syndrome, 

necrotizing enterocolitis, intestinal atresia, microvillus atrophy71-74.  TPN treatment can 
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have some complications associated with it (liver dysfunctions, steatosis, steatohepatitis, 

cholestasis, and cholelithiasis72, 74, 75), and as such it is generally considered a short-term 

treatment option.  It was shown that some patients fed an IntralipidⓇ (oil blend rich in 

soybean oil)-based TPN mixture developed elevated concentrations of plasma 

phytosterols, compared to controls and had increased levels of markers for liver 

dysfunction73.  In this case, pre-existing liver dysfunction was proposed to dictate 

responsiveness to phytosterol accumulation, as a sub-optimally functioning liver 

(cholestatisis) will not be able to secrete phytosterols into the bile as efficiently as a fully 

functioning liver73.  In a well-functioning liver, phytosterols can be sufficiently secreted 

into the bile by G5G8, however their decreased solubility can lead to biliary “sludge”75.  

It was also hypothesized that in an immature liver, such as in newborns, treatment with a 

phytosterol-rich intravenous emulsion might exceed the capacity of the liver to clear 

sterols, leading to non-genetic phytosterolemia74.  Patients with β-sitosterolemia and 

patients with prolonged TPN treatment can experience erythrocyte abnormalities71, 74.  In 

bypassing sterol absorption selectivity by enterocytes, treatment of patients with GI 

abnormalities is indirectly isolating the functions G5G8 of the liver from the intestine.  

The complication in drawing immediate conclusions about phytosterols and tissue 

specific G5G8 function based on the pathologic effects seen in TPN-treated patients is 

that their entire enterohepatic signaling is likely disrupted due to disease and bypass.  It is 

within reason to assume that the pathway for bile acid signaling through the FXR 

(farnesoid X receptor), FGFR4 (fibroblast growth factor receptor 4), FGF15/19 

(fibroblast growth factor 15/19), β-Klotho, SHP (small heterodimer partner), and ASBT 

(apical sodium dependent bile acid transporter) feedback mechanism could be disrupted 
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due to disease76-79.  Despite many of the lipid metabolic effects pre-existent to treatment 

with TPN, the elevation in plasma phytosterol concentration and the associated 

complications provide a model and basis for some of the features seen in the rare disease 

β-sitosterolemia.  Both of these conditions (TPN treatment and β-sitosterolemia) have an 

accumulation of phytosterols and resultant effects that are potentially toxic which provide 

compelling evidence for mammals to expend the energy required to actively exclude 

phytosterols from the body.  

Considering that the G5G8 heterodimer is expressed in two very unique but 

tightly regulated organs, the liver and the intestine, it would be of great scientific benefit 

to elucidate the whole body effects that each organ has on sterol metabolism.  

Presumably, G5G8 activity in each organ actively prevents accumulation of phytosterols 

either by preventing absorption (intestine) or by rapid secretion of free phytosterols into 

bile (liver). There have been several attempts to create a tissue specific knockout (TSKO) 

of G5G8 in the liver or intestine to dissect the individual contributions of hepatic vs. 

intestinal G5G8 in sterol (cholesterol and phytosterols) homeostasis and accumulation 

(Alger and Rudel, data not published).  The effects of phytosterol accumulation and 

toxicity will be analyzed in much greater detail in the following chapters. 

 

A role for ACAT2 in cholesterol homeostasis 

 ACAT2 (Acyl CoA:Cholesterol O-Acyl Transferase 2 (also known as SOAT2 for 

sterol O-acyltransferase, EC 2.3.1.26) has been suggested as a target protein for 

pharmacological intervention in atherosclerosis80.  ACAT2 is an isoform in a family of 

polytopic ER-membrane associated proteins that catalyze the reaction to esterify 
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cholesterol by the addition of a fatty acyl group (other enzymes include Acyl-

CoA:Cholesterol Acyl Transferase isoform 1  (ACAT1) and Lecithin Cholesterol Acyl 

Transferase (LCAT).  Cholesteryl ester (CE) from LDL-C deposition is the form of 

cholesterol often found in great abundance in atherosclerotic lesions. Like G5G8, the 

localization of ACAT2 is restricted to enterocytes and hepatocytes in humans, non-

human primates, miniature pigs, and rodents81-84. There are at least two known 

mammalian ACAT isoforms85. ACAT1 has non-specific, broad tissue distribution and is 

responsible for maintenance of intracellular cholesterol homeostasis and formation of 

macrophage foam cells.  ACAT1 is present in the liver and intestine, however its 

expression is confined to Kupffer cells (the resident macrophage-cell population in the 

liver) and goblet cells, Paneth cells, and villus macrophages86.  The enzymatic activity of 

ACAT isozymes involves the addition of a fatty acid from a fatty acyl-CoA to a molecule 

of cholesterol to yield an acyl-esterified cholesterol molecule and a CoA molecule87, 88.  

Esterified cholesterol (EC, cholesteryl ester, or CE) is highly hydrophobic molecule and 

can be solublized within neutral lipid droplets, whereas the polar character of unesterified 

cholesterol (free cholesterol or FC) dictates that it must be segregated within 

phospholipid-rich membranes88.  If excess cholesterol is not esterified, the cell must 

increase synthesis of membrane phospholipids to accommodate the increased free 

cholesterol or risk cell death89, 90.  Intracellular homeostasis is largely a role of ACAT1. 

 The restricted expression of ACAT2 in the liver and intestine (the two main 

organs for maintenance of whole body cholesterol homeostasis) is indicative of the 

important role that ACAT2 likely plays in cholesterol metabolism and risk for 

development of atherosclerosis.  In enterocytes, free cholesterol enters the apical surface 
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of the cell and can be esterified by ACAT2 at the ER membrane.   The in vitro sterol 

substrate preference of ACAT2 has been established as cholesterol >> sitosterol, a 

stronger preference than was seen for ACAT1 or LCAT91; the fatty acid preference for 

ACAT2 activity is unsaturated fatty acyl CoAs (FACoA) > saturated FACoA, with 

strongest preference for oleoyl-CoA92. The esterified cholesterol (EC) is highly 

hydrophobic and packages well into the spherical core of the intestinally derived nascent 

lipoproteins (chylomicrons).  It could be expected that a disruption of ACAT2 activity 

could therefore decrease cholesterol absorption through the intestine, as absorbed free 

sterols would be restricted to the surface of nascent chylomicron particles.  A series of 

studies confirmed this expectation, showing that mice with ACAT2 disrupted had lower 

intestinal cholesterol absorption, even as mice were challenged with diets containing 

increased levels of cholesterol, absorption of cholesterol was lower93, 94.  By limiting the 

amount of cholesterol absorbed through the intestine, it could also be expected that there 

would be a limitation in cholesterol accumulation in the plasma, as was indeed seen95. In 

a study that systematically addressed the effects of atherosclerosis when dietary fatty 

acids are varied with and without functional ACAT2, it was shown that the loss of 

ACAT2 activity was able to prevent lipid accumulation and atherosclerosis in the aortas 

of hyperlipidemic mice even as diets rich in trans fatty acids were fed52.  This study 

revived the prospect that pharmacological or genetic inhibition of ACAT2 activity may 

be an effective target for preventing atherosclerosis.  ACAT2 is an attractive 

pharmaceutical target especially when considering the fact that its inhibition is effective 

independent of dietary fat composition.  
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 The function of ACAT2 in the liver has also been addressed.  When livers of 

monkeys and mice were surgically isolated, the direct hepatic lipoprotein secretion and 

composition into plasma was determined.  It was shown in previous studies and those 

contained within these studies that the apolipoproteinB (apoB)-containing lipoproteins 

secreted from ACAT2-disrupted animals are depleted in CE96, 97.  It has also been shown 

that the CE that are packaged into the core of nascent apoB-containing lipoprotein 

particles (very low density lipoproteins- VLDL) that are secreted by the liver are highly 

atherogenic CE and which increase the risk of atherosclerosis by promoting the formation 

of plaques97, 98.    

A tissue-specific knockout (TSKO) of ACAT2 is not currently available to dissect 

the role for ACAT2 in liver vs. intestine, but attempts are ongoing.  The current best 

method to differentiate the role of ACAT2 in these two organs has been to use anti-sense 

oligonucleotide (ASO) technology.  ASOs accumulate in the liver and adipose tissue, 

allowing for targeted disruption of hepatic ACAT2 without affecting intestinal ACAT2 

activity, in effect generating a hepatic tissue specific TSKO animal.  In two studies using 

ACAT2-ASOs, it was shown that the ASO-mediated disruption of hepatic ACAT2 

activity is potent enough to decrease plasma levels of apoB-containing lipoproteins and 

therefore limit atherosclerosis99, 100.  Interestingly, hepatic ACAT2 TSKO (by ASO 

targeting) mice had an increase in fecal neutral sterol excretion without significant 

changes in hepatic free cholesterol content or biliary cholesterol content, therefore 

identifying a non-biliary route for fecal neutral sterol loss through the intestine 

directly100. 
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Owing to its limited tissue distribution, ACAT2-specific inhibition could be a 

viable target for prevention of atherosclerosis101, 102.  ACAT1 is ubiquitously expressed 

and plays a pivotal role in maintenance of intracellular cholesterol homeostasis and is 

therefore not likely to prove to be an effective target for the prevention of atherosclerosis.  

If ACAT1 activity is disrupted, macrophages in atherosclerotic lesions would be unable 

to esterify the cholesterol taken up by the cell.  This excess free sterol burden could 

destabilize the macrophage and lead to the cell stress that has been associated with 

apoptosis and the unfolded protein response (UPR)89, 90, 103.  Excess free cholesterol and 

apoptosis due to ACAT1 disruption could increase the vulnerability of plaque rupture in 

atherosclerotic lesions.  Much work has been done recently to determine the active site 

and inhibitor binding differences between ACAT1 and ACAT2104, 105, the information 

available from these studies could make finding or designing a highly specific inhibitor to 

ACAT2 possible.  Inhibition of ACAT2 specifically could act in two ways: (1) in the 

intestine, ACAT2 inhibition could act much like EZE by lowering the absorption of 

cholesterol through the enterocytes onto chylomicrons and (2) in the liver, ACAT2 

inhibition could lead to lower production of CE-rich apoB-containing lipoproteins 

available for deposition into artery walls.  In data presented in the following chapters, a 

role for ACAT2 inhibition will also be presented as a potential mechanism to lower the 

effects or lessen the development of non-alcoholic fatty liver disease (NAFLD), where 

neutral lipid (CE and TG) accumulates and can lead to steatohepatitis and cirrhosis.   
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STATEMENT OF RESEARCH INTENT 

 Eukaryotic sterol homeostasis and lipid metabolism is clearly a field of great 

interest.  Animals with genetic or targeted deletions of specific proteins in many 

pathways involving cholesterol homeostasis are readily available.  Using these 

genetically modified animals, in combination or independently, under different 

conditions of dietary challenge can reveal the crucial roles and answer the questions that 

still remain for the effects of ACAT2 and G5G8 on whole body lipid homeostasis and 

metabolism.   

 The studies presented in this dissertation will describe novel findings for the role 

of hepatic cholesteryl esters in development of neutral lipid accumulation (cholesteryl 

esters and triglycerides) associated with non-alcoholic fatty liver disease.  Data will be 

presented in this dissertation that describe a mechanism for this cholesteryl ester 

dependent accumulation of triglyceride and will reveal a novel lowering in hepatic 

triglyceride mobilization. Additionally, it is shown that transgenic overexpression of 

human G5G8 in mouse liver does not enhance the lowering of cholesterol absorption and 

neutral-lipid modifying effects of disruption of ACAT2 activity. In a study addressing the 

effect of a high-phytosterol diet, we establish that: ACAT2 is not able to esterify 

phytosterols in an in vivo model; phytosterols are not converted into the C21 bile acids as 

was previously reported in rats; and that functional G5G8 is required to prevent toxic 

accumulation of phytosterols in plasma and tissues associated with hepatosplenomegaly, 

anemia, and left ventricular myocardial lesions. Lastly, we present data that confirm 

previous in vitro findings demonstrating that ACAT2 is unable to esterify dietary 
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phytosterols in vivo that were absorbed as a result of G5G8 disruption and dietary 

challenge with a low cholesterol/moderate phytosterol diet. 
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Figure 1 Chemical structure of sterols.  Sterols are composed of 4-hydrocarbon rings 

(A, B, C, and D).  Cholesterol has an eight-carbon side chain bonded to ring D.  

Ergosterol is the de novo synthesized yeast sterol.  Plant sterols (phytosterols) are 

campesterol, sitosterol, and stigmasterol.  Phytosterols are different from cholesterol at 

the side chain by the addition of a methyl-, ethyl-, and desaturation (respectively).  
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Abstract 

Background and Aims: The contributions of Acyl CoA:Cholesterol O-Acyl Transferase 

2 (ACAT2) to cholesterol absorption, the generation of atherogenic cholesteryl ester 

(CE)-rich lipoproteins, and in sterol and fatty acid selectivity in cholesterol esterification 

have previously been documented. The present study addressed the role of ACAT2 in 

hepatic triglyceride (TG) accumulation as occurs in non-alcoholic fatty liver disease 

(NAFLD). Methods: When a low-fat, moderate cholesterol diet was fed, NAFLD-like 

symptoms with grossly elevated hepatic TG occurred in mice of several genetic 

backgrounds.  Representative pure strains of mice were selected for further study and 

were fed diets with 0.2 % cholesterol, a level sufficient to establish significant hepatic 

esterified cholesterol concentrations.  Mice with targeted or genetic disruption of ACAT2 

were compared to control animals to determine the effect of hepatic CE on the 

accumulation of hepatic TG. Results: All strains of cholesterol-fed ACAT2-intact 

animals accumulated hepatic CE and TG. When the same diet was fed to mice with a 

genetic disruption of hepatic ACAT2, hepatic CE was absent and hepatic TG 

concentrations were significantly lower. Plasma TG concentrations were elevated in 

ACAT2-/- animals.  Liver perfusion showed that ACAT2 disrupted mice had higher rates 

of hepatic triglyceride secretion compared to ACAT2 intact mice.  Independent of 

ACAT2 status, when mice were fed a low cholesterol diet and retained very low hepatic 

cholesteryl esters, hepatic TG accumulation was low.  Conclusions: The results of this 

study show that ACAT2 gene depletion can prevent hepatic cholesteryl ester and 

triglyceride accumulation, promote triglyceride secretion into the plasma and prevent 

NAFLD as a result of dietary cholesterol feeding.   
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Introduction 

Non-Alcoholic Fatty Liver Disease (NAFLD) is a disease process that is initiated 

when there is an accumulation of neutral lipids in hepatocytes of patients with no history 

of chronic alcohol use106, 107.  Lipid droplets rich in neutral lipids (triglyceride and 

cholesteryl ester) accumulate within the hepatocyte and contribute 5-10% or more of the 

total mass of the liver108. The cause of the lipid accumulation is not clear although a 

popular hypothesis is that excess free fatty acid availability to the liver in situations 

where energy excess prevails can lead to the condition109. NAFLD is often asymptomatic 

and not regularly detected until progression into diseased fibrotic and inflamed non-

alcoholic steatohepatitis (NASH) and cirrhosis occurs110, 111.  NAFLD is estimated to 

affect at least 20% and 5% of the general adult and children populations, respectively, 

and affects greater than 50% of the obese population in both age groups108, 112. It is 

expected that as the prevalence of obesity and metabolic syndrome increases, NAFLD-

associated diseases will be an increasing healthcare concern113.  Currently, there are no 

known effective treatments for NAFLD, although it is suggested that drastic changes in 

diet and exercise programs can diminish the severity and progression of the disease into 

non-alcoholic steatosis (NASH) and cirrhosis107, 108, 110-114.   

Direct evidence for the involvement of the cholesterol esterifying enzyme, Acyl 

CoA:Cholesterol O-Acyl Transferase 2 (ACAT2, also known as SOAT2 for sterol O-

acyltransferase, EC 2.3.1.26) in NAFLD has not been previously suggested to our 

knowledge.  While the role of ACAT2 in cholesterol absorption and metabolism has been 

recognized and documented by studies in mouse models with a targeted disruption of 

ACAT2 (ACAT2-/-), involvement in triglyceride metabolism is not generally considered.  
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When ACAT2-/- mice were fed a cholesterol-enriched diet and compared to their wild 

type (WT) littermate controls, a moderately lower plasma cholesterol was found 

apparently because of the decrease in intestinal cholesterol absorption and reduced 

incorporation of cholesteryl esters into nascent apoB-containing lipoproteins by 

hepatocytes93-95, 100.   As expected, the disruption of the main cholesterol-esterifying 

enzyme in hepatocytes causes the livers of ACAT2-/- mice to be depleted in cholesteryl 

esters compared to their WT counterparts.  Unexpectedly, disruption of ACAT2 also 

resulted in a major decrease in hepatic triglyceride content and an increase in secretion of 

triglycerides directly from the liver into the plasma on nascent VLDL particles97, 100.   

Based on the increasing prevalence of obesity in Western societies, it is likely that 

there will be an increase in obesity co-morbidities, particularly including diseases with 

earlier onset in obesity development such as NAFLD107.  The etiology of development of 

the NAFLD process is unclear, and based on current information, the treatment options 

for NAFLD are few114.  Uncovering clues that could help decipher pathways in the 

progression of NAFLD could greatly facilitate both the prevention and treatment of this 

disease.  As a means to address this growing health concern the following studies were 

initiated. Our hypothesis was that disruption of ACAT2 would lead to a decrease in the 

accumulation of hepatic cholesteryl esters and a decrease in the accumulation of 

triglycerides in the intracellular droplets of hepatocytes that are hallmarks of NAFLD.  

The data from these studies demonstrate that in our mouse model, the disruption of 

ACAT2 not only has the expected outcome of decreased cholesteryl esters in neutral lipid 

droplets, but a greatly decreased triglyceride accumulation in hepatocytes also occurred. 

These studies therefore support a possible role for inhibition of ACAT2 as a 
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pharmaceutical target with the potential for limiting NAFLD with its subsequent 

progression into NASH.   
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Materials and Methods 

 

Mice and diets 

All animals used in these studies were housed in an American Association for 

Accreditation of Laboratory Animal Care (AAALAC)-approved animal facility.  

Protocols for all studies were pre-approved by the Wake Forest University Animal Care 

and Use Committee (ACUC). Pure strain male and female mice were purchased directly 

from The Jackson Laboratories (C57BL/6,C57L/J, SJL/J, SM/J, SWR/J) based on 

previous comparisons of atherosclerosis and lipid accumulation susceptibility115.  At six 

weeks of age, these pure strain animals were taken off chow feeding and offered a 

carbohydrate-rich semi-purified diet containing 10% of calories as palm oil and 0.2% 

cholesterol (w/w) for six weeks. “Normolipidemic” mice (62.5% C57BL/6, 25% 129 

SvJae, 12.5% SvEv) were generated by brother/sister matings to maximize genetic 

comparability between ACAT2 intact (ACAT2+/+ or WT) and ACAT2 disrupted (ACAT2 

-/- or ACAT2 KO) mice. Females were then studied further. Unless specified, all 

“normolipidemic” mice were weaned onto chow until 6 weeks of age, at which point 

animals were also offered a carbohydrate-rich semi-purified diet containing 10% of 

calories as palm oil with either 0.001% (low) or 0.2% (moderate) cholesterol for the 

experimental period of 6 weeks.  To determine long term effects on body weight and 

fasted blood glucose, animals were fed 0.2% cholesterol diet for twenty weeks.  Animals 

described as “hyperlipidemic” were on a mixed genetic background (~50% C57/BL6 and 

~50% Sv/Jae) and were genetically engineered at the apoB-editing site to be apoB100-

only and to contain a deletion in the low-density lipoprotein receptor gene (LDLR-/-). 
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These animals are signified as “bbrr.”  Similar to the feeding of the mice above, 

hyperlipidemic mice were weaned onto chow for 6 weeks and then offered a diet 

containing 20% of energy as palm oil and 0.1% (w/w) cholesterol, and this diet was fed 

for eight weeks as previously described100.  

 

Hepatic Lipid Quantitation and Histology 

After consuming experimental diet for 6 weeks, mice were fasted at 9am the 

morning of necropsy.  After a 4-hour fast, animals were anesthetized with 

ketamine/xylazine.  Mice were exsanguinated by cardiac puncture to collect blood for 

plasma lipid measurements.  The vena cava was cut and livers were flushed with saline.  

Livers were cut into 5 mm cubes and snap frozen in liquid nitrogen for subsequent 

analysis. Lipids from pieces of liver (50-100mg) were extracted in 2:1 

chloroform:methanol overnight.  Lipid-containing chloroform phase was split from the 

whole extract upon addition of water.  All lipid quantification assays were performed on 

this chloroform extract.  Free and saponified total sterol (cholesterol, stigmasterol, 

campesterol, and sitosterol) composition was determined by gas-liquid chromatography 

using 5α-cholestane as an internal standard and a ZB50 (0.53mm inner diameter x 15m x 

1µm) column at 250oC on a Hewlett Packard 5890 gas chromatograph with a Hewlett 

Packard 7673A automatic injector using on-column injection and a flame ionization 

detector.  Chemical content of hepatic triglycerides and phospholipids was determined 

upon the addition of Triton-X 100 to solublize lipids in the lipid-containing chloroform 

phase described above, using enzymatic assays and instructions provided by the 

manufacturer (TG by Roche Diagnostics and PL by Wako Chemicals USA).  Protein 



 42 

content of the delipidated liver piece was used to normalize samples and was determined 

by the Lowry method116. 

To further analyze the liver samples for evidence of hepatocyte neutral lipid 

accumulation, frozen tissue samples were thawed into neutral buffered formalin for 48 

hours at 4oC.  Liver samples were then embedded in paraffin, sectioned, and stained with 

hematoxylin and eosin. 

 

Antisense Oligonucleotide Treatment 

Phosphorothioate modified Antisense Oligonucleotides (ASO) were obtained 

from ISIS pharmaceuticals (Carlsbad, CA) and their composition was described 

previously99, 100, 117.  Normolipidemic male SJL/J mice were randomly assigned to groups 

to receive treatment with either a control non-targeting ASO (control ASO; 5’- 

TCCCATTTCAGGAGACCTGG -3’) or an ASO specifically targeting ACAT2 (ACAT2 

ASO; 5’GCTCTAATCACCTCAGAACT-3’).  Biweekly, intraperitoneal injections of 

25mg/kg/wk ASO were started at 6 weeks of age and were continued for 6 weeks.  Body 

weights were measured weekly.  On the day of necropsy, mice were fasted for 4 hours 

and blood and tissues were harvested.  Hyperlipidemic (bbrr) mice were randomly 

assigned ASO control or ACAT2 targeting ASO as previously described100. 

 

ACAT2 activity assays and Western Blot Analysis of hepatic proteins 

Total liver homogenates100 and hepatic microsomal membranes98, 118 were made 

as previously described from snap frozen livers. Assays for ACAT2 activity were 

performed as previously described118 using 50µg aliquots of total protein from liver 
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microsomal membrane homogenates.  For immunoblotting of ACAT2 in SJL/J6 mouse 

livers, 50µg of total microsomal membrane proteins were loaded onto Invitrogen 

NuPAGE Novex 4-12% Bis-Tris pre-cast gels and transferred to polyvinylidene fluoride 

(PVDF) membrane.  Membranes were blocked with 5% non-fat dry milk in TBST and 

blotted with rabbit polyclonal antibodies directed against African green monkey 

ACAT2119.  A non-specific band emerged on the blot that was used as a positive loading 

control for each lane.  

 

Real-Time Polymerase Chain Reaction (RT-PCR) analysis of hepatic mRNA levels 

Trizol (Invitrogen Life Technologies) was used to extract total mRNA from 

~100mg pieces of frozen liver tissue, according to the provided manufacturer’s protocol 

and as described previously 93, 99.  Total extracted mRNA was resuspended in 300µL of 

deionized water treated with diethyl pyrocarbonate (DEPC) and quantitated 

spectrophotometrically.  1µg of total mRNA was reverse transcribed into cDNA using 

Omniscript reverse transcriptase (Qiagen) for 1 h at 37oC and 5 min at 93oC.  RT-PCR 

reactions were set up in triplicate using 5µL of 1:10 diluted cDNA in DEPC water, 

12.5µL of SYBR GREEN PCR master mix (Applied Biosystems), 20pmol of each 

forward and reverse primers and DEPC water to a final volume of 25µL.  The RT PCR 

reaction was performed and monitored using an Applied Biosciences Sequence Detection 

System 7000 under the following cycling conditions: 50oC for 2 min, 94oC for 10 min, 

followed by 40 cycles of 94oC for 10 s and 60oC for 1 min. At the end of each cycle, a 

60oC dissociation protocol was run to verify the presence of a single amplification 

product.  Ct values and quantification of transcripts were determined as previously 
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described, expression measurements of cyclophilin and 18S were used to normalize 

samples 93. Primer pairs used: ACAT1: forward 5'-GGAAGTTGG GTGCCACTTCG-3', 

reverse, 5'-GGTGCTCTCAGATCTTTGG-3'; cyclophilin: forward, 5'-

TGGAGAGCACCAAGACAGACA-3', reverse, 5'-TGCCGGAGTCGACAATGAT-3'; 

ACAT2: forward, 5'-GACTTGGTGCAATGGACTCG-3', reverse, 5'-

GGTCTTGCTTGTAGAATCTGG-3'; 18S: forward, 5'-GGGAGCCTGAGAAACGGC-

3', reverse 5'-GGGTCGGGAGTGGGTAATTTT-3'. 

 

Plasma Lipid Quantitation 

Mice were fasted for four hours and sacrificed as stated above.  Blood was added 

directly to tubes containing protease inhibitor cocktail (Sigma) in a solution of 5% EDTA 

and 5% Sodium Azide (NaN3).  Whole blood was centrifuged at 4oC to separate 

erythrocytes from plasma, which was then transferred to a clean tube for analysis or 

storage. Chemical compositions of plasma lipids were determined similar to hepatic 

samples as described above. 

 

Isolated Liver Perfusion and Liver lipid secretion 

Isolated liver perfusion was performed according to the protocol of Lee et al97 to 

estimate direct secretion rate of lipids onto apoB-containing lipoproteins.  Successfully 

cannulated livers were flushed with oxygenated media to remove any contaminating 

lipoproteins, followed by infusion of fresh media containing mouse erythrocytes, as 

described 97.  Livers were perfused with recirculating media for 3 hours, with 1.5mL 

samples taken from the media pool every 30 minutes.  To maintain constant media 
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volume, 1.5mL of fresh media was added to the pool after time points were taken.  At the 

completion of 3 hours, media samples were spun and perfusate media was separated from 

erythrocytes.  The supernatant from the perfustate media contained the nascent very low 

density lipoproteins (VLDL) analyzed in this study.   Accumulation of lipid in the media 

was determined enzymatically for all samples (TC- Cholesterol/HP- Roche; FC- Free 

Cholesterol C- Wako; TG and PL as previously described97, 100).  Rate of lipid secretion 

was determined by plotting time vs. lipid concentration in the media supernatant.  Rate of 

cholesterol ester secretion was determined by difference in total and free cholesterol and 

multiplied by 1.67 to account for fatty acid mass of the cholesterol ester molecule. 

To determine lipoprotein (VLDL) diameter, a two-milliliter aliquot of the final 

perfusate was spun at 100,000xg at density=1.006.  Lipoprotein diameter was determined 

by dynamic light scattering using a Zetasizer Nano-S from Malvern Instruments.  A water 

blank was run before each sample.  
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Results 

 

Our earlier work in mice suggested a role for ACAT2 in hepatic triglyceride 

metabolism in that ACAT2 deficiency was consistently associated with an increase in 

plasma triglycerides and a reduction in liver triglyceride (TG) concentrations. The work 

in this manuscript represents an attempt to define the nature of this unexplained 

relationship.  Several pure strains of mice were selected based on previous research on 

hepatic lipid accumulation115.  In Figure 1, we compared the degree of hepatic lipid 

response in males and females of 5 different pure strains of mice fed for 6 weeks a diet 

with 10% of energy as palm oil and a cholesterol content of 0.2%. Although not 

markedly different, hepatic cholesteryl ester accumulation varied somewhat among the 

strains, as did hepatic triglyceride concentration, and the values for both lipids were as 

high or higher in the SJL/J strain as in any of the strains.  

Accordingly, groups of male SJL/J mice fed the diet as above were then treated 

with the ISIS ACAT2 ASO for 6 weeks with 0.2% dietary cholesterol to investigate the 

role of ACAT2 in hepatic lipid accumulation in these mice.  Previous studies have shown 

that treatment with this ACAT2 ASO will specifically lower hepatic ACAT2, without 

affecting cholesterol absorption or intestinal expression of ACAT299.  As had been seen 

in a mixed strain atherogenic mouse model99, animals treated with the ACAT2-specific 

ASO in the present study had significantly lower ACAT2 mRNA message (Figure 2A), 

protein (Figure 2B), and enzymatic activity (Figure 2C).  We also saw lower hepatic 

ACAT1 message (Figure 2A), which was consistent with previous findings100, but 

considered biologically insignificant because (1) ACAT1 is the minor esterifying enzyme 
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in the liver and (2) ACAT2 and control treated animals had similar low levels of ACAT1 

enzymatic activity (Figure 2C). 

 

Hepatic lipid concentrations of the ASO treated SJL/J mice were compared with 

those of the mixed strain ACAT2-/- mice and their wildtype (WT) controls (Figure 3, 

columns 5 and 6), there was a consistent tendency for hepatic triglyceride concentrations 

to be higher when cholesteryl ester concentrations were also elevated.  Cholesteryl ester 

concentrations were consistently very low (essentially absent) in ACAT2-/- and ACAT2 

ASO treated mice. When the 0.001% cholesterol diet was fed, hepatic triglyceride 

concentrations were lower and not significantly different in ACAT2 deficient vs wildtype 

mice but when a high cholesterol diet was fed, hepatic triglyceride levels were higher in 

ACAT2 intact mice. However in the absence of ACAT2 and cholesteryl esters (Figure 4) 

triglyceride concentrations were 5 to 6 fold lower. There was no difference in the body 

weight at necropsy for ACAT2+/+ or ACAT2-/- animals (data not shown), but the livers 

that accumulated CE and TG (ACAT2+/+) represented a higher percent of body weight 

compared to ACAT2-/-. There were no differences in liver or body weight of ACAT2+/+ 

and ACAT2-/- mice fed 0.001% cholesterol.   

Data from an earlier study, where diets containing moderate (0.1%) cholesterol 

levels were fed to apoB100-only, LDL receptor-/- mice100 showed that triglyceride 

concentrations were elevated when ACAT2 was intact, but were more than 2 fold lower 

when ACAT2 was lowered by the ACAT2 ASO in this mouse model.  The data were 

consistent in showing that when diets included as much as 0.1% cholesterol, hepatic 

cholesteryl ester concentrations were higher in ACAT2 intact mice and hepatic 
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triglyceride concentrations were also elevated. At the same time, cholesteryl ester 

concentrations were lowered by ACAT2 knockdown and hepatic triglyceride 

concentrations were also consistently lower.  The data from the several experiments 

shown here were then plotted as shown in Figure 4. The highly significant (R2=0.8655, 

p<0.0001) association among cholesteryl ester and triglyceride concentrations is evident. 

The histologic pattern of the lipid droplets in the hepatocytes of mice in this study 

is illustrated in Figure 5. In mice wildtype for ACAT2 (Figure 5A) numerous large lipid 

droplets were seen throughout the tissue. In contrast, the pattern for livers from ACAT2 

deficient mice was for many fewer and smaller lipid droplets (Figure 5B).  These data 

fully support the chemical data. 

Hepatic triglyceride accumulation, hepatic insulin resistance, and hepatic glucose 

production seen in the metabolic syndrome have been linked, independent of postprandial 

free fatty acid response and β-cell function120.  Long-term dietary cholesterol challenge 

(0.2% cholesterol w/w) in WT and ACAT2-/- mice had no effect on body weight (41.2g 

vs. 41.1g, respectively) and was independent of hepatic CE and TG accumulation.  

Extended dietary feeding of the 0.2% cholesterol diet and the associated hepatic TG 

accumulation related to ACAT2-derived cholesteryl esters did not affect fasted blood 

glucose levels (Table I).  At baseline and after 10 or 20 weeks of 0.2% challenge, there is 

no difference in fasted blood glucose levels between WT and ACAT2-/- mice.  In a 

separate unpublished study, Kavanagh and Rudel analyzed blood glucose, hemoglobin 

A1c, and insulin levels in WT and ACAT2-/- mice after feeding a semi-synthetic diet and 

showed that similar to the blood glucose levels in the current study, there were no 

differences in these glucose metabolic parameters in WT and ACAT2-/- mice.  
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 Effects of dietary cholesterol level and ACAT2 depletion on plasma lipoproteins 

were then studied. The data in Figure 6 show that no difference among groups in plasma 

free sterol concentrations were apparent, except ACAT2 ASO targeted SJL/J mice fed the 

0.2% control (as indicated by * in Figure 6A).  While significantly higher plasma 

esterified cholesterol concentrations were induced by the 0.2% cholesterol diet when 

ACAT2 was intact in the mixed strain mice (Figure 6B), this was not seen in the SJL 

mice treated with the ASO control.  Paradoxically, the esterified cholesterol 

concentrations presumably derived from plasma LCAT were slightly higher in the SJL 

mice treated with ACAT2 ASO. By contrast, there was a consistently significant increase 

in plasma triglycerides of ACAT2 deficient animals fed the 0.2% cholesterol diet, and the 

increase in triglycerides with ASO-induced ACAT2 disruption was even greater (Figure 

6C).   

When ACAT2 was deleted, liver triglyceride concentrations were lower at the 

same time that plasma triglyceride concentrations were higher, so we next studied direct 

lipid secretion from the liver to the plasma compartment using an isolated liver perfusion 

technique. We compared livers from ACAT2-/- and wildtype mice. When ACAT2 was 

absent, no significant differences from control livers in secretion rates of free cholesterol 

(Figure 7A) or phospholipid (data not shown) were seen while the rate of cholesteryl 

ester secretion (Figure 7B) was reduced by over 90% (from 0.55 to 0.02 mg/min/g).  The 

rate of triglyceride secretion (Figure 7C) by the perfused livers of ACAT2 deficient mice 

was 5.6 mg/min/g, a value that was significantly higher than the 2.85 mg/min/g by livers 

of ACAT2 sufficient mice.  The perfusate VLDL particle size was similar for both 

ACAT2-/- deficient and wildtype mouse livers (Figure 7D) suggesting that the increase in 
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triglyceride secretion was apparently because of an increased secretion of the numbers of 

VLDL particles more than because of an enrichment of each particle with more 

triglyceride.  Taken together, these data suggest that a higher rate of triglyceride secretion 

in newly synthesized VLDL by the liver could lead to the decrease in hepatic triglyceride 

concentration.  
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Discussion   

 

The major finding in this study was a markedly lower hepatic neutral lipid 

concentration occurring after a moderate dietary cholesterol challenge in mice with the 

ACAT2 enzyme disrupted.  Hepatic neutral lipid accumulation that was seen both 

chemically and histologically was dramatically reduced in the absence of ACAT2.  This 

result was consistent among mice with a normolipidemic or hyperlipidemic background. 

Further, there was a strong correlation seen between hepatic cholesteryl ester and hepatic 

triglyceride accumulation (Figures 3 and 4), and this effect was established both in mice 

with a complete gene deletion of ACAT2 and in mice with hepatic expression of ACAT2 

knocked down by anti-sense oligonucleotide (ASO) targeting.  Of interest is the 

demonstration that these effects on hepatic triglyceride accumulation were most apparent 

when mice were challenged with a cholesterol-enriched diet and independent of 

differences in body weight or fasted blood glucose during an extended twenty-week 

dietary challenge (Table I).  At the same time that the decrease in hepatic triglyceride 

occurred in mice with hepatic ACAT2 depletion, liver perfusion showed an increase in 

hepatic secretion of VLDL particles.  We speculate that ACAT2 may provide cholesteryl 

esters that accumulate together with triglycerides in cytoplasmic lipid droplets, thereby 

limiting the mobilization of triglyceride from the lipid droplets for VLDL production. 

These data further support the idea that ACAT2 is a potential drug target for treatment of 

diseases of lipid-dysregulation ranging from atherosclerosis to non-alcoholic fatty liver 

disease.   
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As was previously established, the disruption of ACAT2 in mice on an 

atherosclerotic or normolipidemic background can limit the development of gall stone 

disease and atherosclerosis, partially by limiting intestinal cholesterol absorption and by 

promoting a non-biliary route of cholesterol excretion93-95, 100.  ACAT2 in the intestine 

can influence the amount of cholesterol entering the body by determining the numbers of 

cholesterol molecules that can be packaged as cholesteryl esters into chylomicrons.  

Hepatic ACAT2-derived cholesteryl esters, mainly cholesteryl oleate and cholesteryl 

palmitate, packaged into the neutral lipid cores of circulating LDL particles have been 

shown to be important in the development of atherosclerosis97, such that when ACAT2 is 

depleted, the development of atherosclerosis in an atherogenic mouse model was 

reduced99.  Taken together, these data illustrate that ACAT2 can play a pivotal role in 

whole-body cholesterol homeostasis and atherosclerosis.  Regulation of cholesterol 

metabolism is, however, just one aspect of the rapidly progressing field of research 

dedicated to treatment and prevention of metabolic syndrome and obesity. 

Using our various mouse models fed diets with varying amounts of cholesterol, 

we were able to establish a direct correlation between the accumulation of hepatic 

cholesteryl esters (CE) and hepatic triglycerides (TG).  We showed that this triglyceride-

altering effect is dependent on dietary cholesterol.  This finding may seem counter-

intuitive, as the level of CE in the liver remained much lower than the level of TG in the 

liver.  However, a previous study in primary rat hepatocytes, demonstrated that when rats 

were fed a high fat/high cholesterol diet, hepatocytes contained higher amounts of 

triglyceride and had lower secretion rates of triglycerides than for hepatocytes from rats 

not fed cholesterol121.  This study did not identify ACAT2 and the ACAT2-derived CE as 
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the basis for the TG accumulation, as ACAT2 was not identified until several years 

later82.  When applying the current data to the previous model in rat hepatocytes, it can be 

seen that ACAT2 derived CE are not simply an inert molecule in the liver generated only 

to limit excess free cholesterol (FC) from building up within the cell; CE apparently serve 

a role in regulation of the accumulation of triglyceride in the liver.  If hepatic CEs were 

completely inert in the cell, TG would still accumulate to the same extent in the ACAT2 

disrupted animals lacking hepatic CE.  

 With these data, we were able to utilize various models to describe and explain 

the apparent role of cholesteryl ester on hepatic and whole body triglyceride homeostasis 

(Figure 8).  In the first and simplest hypothesis to describe how the loss of ACAT2-

derived CE could lower hepatic TG, we suggest that newly synthesized apoB-containing 

lipoproteins are synthesized and secreted with available triglycerides and cholesteryl ester 

in the cell packaged in the core (Figure 8A).  When CEs are not present, as in ACAT2 

KO animals, the liver fills nascent VLDL cores only with TG therefore increasing 

secreted TG by replacing CE with TG molecules in the process decreasing hepatic TG.  

This idea suggests a passive synthesis and packaging of neutral lipids in apoB-containing 

lipoproteins as opposed to a highly ordered, well regulated, and selective process. This 

hypothesis is attractive in its simplicity, however it seems unlikely based on the data we 

have presented.  In this hypothesis, there would be a 1:1 molar ratio of replacement of TG 

for CE in nascent VLDL so that as many molecules of CE as are not packaged in VLDL 

would be replaced with the same number of molecules of TG.  Figure 7B&C show that 

there is a 30-fold decrease in the packaging of CE (0.5340.019µg/min/g liver) in 

ACAT2-/- compared to WT VLDL, with 2-fold increase in the packaging of TG 
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(2.7905.775µg/min/g liver).   Clearly more TG molecules are being packaged into 

nascent ACAT2-/- VLDL, with no difference in size (Figure 7D) compared to nascent WT 

VLDL.   

In the second hypothesis, we suggest that the decreased hepatic TG accumulation 

in ACAT2-/- mice could be due to decreased de novo TG synthesis (Figure 8B).  This 

hypothesis is supported by the fact that the nascent VLDL from the livers of WT or 

ACAT2 KO animals were the same size (~85nm in diameter Figure 7D) and that there 

are substantially fewer and smaller lipid droplets in the hepatocytes of ACAT2-/- livers 

compared to WT livers (Figure 5B compared to 5A).  In this hypothesis, we suggest that 

the livers lacking CE are not able to synthesize new TG as efficiently as livers replete 

with TG.  In this hypothesis, the livers lacking CE rapidly mobilize TG molecules present 

in hepatocytes for packaging onto nascent VLDL so that the total hepatic lipid pool is 

decreased.  A thorough examination of differences in the TG metabolic rate when hepatic 

CE are present or absent would be interesting, but beyond the scope of this descriptive 

study.  

 In our studies, we showed that the hepatocytes are depleted of TG when hepatic 

cholesteryl esters are absent, and that despite the differences in the composition of the 

cores of nascent VLDL secreted from the liver, the VLDL particles were the same 

diameter whether they came from an ACAT2 intact or ACAT2 disrupted liver. In our 

third hypothesis (Figure 8C), we suggest that in the absence of CE, there is an increased 

rate of mobilization of TG.  This hypothesis is based on the idea that to mobilize 

triglyceride in cytoplasmic lipid droplets, hydrolysis and resynthesis is needed to move 

the molecules across the ER membrane for incorporation into VLDL particles. Perhaps 
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there is a consensus domain for neutral lipid binding (NLBD) as seen in cholesteryl 

esterases, lipases, triglyceride hydrolases, and perhaps shared even with lecithin 

cholesterol acyl transferase (LCAT)122.  Rat triglyceride hydrolase (TGH)123 also known 

as hepatic neutral cholesteryl ester hydrolase (NCEH)124 exhibits hydrolase activity 

towards both triglycerides and cholesteryl ester. To explain the highly significant 

correlation between hepatic CE and TG (Figure 4), we hypothesize that CE directly 

competes with TG for hydrolysis thereby limiting TG mobilization.  We suggest that the 

substrate flexibility of the binding domain in neutral lipid hydrolytic enzymes allows that 

when CE are present in cytoplasmic lipid droplets in the liver, competition for hydrolysis 

and mobilization of TG could occur.  In this case, in contrast to when CE are absent from 

the liver, the overall rate of mobilization would be slowed leading to more TG storage 

than when TG can be more rapidly mobilized.  In strong support of this hypothesis is the 

fact that there is higher secretion rate of TG directly from the liver in nascent VLDL 

particles when CE are absent (ACAT2 KO), compared to when CE are present (WT) 

(Figure 7B and 7C).  The core lipid in particles synthesized when hepatic ACAT2 

activity is absent is primarily TG.  In this model droplet TG is more rapidly hydrolyzed 

and resynthesized for packaging and secretion as stored CE cannot interfere with TG 

hydrolysis. 

 Clearly, there is a strong correlation between stored hepatic CE and TG (Figure 

4).  Using our various mouse models, we can suggest that hepatic ACAT2-derived CE are 

an active component in regulating the accumulation of hepatic TG, as opposed to a role 

of inert bystander.  We have shown that the correlation of interest is more apparent in 

mice consuming some dietary cholesterol, since diets with very low cholesterol levels 
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(0.001%) do not lead to accumulation of as much hepatic CE and there is not an 

equivalent accumulation of hepatic TG. Lastly, we have presented a hypothetical 

mechanism that could explain a CE-dependent interference with hepatic TG 

accumulation (Figure 8C).  The strength of the hypothesis is that it can be tested with 

further experiments to ascertain its validity.  It will be of great scientific and medical 

value to determine if these findings are consistent from rodents-to-humans. This is 

because any further knowledge on hepatic TG accumulation could lead to paradigms for 

treatment of NAFLD for which none currently exists.  
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Figure 1 Hepatic lipid accumulation in various strains of wild type mice.  Male (M) and 

Female (F) mice from 5 different genetic backgrounds (C57BL/6 , C57L/J , SJL/J 

, SM/J , and SWR/J ) were fed a diet containing 10% of calories as saturated fat 

and 0.2% w/w cholesterol for 6 weeks.  Mice were fasted, livers were flushed with saline, 

snap-frozen, and lipids were extracted in chloroform:methanol and quantified by 

colorimetric enzymatic assay for free cholesterol, total cholesterol, and triglycerides.  

Esterfied cholesterol was determined by subtracting the value for free cholesterol from 

the value for total cholesterol.  All values are expressed as microgram of lipid/ milligram 

of liver protein (µg/mg liver prot). When measuring hepatic cholesterol (A), no 

statistically significant differences were found in hepatic Free  or Esterfied Cholesterol 

.  Hepatic triglyceride (B) was measured. SJL/J M mice had the highest hepatic TG 

accumulation and were therefore selected for use in antisense oligonucleotide 

experiments. Background is indicated below bar, followed by gender.  All groups n=3. 
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Figure 2 ACAT2-targeting ASO specifically lowers ACAT2.  Male SJL/J mice were 

concurrently fed a 0.2% cholesterol (w/w) diet and given bi-weekly treatments of a 

control (n=6) or ACAT2 targeting (n=6) antisense oligonucleotide (ASO) for six weeks.  

Animals were fasted for four hours prior to necropsy.  Livers were flushed with 10mL of 

saline and snap frozen in liquid nitrogen.  ACAT2 was quantified in livers of ASO-

treated male SJL/J mice by (A) RT-PCR quantification of ACAT1 and ACAT2 mRNA, 

(B) ACAT2 protein, and (C) ACAT2 enzymatic activity.    In all parameters analyzed, 

when mice were treated with ACAT2 ASO compared to control ASO, ACAT2 was 

decreased by 90% or greater.  All groups n≥3.  Statistically significant differences are 

indicated by (*). 
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 61 

Figure 3 Hepatic lipid accumulation in mice with and without ACAT2 fed varying 

amounts of dietary cholesterol.  Animals were fed a diet containing 0.001%, 0.1%, or 

0.2% cholesterol (w/w) for 6-8 weeks as indicated below panel C.  On the morning of 

necropsy, animals were fasted for four hours.  Livers were flushed with 10mL of saline, 

weighed, and snap frozen in liquid nitrogen.  Liver lipids were extracted with 

chloroform:methanol and quantified by enzymatic assay as indicated in Figure 1.  All 

values are expressed as microgram of lipid/ milligram of liver protein (µg/mg liver prot).  

Hepatic free (A) and esterified (B) cholesterol and triglyceride (C) were measured in 

animals with and with out ACAT2 in mixed genetic strain female mice (left two sets of 

animals) or anti-sense oligonucleotide (ASO) male mice (right two sets of animals).  

ACAT2 intact animals (dark grey bars ) and ACAT2 disrupted animals (light grey bars 

) are indicated. All groups n≥5. Statistically significant differences are indicated by (* 

p-value).
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Figure 3 
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Figure 4 Correlation plot between hepatic esterified cholesterol concentration and 

hepatic triglyceride concentration.  Lipids (esterified cholesterol-EC and triglyceride-

TG) were quantified in several groups of animals with ACAT2 intact or disrupted and 

expressed as microgram of lipid/ milligram of liver protein (µg/mg liver prot). Hepatic 

lipids values were compared between several groups of animals: : WT 0.001% (n=5), 

◇: ACAT2-/- 0.001% (n=5), ●: WT 0.2% (n=6), ○: ACAT2-/- 0.2% (n=6), :bbrr 

ASO control 0.1% (n=7), △: bbrr ACAT2 ASO 0.1% (n=8), : SJL/J ASO control 

0.2% (n=6), : SJL/J ACAT2 ASO 0.2% (n=6), : SJL/J ♂0.2% (n=3), : SJL/J 

♀0.2% (n=3), ●: C57L/J ♂0.2% (n=3), ○: C57L/J ♀0.2% (n=3), : C57BL/6J 

♂0.2% (n=3), △: C57BL/6J ♀0.2% (n=3), : SM/J ♂0.2% (n=3), ◇: SM/J ♀0.2% 

(n=3), -: SWR/J ♂0.2% (n=3), + : SM/J ♀0.2% (n=3).  Each point on correlation plot 

represents the mean (SEM) with EC on the x-axis and TG on the y-axis.  WT: ACAT2+/+ 

animals in the mixed strain background as described in materials and methods.  ACAT2-/-

: ACAT2-/- animals in the mixed strain background as described in materials and 

methods.  bbrr: hyperlipidemic apolipoprotein B-100 only/ LDL-receptor knock out mice 

as described in materials and methods.  Dietary cholesterol is indicated as a % (w/w) 

followed by the number of animals in each group (n=#). All points describe a regression 

line (r=0.874, p<0.0001).
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Figure 4  
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Figure 5 Histologic analysis of livers after 0.2% cholesterol feeding for 6 weeks.  After 

six weeks of 0.2% cholesterol (w/w) feeding, histological sections of animals with 

ACAT2 intact show several large lipid droplets whereas animals with ACAT2 disrupted 

are protected from lipid droplet accumulation.  Female mixed strain mice were fed 0.2% 

cholesterol diet for six weeks.  After a four hour fasting, animals were sacrificed and 

livers were flushed with saline to remove residual blood.  Livers were snap frozen in 

liquid nitrogen, then sectioned and stained with hematoxylin and eosin.  Arrows indicate 

intracellular hepatocyte lipid droplets. Animals that have ACAT2 intact (A) have 

numerous and large lipid droplets, whereas those animals with ACAT2 disruption (B) 

have fewer and smaller intracellular lipid droplets.  Sections are from the livers of two 

different animals of each genotype.   Similar results were seen when ACAT2 ASO 

disrupted SJL/J livers were compared to control ASO treated livers (data not shown). 

Black bar in upper right corners indicates 30µm. 
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Table I Fasted blood glucose in WT and ACAT2-/- mice after 20 weeks of 0.2% 

cholesterol diet feeding.  To determine if the accumulation of hepatic triglyceride due to 

cholesteryl ester accumulation could cause elevated fasted plasma glucose associated 

with the pre-diabetic state, WT and ACAT2-/- mice (62.5% C57/BL6, 25% 129 SvJae, 

12.5% SvEv) were fed a 0.2% cholesterol diet for 20 weeks.  Mice were fasted for four 

hours and blood was collected from tail snip.  Fasted blood glucose was determined at 

baseline and after ten and twenty weeks of dietary challenge.  There was no different in 

the response of WT and ACAT2-/- mice to diet over this extended dietary study.  WT 

n=7, ACAT2-/- n=9.  
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Table I  

 
Fasted blood glucose (mg/dL) 

 
 WT ACAT2-/- 

Baseline blood glucose (mg/dL) 152 (17) 128 (12) 
10 week blood glucose (mg/dL) 146 (16) 164 (16) 
20 week blood glucose (mg/dL) 218 (7) 217 (15) 
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Figure 6 Fasted Plasma Lipids in mice with and without ACAT2 after dietary feeding.  

Mice with  and without  ACAT2 were fed a diet containing 0.001% or 0.02% 

cholesterol as indicated for 6 weeks.  Mice were fasted for 4 hours and blood was 

collected by cardiac puncture.  Erythrocytes were separated from plasma.  Aliquots of 

plasma were assayed for free and total cholesterol and triglyceride (TG) by colorimetric 

enzymatic assay.  Esterified cholesterol (EC) was determined by subtracting free 

cholesterol (FC) from total cholesterol.  All lipids are expressed as milligram lipid/ 

deciliter of plasma (mg/dL).  Plasma FC (A) maintained a near constant concentration in 

all experimental animal groups (ACAT2 ASO treated SJL/J mice had higher plasma free 

cholesterol compared to all other groups *).  Plasma EC (B) and TG (C) was analyzed 

and within diet group differences are noted (*).  All groups n≥5. 
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Figure 6 
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Figure 7 Direct VLDL secretion from WT and ACAT2 disrupted livers. The livers of 

0.2% cholesterol fed WT  and ACAT2 KO  mice were surgically isolated and 

perfused with recirculating media for three hours, with perfusate plasma samples 

removed at 30 minute intervals.    Lipids were extracted from perfusate taken at each time 

point with chloroform:methanol and quantified by colorimetric enzymatic assay (free and 

total cholesterol and triglyceride) and rates of secretion were determined as the slope of 

the line from each of the time points for each liver and lipid. Rate of lipid accumulation 

in VLDL was determined from the slope of lipid accumulation in the media (ug 

lipid/min/g liver).  Rates of secretion of WT and ACAT2 KO liver lipids are shown in 

(A) Free cholesterol (FC), (B) esterfied cholesterol (EC), and (C) triglyceride.  (D) VLDL 

diameter was determined by dynamic light scatter in particles secreted by WT and 

ACAT2 livers, with no statistically significant differences.  There were no statistically 

significant differences in phospholipid secretion between these animals (data not shown). 

Statistically significant differences are identified with (*).  All groups n≥5. 
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Figure 7 
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Figure 8 Proposed potential mechanisms for the role of hepatic ACAT2-derived 

cholesteryl esters in triglyceride hydrolysis/resynthesis, packaging, and export.  Based 

on the data presented in this manuscript when compared to WT, ACAT2 disruption 

showed lower hepatic TG, fewer and smaller hepatocyte lipid droplets, higher plasma 

TG, higher rate of TG secreted from the liver to the plasma.  From these data, we suggest 

three potential hypotheses to explain our findings: (A) Direct replacement hypothesis. (B) 

Decreased de novo TG synthesis hypothesis. (C) Increased mobilization by cholesteryl 

ester inhibition of hepatic TG lipase hypothesis.  Each hypothesis is discussed in the text 

of the discussion section. 
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Abstract 

 

Backround and Aims:  The defining characteristic of Non-Alcoholic Fatty Liver Disease 

(NAFLD) is the accumulation of neutral lipids (triglyceride (TG) and cholesteryl ester 

(CE)) in intracellular hepatic lipid droplets. In a recent study, we presented data showing 

a direct correlation between hepatic ACAT2-derived CE and hepatic TG accumulation. A 

role for cholesterol esterification by ACAT2 has been identified in cholesterol absorption 

and lipid core production of atherogenic apoB-containing lipoproteins.  Methods:  The 

current research attempts to define the mechanism by which the cholesterol esterifying 

enzyme ACAT2 exerts metabolic effects on hepatic triglyceride.  Real time polymerase 

chain reaction (RT PCR) was performed to show that there were no major transcriptional 

changes that could account for the substantial differences in hepatic TG when ACAT2-

derived CE were present or absent.  Using 3H labeled oleate, we were able to compare the 

mobilization of the stored hepatic TG lipid pool into nascent very-low density 

lipoproteins (VLDL) in animals with and without ACAT2-derived CE accumulation.  14C 

oleate was infused during isolated liver perfusion to monitor the rate of newly 

synthesized hepatic TG and the mobilization of these newly synthesized TG from the 

liver into nascent VLDL.  Results:  We show that, independent of changes in hepatic 

gene transcription, the decrease in neutral lipids seen in ACAT2 KO livers is largely a 

result of higher mobilization of hepatic TG when CE are absent.  Conclusion:  We 

hypothesize that accumulation of hepatic CE in neutral lipid droplets interferes with TG 

mobilization for packaging onto nascent VLDL particles and triglyceride therefore 

accumulates in the liver.   
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Introduction 

 

 Non-Alcoholic Fatty Liver Disease (NAFLD) is a progressive disease process that 

affects at least 20% of the general adult population and at least an estimated 5% of 

children; the percent of the obese population estimated to have NAFLD is high108, 112. 

NAFLD occurs when neutral lipids (triglyceride and cholesteryl ester) accumulate in 

hepatic lipid droplets to approximately 5-10% of the total liver mass108.  The exact cause 

of this disease is unknown, though it has been suggested that excess caloric consumption 

and decreased energy expenditure allows for increased availability of fatty acids for lipid 

synthesis by the liver109.  NAFLD is commonly found concurrent with metabolic 

syndrome when there is no history of chronic alcohol consumption106, 107.  As such, 

NAFLD- associated complications are an increasing healthcare cost and concern as the 

percent of the total population considered obese rises113. 

 Recently, a role for limiting dietary cholesterol in prevention of NAFLD has been 

indicated125 (Alger et al manuscript in preparation). Zheng et al showed that animals 

treated with ezetimibe, which inhibits sterol absorption through NPC1L1, were protected 

from development of NAFLD, compared to control, when animals were fed a high fat 

(45% of calories as lard/soybean oil) and moderate cholesterol (0.12% w/w) diet125.  

Recent studies from our lab have shown a significant positive correlation between the 

accumulation of hepatic cholesteryl esters (CE) and hepatic triglyceride (TG).  In this 

study, animals were fed a low fat diet (10% of calories as palm oil) and dietary 

cholesterol was varied from 0.001% to 0.2% (w/w).  We showed that the effect is 

completely dependent on dietary cholesterol consumption, as excess cholesterol is 
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esterified by Acyl CoA:Cholesterol O-Acyl Transferase, isoform 2 (ACAT2) and 

accumulates in the liver with triglycerides (Alger et al manuscript prepared for 

submission).   

A cholesterol-dependent accumulation of TG may be counter-intuitive, as 

cholesterol is generally considered to be inert during the metabolism of TG.  These data 

however demonstrate a clear role of dietary cholesterol in the accumulation of hepatic 

TG, independent of dietary fat consumption, and described a phenomenon that provided 

the basis for the studies presented herein.  

In the current study, we sought to define a mechanism through which ACAT2-

derived cholesteryl esters would regulate the hepatic triglyceride accumulation seen in 

NAFLD.  To simplify any background strain effects, pure C57BL/6 mice expressing 

ACAT2 or lacking ACAT2 were fed a 0.2% (w/w) cholesterol diet following the protocol 

we have previously established for development of NAFLD-like symptoms in mice.  

These mice recapitulated our previous findings that compared to ACAT2 intact (WT) 

animals, ACAT2 disrupted (ACAT2-/-) animals had lower hepatic TG and higher plasma 

TG. We have developed a liver perfusion technique that continuously monitors synthesis 

of TG in the liver as well as mobilization of triglycerides from the liver into nascent very-

low density lipoproteins (VLDL) in plasma.  We found that ACAT2-derived CE present 

in the livers of WT mice does not affect the rate of hepatic TG synthesis.  Instead, we 

found that hepatic accumulation of CE leads to a lower rate of TG mobilization from the 

liver for secretion in nascent VLDL particles.  Using real-time polymerase chain reaction 

(RT-PCR), we showed that these changes were independent of dramatic changes in 

hepatic gene expression. 
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Materials and Methods 

 

Animals and Diets  

Mice used in these studies were housed and cared for under the approval of the 

Animal Care and Use Committee at Wake Forest University Health Sciences.  Founder 

mice for the generation of the animal colony used in this study were kindly provided by 

Dr. Stephen Turley at the University of Texas Southwestern Medical Center at Dallas.  

Mice were generated with or without functional ACAT2 with the strain background 

C57BL/6J (available from cryo-preservation at The Jackson Labs Stock #004185).  

Female mice were fed a cereal-based chow diet until 6 weeks of age.  At 6 weeks, mice 

were fed a semi-purified, carbohydrate-rich diet containing 10% of calories as palm oil 

and 0.2% (w/w) cholesterol.  Diets were made at the Diet Preparation Laboratory of the 

Wake Forest University Primate Center and contained all essential nutrients as described 

previously126.  Mice were fed this diet for 6-10 weeks in these studies.  After 6 weeks on 

diet, a subset of mice was fasted for four hours to determine steady-state lipids in the 

plasma and liver.  

  

Real-Time Polymerase Chain Reaction (RT-PCR) analysis of hepatic mRNA levels 

Trizol (Invitrgen Life Technologies) was used to extract total mRNA from 

~100mg pieces of frozen liver tissue, according to the manufacturer’s protocol as 

described previously 93, 99.  Total extracted mRNA was resuspended in 300µL of 

deionized water treated with diethyl pyrocarbonate (DEPC) and quantitated 

spectrophotometrically.  1µg of total mRNA was reverse transcribed into cDNA using 

Omniscript reverse transcriptase (Qiagen) for 1 h at 37oC and 5 min at 93oC.  RT-PCR 
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reactions were set up in triplicate using 5µL of 1:10 diluted cDNA in DEPC water, 

12.5µL of SYBR GREEN PCR master mix (Applied Biosystems), 20pmol of each 

forward and reverse primers and DEPC water to a final volume of 25µL.  The RT PCR 

reaction was performed and monitored using an Applied Biosciences Sequence Detection 

System 7000 under the following cycling conditions: 50oC for 2 min, 94oC for 10 min, 

followed by 40 cycles of 94oC for 10 s and 60oC for 1 min.  Sequences for the primers 

used are found in Supplemental Table.  At the end of each cycle, a 60oC dissociation 

protocol was run to verify the presence of a single amplification product.  Ct values and 

quantification of transcripts were determined as previously described using GAPDH to 

normalize all samples 93. 

 

Isolated liver perfusion  

Approximately one hour prior to surgery, non-fasted mice were injected with a 

intraperitoneal 200µL bolus containing 20µCi 3H oleic acid in 5% bovine serum albumin 

(BSA) and 0.75% cold oleic acid as a carrier for delivery of 3H fatty acid to the liver 

(Van Harken, DR JBC 1969).  Mice were returned to their cage until their perfusion 

surgery start time, at which point they were anesthetized with isoflurane.  Briefly, to 

isolate the hepatic blood flow to the perfusion media, an in-flow cannula was inserted 

into the portal vein and an out-flow cannula was secured in the vena cava as previously 

described97.  Perfusion medium was made with a Krebs-Ringer biocarbonate buffer 

containing essential amino acids, antibiotics, insulin, and hydrocortisone which was 

oxygenated just prior to use.  Mouse erythrocytes collected from donor mice were added 

to 10% hematocrit, as previously described97.  Flush media was circulated for 30 minutes 
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to remove residual blood and lipoproteins from the liver.  Flush media was replaced with 

10mL oxygenated perfusion media and re-circulated through the system for the 

experiment.  A constant infusion of 14C oleic acid complexed to albumin was pumped 

into the perfusion media at a constant rate of approximately 11,000dpm per minute. 

Perfusate samples (1.5mL at each time point) were taken at half hour intervals and fresh 

media was added back to maintain a constant media volume of 10mL.   

 Liver biopsies were taken at one and two-hour time points.  During surgical 

isolation of the liver, 4.0 suture silks were looped around two separate liver lobes and 

secured.  At one hour, one of the loops was tightened around the liver lobe to constrict 

blood flow into the lobe, it was removed with a pair of surgical scissors and surgical glue 

was immediately applied to the liver to prevent leakage.  At two hours of perfusion, a 

second lobe was isolated and removed.  The liver biopsies were then weighed and snap-

frozen in liquid nitrogen for later analyses.  The perfusion experiment continued through 

three hours only if the liver did not leak media after biopsy.  At the completion of the 

three-hour experiment, all perfusion media was collected and the liver was weighed and 

snap-frozen in liquid nitrogen.  Each time point perfusate sample was centrifuged at 5000 

x g to separate erythrocytes from perfusate plasma.  Aliquots of the perfusate were 

analyzed as below and erythrocytes were discarded. 

 

Perfusate Media Analyses  

Recovery of both isotopes in perfusate media was verified by counting a 10µL 

aliquot of media at each time point using a scintillation counter.  Aliquots (0.8mL) of 

each perfusate time point were then extracted with 4mL methanol, 2x2mL chloroform, 
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and 1.2mL 0.05% H2SO4.  The lipid-containing chloroform phase was then removed with 

a volumetric pipette in two individual aliquots.  The chloroform from one of the aliquots 

was dried, lipids were resuspended in hexane, and lipid classes were separated by thin 

layer chromatography (TLC).  Each of the lipid classes in each extracted time point 

(phospholipids, free cholesterol, triglyceride, and esterified cholesteryl) were scraped into 

individual scintillation vials and isotopes (3H and 14C) were quantified at each time point 

for each lipid.  The lipids in the second aliquot of chloroform were solubilized in Triton 

X-100 and resuspended in water.  The lipids were then quantified using enzymatic kits 

(Total Cholesterol and Triglyceride reagents by Roche Diagnostics, Free Cholesterol and 

Phospholipid reagents by Wako Chemicals USA), following manufacturer’s instructions. 

The rate of accumulation of the mass and radioactivity in each lipid was determined by 

calculating the linear slope of lipid accumulation at each time point over the three hour 

experiment.  

 

Liver Lipid Analyses 

Prior to lipid extraction, 250µg aliquots of 5α-cholestane GC standard were added 

to tubes used for extract all liver samples in these experiments.  Lipids were extracted 

from snap frozen liver biopsies (~50-100mg samples) from 1-, 2-, and 3- hour time points 

in 3mL of chloroform:methanol (2:1).  Liver lipids were extracted at room temperature 

overnight, then the solvent (containing all lipids) was transferred to a new tube and dried 

under N2 gas, leaving hepatic lipids dried in the tube.  Total liver lipids were then 

resuspended in a known volume of chloroform:methanol (2:1) with aliquots being taken 

for sterol analyses by gas chromatography (GC), total lipid quantification by enzymatic 
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assay, and radio-isotope quantification after separation of lipid classes by TLC. The 

protein pellets from delipidated liver biopsies were digested in 1N NaOH and the amount 

of protein in an aliquot was assayed by the Lowry method116.  

 

Statistical Analyses and Data Presentation 

Data were evaluated for statistically significant differences using JMP Statistical 

discovery software.  Statistically significant differences of the means were determined by 

ANOVA and t-Test when p<0.05. Differences are indicated in individual figures of the 

results section.  Figures were made using GraphPad Prism 4 for Macintosh or Microsoft 

Office software.  
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Results 

 

In the first series of experiments, we sought to verify that the model used for the 

present studies (C57BL/6 with and without ACAT2) showed similar effects as seen in 

our previous analyses.  Figure 1 and Table I verify that the changes seen in the neutral 

lipid profiles of ACAT2 KO in C57BL/6 mice were consistent with those seen 

previously.  To summarize briefly, after high cholesterol diet feeding of C57BL/6 mice: 

1) Hepatic neutral lipids [esterified cholesterol (EC) and triglyceride (TG)] are lower in 

ACAT2 KO than WT mice (Figure 1A/B); 2) Plasma TG is higher in ACAT2 KO than 

WT (Table I); and 3) secretion rates of VLDL TG and EC from ACAT2 KO livers were 

higher for TG and lower for EC when compared to WT (Figure 1C/D).  From these and 

the previous data, we asked the question: What is the mechanism by which the presence 

of hepatic esterified cholesterol consistently leads to accumulation of triglyceride in the 

liver as seen in NAFLD?  

To determine if any of the TG altering effects of CE accumulation are due to 

transcriptional regulation of genes involved in de novo triglyceride synthesis or 

hydrolysis and mobilization, we analyzed hepatic mRNA and protein levels of lipid 

homeostatic genes (Table II and data not shown).  As the most pronounced changes in 

hepatic triglyceride content were seen in the mixed background mice, the livers of 

ACAT2 intact and deficient animals on that background were analyzed for mRNA 

expression of genes involved in lipogenesis, triglyceride synthesis and degradation, 

hepatic inflammation, and lipid metabolism (Table II).  Though there were small 

fluctuations in expression of several genes in these categories, the only gene that had a 
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statistically significant change was CGI58 (ACAT2-/- livers had 53% of the expression of 

ACAT2+/+ (WT) livers) (Table II).  The presumed role of CGI58 is as a cofactor for 

Adipocyte Triglyceride Lipase (ATGL), so we do not know how important the apparent 

difference is127.   

To address a transcriptional role of lower de novo TG synthesis when ACAT2-

derived CE was absent, we would expect significantly lower transcription of SREBP1c 

and its gene targets.  While there was a trend towards lower expression of sterol 

regulatory element binding protein isoform 1c (SREBP1c) expression (ACAT2-/- livers 

had a 38% lower level of SREBP1c mRNA abundance than WT livers) and its target 

genes (FAS: fatty acid synthase. SCD-1: stearoyl-CoA desaturase-1. ACC1: Acyl CoA 

Carboxylase-1) also trended towards lower expression levels in ACAT2-/- livers (68%, 

52%, and 45% lower mRNA abundance, respectively) (Table II) although none of these 

changes were statistically significant. Additionally, we analyzed for the levels of 

expression of several enzyme proteins in the ACAT2 ASO-targeted and control ASO 

mice on the atherogenic background.  Mice with ACAT2 knock-down had a marked 

decrease in SCD1 protein levels compared to their ACAT2 intact counterparts. These 

data suggest that several minor changes in hepatic lipid homeostasis may occur that could 

contribute to a decrease in hepatic triglyceride content, but they do not appear to be of a 

magnitude that would fully explain the 5-6 fold decrease in hepatic triglyceride 

accumulation in the ACAT2-/- animals.  

 Since the results of the gene expression analysis by RT-PCR showed that there 

were not major transcriptional changes that could account for the lower hepatic TG in 

ACAT-/- mouse livers, we performed the experiments outlined in Figure 2.  In these 
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experiments, we determined (1) the rate of mobilization of the endogenous stored hepatic 

TG pool, (2) the rate of newly synthesized TG in liver, and (3) the rate of mobilization of 

the newly synthesized TG pool.  Prior to each liver perfusion experiment, pure C57BL/6J 

Mice were fed a high cholesterol (0.2% w/w) diet for at least 6 weeks to initiate hepatic 

neutral lipid accumulation.  One hour prior to surgery, a bolus of 3H-oleic acid 

complexed to bovine serum albumin (BSA) was injected intraperitoneally to pre-label the 

endogenous pool of triglyceride present in the liver (Figure 2).  In unpublished data, 

Degirolamo and Rudel found that 7-8% of the total 3H-radioactivity injected was 

recovered in liver lipids after one hour, the vast majority (>85%) of which had been 

incorporated into triglyceride.  The mobilization of pre-labeled TG from the liver into 

perfusate TG was 3-times higher in ACAT2 KO mice than WT mice (Figure 3A).  This 

finding would suggest that there was a higher rate of mobilization of the stored TG into 

nascent VLDL when ACAT2 is deleteed compared to WT.   

The increased rate of hepatic TG mobilization that was seen in animals lacking 

esterified cholesterol (ACAT2 KO) could be artificially higher if there was a decrease in 

TG synthesis.  To determine if there was a decreased rate in de novo hepatic TG synthesis 

that could account for the lower hepatic TG in ACAT2 KO animals, we infused excess 

14C oleate complexed to BSA at a constant rate and monitored the rate of accumulation of 

14C-oleate labeled TG in liver biopsies taken hourly over 3 hours (Figure 2B).  As seen in 

Figure 4A, there was no statistically significant difference in the rate of de novo hepatic 

TG synthesis when esterified cholesterol was present (WT) or absent (ACAT2-/-).   

To determine if there was a difference in mobilization of TG in stored lipids or 

newly synthesized lipids, we monitored the accumulation of 14C TG in the perfusate 
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(Figure 3B).  We have already shown that there was an increase in liberation of the 

steady state labeled pool of TG (3H) when ACAT2 was deleted.  With this and the fact 

that there was no difference in the rate of synthesis of hepatic TG in WT or ACAT2-/- 

animals, we next sought to establish if there was a consistent increase in the rate of 

synthesis of nascent TG from 14C oleate.  Figure 4B shows data consistent with Figure 

3A and 14C-TG mobilization was higher in ACAT2-/- livers.  In both situations, ACAT2-/- 

animals that lack hepatic ACAT2-derived cholesteryl ester had significantly higher 

secretion rates of radiolabelled TG in VLDL than ACAT2+/+ animals with an 

accumulation of ACAT2-derived cholesteryl esters.  
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Discussion 

 

The primary goal of the studies described herein was to establish a mechanism to 

explain the finding that livers depleted in cholesteryl ester (CE) are also protected from 

accumulation of hepatic triglyceride (TG), whereas livers with abundant ACAT2-derived 

CE are replete with TG.  In our previous studies, we established that independent of 

mouse strain background, there were two consistent findings when ACAT2 was deleted: 

1) hepatic triglyceride (TG) concentrations were lower than in wild type (WT) animals 

and 2) plasma TG concentrations were higher than in WT animals when both were fed a 

high cholesterol diet.  We confirmed the hepatic TG-lowering effects of the whole body 

ACAT2 gene deletion with anti-sense oligonucleotide (ASO) targeted knockdown of 

ACAT2 providing supporting evidence that the effect was ACAT2 specific. In either 

model of ACAT2 depletion, low accumulation of hepatic CE was seen and was 

associated with lower hepatic triglyceride content when animals were fed cholesterol in 

their diet.  This occurred whether the mice had a normolipidemic or hyperlipidemic 

background. Interestingly, it was shown that when a low-cholesterol diet was fed, livers 

in both ACAT2+/+ and ACAT2-/- mice had less hepatic TG accumulation.  It was also 

shown that in mice with a genetic disruption of ACAT2 (ACAT2 KO), there was higher 

rate of secretion of TG-rich VLDL from the liver into the plasma than when ACAT2 was 

intact (Alger et al manuscript prepared for submission).  These studies were the first to 

show that in the mouse, the removal of the main source of hepatic CE has dramatic and 

reproducible effects on TG accumulation in the liver. 
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Three hypotheses were offered to describe possible reasons for the effects of 

hepatic CE on TG accumulation (Alger et al manuscript prepared for submission). The 

first hypothesis (direct replacement) was inconsistent with the packaging of the neutral 

lipid core; more TG molecules were packaged into ACAT2 VLDL than EC molecules 

that were lost.  In the other two hypotheses, we suggested 1) the lack of esterified 

cholesteryl could decrease rate of hepatic synthesis of triglyceride or 2) the presence of 

excess esterified cholesterol could slow the mobilization of stored triglycerides causing 

them to accumulate in hepatocytes.  The latter two hypotheses were addressed in the 

current studies.  

We first performed a series of real-time polymerase chain reaction (RT PCR) 

experiments to determine if there were any significant changes in gene expression that 

would suggest a mechanism for the lower TG in ACAT2-depleted livers (Table II).  The 

chemical data consistently show that the livers of ACAT2-/- mice had lower hepatic TG 

than ACAT2+/+ livers when fed a diet containing 0.2% cholesterol.  One hypothesis 

suggests that ACAT2-/- livers could have lower de novo synthesis of TG, and this 

decrease in TG synthesis could be due to differences in precursor availability or in the 

TG-synthetic enzymes.  Using real-time polymerase chain reaction (RT-PCR) assays, we 

found that sterol regulatory element binding protein isoform 1c (SREBP1c) had a 

modestly lower (38%) but not significantly different expression in ACAT2-/- livers mice 

compared to ACAT2+/+ (WT) livers (Table II Experiment #1). Further, we did not find 

statistically significant differences between the two genotypes in the expression of 

downstream transcriptional targets of SREBP1c involved in lipogenesis [fatty acid 

synthase (FAS), stearoyl-CoA desaturase-1 (SCD-1), acyl CoA carboxylase-1 (ACC-1), 
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and tribbles-3 (TRB3)], though they all appeared that they may be slightly lower in 

ACAT2-/- animals compared to WT.  We repeated this experiment in apolipoprotein B-

100-only LDL-receptor-/- (bbrr) mice with ACAT2 knocked-down by antisense 

oligonucleotide (ASO)-treatment (Table II Experiment #2).  FAS, ACC1, and SCD1 gene 

expression was compared in pooled cDNA samples from ASO control and ACAT2 ASO 

treated livers.  To varying degrees, there was a slight but insignifcantly lower expression 

of these genes in ACAT2 ASO treated animals, compared to control.  Expression of 

several genes were repeated in the pooled liver cDNA samples (Table II Experiment #2- 

DGAT1, DGAT2, MTP, and CD-68), and no major transcriptional changes were seen 

that could account for the lower hepatic TG in ACAT2 knock down animals.  For all of 

the genes monitored in the ASO treated animals (Table II Experiment #2- mGPAT, 

Cyp3a11b, SHP, and Lipin1), no differences were found that could account for the 

significantly lower hepatic TG in ACAT2 knock down livers.  In data not shown, 

homogenates were made from the frozen liver samples of ASO-treated bbrr mice, as 

described100. 25µg of total protein were loaded per well and immunoblots were 

performed to compare the protein expression of SCD1, ACC1, and p-AMPK.  Akt1 was 

used as a loading control.  There was a trend towards lower expression of SCD1 from 

livers that had ACAT2 knocked-down.  There was no change in protein expression 

between ASO control and ACAT2 ASO treated livers for ACC1 or pAMPK.  Taken 

together, the data do not provide convincing evidence that there is a general decrease in 

the expression of genes involved in the de novo synthesis of hepatic TG that could lead to 

decreased hepatic triglyceride concentrations of the ACAT2 depleted mouse livers. 
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As genetic background can be a confounder, we sought to further confirm the 

previous findings in mixed genetic background mices by studying a commercially 

available pure C57BL/6J background mouse with or without ACAT2.  As is seen in 

Figure 1 and Table I, when fed a high chlolesterol diet, C57BL/6J mice that lacked 

ACAT2 amassed lower hepatic neutral lipid (EC and TG), secreted more TG-rich VLDL 

from the liver into the plasma, and had higher plasma TG concentrations than animals 

with ACAT2 intact.  These findings were reproducible and independent of mouse strain 

or predisposition to hyperlipidemia, and so the C57BL/6J mice used in the current study 

allowed us to further analyze the mechanism by which EC can regulate hepatic TG.   

 Consistent with the data that suggest that there is no transcriptional regulation of 

the genes involved in de novo TG synthesis, we monitored the de novo synthesis of 

hepatic TG during a constant infusion of 14C oleate during perfusion to represent the “fed 

state” when the liver would be taking up circulating lipids for packaging and storage in 

hepatocyte lipid droplets, as outlined in Figure 2.  As is seen in Figure 4A, there was no 

difference in the rate of incorporation of 14C oleic acid into the liver TG pool of WT or 

ACAT2 KO mice.  These data do not support the proposed hypothesis suggesting that the 

presence of ACAT2 promotes de novo hepatic TG synthesis. 

 To address our hypothesis that livers lacking ACAT2-derived CE have a higher 

rate of TG mobilization (hydrolysis and resynthesis during VLDL assembly and 

secretion) from the liver into the core of nascent VLDL, we analyzed the RT PCR data 

for genes involved in hepatic TG hydrolysis, resynthesis, and packaging. Slight 

differences in DGAT1 expression were suggested in ACAT2 animals compared to WT, 

but the apparent decrease was small and could not likely account for the lower hepatic 
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TG and higher plasma TG.  DGAT2 expression also remained basically unchanged 

(Table II). We do not know for sure which enzyme is responsible for TG hydrolysis 

during mobilization but our RT-PCR data suggests that there were no significant changes 

in gene expression for TGH1 or TGH2 (Table II). To determine if there were any 

differences in the expression of genes involved in lipid metabolism and droplet formation 

or triglyceride packaging, we also analyzed message levels of ABCG5, HMGCS, ADRP, 

CIDE-B, and MTP (Table II).  ADRP, CIDE-B, and MTP have all been suggested to 

function in neutral lipid droplet binding or TG transport128-130.  We identified no 

significant changes in the expression of these genes that could account for the increased 

hepatic VLDL-TG secretion when ACAT2 was disrupted, suggesting that there may not 

be any change in the TG packaging machinery available when hepatic CE are present or 

absent.  It may be that in either case a similar amount of enzyme is present and not rate-

limiting, with the real difference being the presence of CE in the pool of lipids in the lipid 

droplets on which the enzyme must function. 

 To determine if there was a difference in TG mobilization from the liver 

independent of relevant transcriptional changes, we used the experimental protocol in 

Figure 2 to differentiate the mobilization of TG from stored endogenous hepatic TG pool 

(labeled with 3H oleate) and the newly synthesized TG pool (from the 14C oleate infusion) 

into VLDL particles.  In a labeled hepatic TG pool representing stored TG (3H TG% 

Figure 3), it was shown that there is a higher rate of secretion of TG from the livers of 

animals lacking CE (ACAT2-/-) than from animals that have hepatic CE (WT). In 

addition to the higher rate of perfusate accumulation of 3H TG we observed a higher rate 

of newly synthesized 14C-TG secretion into perfusate VLDL in livers from ACAT2-/- 
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mice (Figure 4B).  These data are consistent in showing that CE in liver hepatocytes may 

be exerting its effects on TG metabolism by limiting the mobilization of hepatic TG for 

secretion (Hypothesis presented in Figure 2A).  These data suggest that in the absence of 

any major changes in gene expression that could account for lower hepatic TG when CE 

is absent (Table II), the mechanism by which CE in liver hepatocytes is exerting its 

effects on TG metabolism is through obstructing the mobilization of hepatic TG into 

VLDL (Figures 2A, 3, and 4B) and not by lower hepatic TG synthesis (Figures 2B and 

4A).   

In summary, the current studies have implicated a novel mechanism by which the 

accumulation of hepatic cholesteryl ester can lead to hepatic triglyceride accumulation.  

The mechanism by which this occurs is not through an enhancement in lipogenesis and 

de novo triglyceride synthesis coupled to insulin resistance and hyperglycemia as is often 

reported in mice fed high fat diets131, 132.  Instead, the current data indicate that the 

presence of esterified cholesterol is able to limit the mobilization of triglycerides from the 

liver perhaps through the relative substrate flexibility previously reported in some neutral 

lipid esterifying enzymes123, 124, such that the presence of CE interferes with TG 

hydrolysis and mobilization from cytoplasmic lipid droplets independent of lipogenesis.  

Other models have been presented which dissociate insulin resistance and lipogenesis 

from hepatic steatosis.  In mice fed a methionine/choline-deficient diet, hepatic steatosis 

occurred in db/db mice that retained insulin sensitivity and independent of elevated fasted 

plasma glucose133.  Hepatic steatosis was also seen in a mouse model that overexpressed 

acyl-CoA:diacylglycerol acyltransferase 2 (DGAT2).  These mice were fed a high fat diet 

and developed steatosis, yet were also insulin sensitive134.  Clearly, the data in the present 
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study provide a mechanism for the dietary cholesterol-dependent NAFLD seen in 

metabolic syndrome and provide substantiating evidence that steatosis can occur 

independent of lipogenesis and insulin resistance.  

 It has already been repeatedly and well established that there is a direct 

correlation between dietary cholesterol consumption and risk for development of heart 

disease1.  Atherosclerosis is one of many diseases that in the metabolic syndrome that are 

based in lipid dysregulation.  In studies done in mice and non-human primates, apoB 

containing lipoproteins rich in ACAT2-derived esterified cholesterol have been indicated 

as the primary particles responsible for the development of atherosclerosis56, 97. 

Atherosclerosis is considered progressive disease, wherein long-term lipid metabolism 

defects and elevation of EC-rich lipoproteins cause the gradual plaque buildup seen in 

lesions.  In this manner, ACAT2 has previously been indicated as a pharmaceutical target 

for atherosclerosis80, 101.  The current research presents a role for ACAT2 inhibition much 

earlier in the development of another disease of the metabolic syndrome, Non-Alcoholic 

Fatty Liver Disease. 
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Figure 1 Hepatic and perfusate concentrations of neutral lipids of C57BL/6 (BL6) 

mice with and without ACAT2.  BL6 mice were fed 0.2% (w/w) cholesterol diet for at 

least six weeks prior to liver perfusion.  After perfusion, liver lipids and perfusate lipids 

were extracted in chloroform:methanol, quantified by colorimetric enzymatic assays as 

described in Materials and Methods and rates of lipid secretion were calculated.  

Esterified Cholesterol (A,C) and Triglyceride (B,D) were measured in the liver (A,B) and 

perfusate (C,D) from WT (black bars) and ACAT2 (white bars).  In both liver and 

perfusate, lack of functional ACAT2 leads to lower esterified cholesterol.  When 

esterified cholesterol is absent, there is lower hepatic TG content, but higher TG 

accumulation in the perfusate. Statistically significant differences were seen in all 

parameters as indicated by (* p=#).  All groups n=5-18 animals. Values are expressed as 

mean (±SEM). 
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Table I Plasma lipid concentrations in 0.2% cholesterol fed ACAT2+/+ (WT) and 

ACAT2-/- animals.  Mice were fed a 0.2% cholesterol diet for six weeks.  Mice were 

fasted for four hours prior to necropsy and after anesthesia with ketamine:xylazine, blood 

was collected by cardiac puncture.  Erythrocytes were separated from plasma and 

triglyceride (TG), Esterified Cholesterol (EC), and Free Cholesterol (FC) concentrations 

were determined from an aliquot of plasma by enzymatic, colorimetric assays as 

described in Materials and Methods.  Values are expressed as mean (±SEM).  Fold 

change is determined by dividing the average value of ACAT2 value by WT value lipid, 

with statistically significant changes indicated by (* p).  WT (n=12), ACAT2 (n=10).  
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Table I 
 
 

 WT ACAT2-/- Fold change from 
WT to ACAT2-/-  

Plasma TG 
(mg/dL) 20 (2.99) 39.3 (2.16) 2X↑ * p=0.0001 

Plasma EC 
(mg/dL) 94 (5.06) 78.2 (3.05) 0.8X↓ * p=0.0211 

Plasma FC 
(mg/dL) 23 (0.96) 27 (0.72) 1.2X↑ * p=0.0121 
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Table II RT-PCR analysis of liver mRNA from ACAT2 intact or ACAT2 disrupted 

mice.  Experiment #1: mixed strain background mice were fed a 0.2% cholesterol (w/w) 

diet for 6 weeks.  Total RNA (tRNA) was extracted from livers and reverse transcribed 

into cDNA.  Relative expression of genes from individual samples was quantified using 

the primer sets listed in Supplement Table 1. Experiment #2: apolipoprotein B-100-only/ 

LDL-receptor knock-out (bbrr) mice were treated with control or ACAT2 targeting 

antisense oligonucleotide (ASO) and fed a diet containing 0.1% cholesterol for 8 weeks.  

tRNA was extracted from livers and reverse transcribed into cDNA.  Relative gene 

expression was estimated from pooled samples of cDNA.  SREBP1c: sterol regulatory 

element binding protein. FAS: fatty acid synthase. SCD-1: stearoyl-CoA desaturase-1. 

ACC1: Acyl CoA Carboxylase-1.  TRB3: tribbles-3.  DGAT1/2: diacylglycerol 

acyltransferase 1/2.  TGH1/2: triglyceride hydrolase 1/2.  ATGL: adipose triglyceride 

lipase.  CGI58: comparative gene identification-58.  CPT1: carnitine 

palmitoyltransferase-1.  mGPAT1: mitochondrial glycerol-3-phosphate acyltransferase.  

FGF21: fibroblast growth factor-21.  GPAT: glycerol phosphate acyltransferase. CD68: 

cluster of differentiation-68.  IL-6: interleukin-6.  ABCG5: ATP-binding cassette 

transporter isoform G5.  HMGCS: 3-hydroxyl-3-methylglutaryl-CoA synthase.  FGFR4: 

fibroblast growth factor receptor-4.  ADRP: adipose differentiation related protein. 

CIDE-B: cell death-inducing DFFA-like effector b.  MTP: microsomal triglyceride 

transfer protein. Cyp3a11b: cytochrome P-450 3a11b.  SHP: small heterodimer partner.  

Lipin1:  Lipin1.  ACAT2: acyl CoA:cholesterol acyltransferase 2.  Experiment #1: All 

values are represented as: mean (SEM) of individual liver samples.  Experiment #2: All 

values are represented as the relative expression in pooled samples.  Differences in gene 
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expression between WT and ACAT2 KO are indicated as a percentage, statistically 

significant differences are indicated (**).  All groups n≥5. 
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Table II 

 

Gene Name 

WT relative 

expression 

(n=5) 

ACAT2 KO relative 

expression (n=5) 

Experiment #1 

Percent change from WT to 

ACAT2 KO livers 

Experiment #2 

Percent change from WT 

to ACAT2 KO livers 

Lipogenesis 
SREBP1c 2.12 (0.35) 1.32 (0.16) 38% !   

FAS 2.77 (1.12) 0.80 (0.16) 68% !  22% !  

SCD-1 1.77 (0.39) 0.85 (0.07) 52% !  63% !  

ACC1 1.48 (0.41) 0.82 (0.04) 45% !  13% !  

TRB3 4.50 (0.76) 6.12 (0.37) 35% "   

     

TG synthesis and degradation 
DGAT1 7.8 (1.1) 5.8 (0.9) 26% !  23% !  

DGAT2 12.2 (1.4) 11.6 (1.1) 5% !  14% !  

TGH1 0.30 (0.05) 0.34 (0.08) 13% "   

TGH2 1.68 (0.25) 1.64 (0.33) 2% !   

ATGL 1.298 (0.185) 1.088 (0.118) 17% !   

CGI58 0.38 (0.04) 0.20 (0.00) 47% !  **  

CPT1 2.38 (0.18) 2.10 (0.36) 12% !   

mGPAT1    22% !  

     

Hepatic Inflammation  
CD68 0.24 (0.06) 0.19 (0.04) 21% !  46% !  

IL6 0.014 (0.004) 0.022 (0.009) 57% "   

     

Lipid Metabolism 
ABCG5 3.06 (0.22) 2.34 (0.29) 24% !   

HMGCS 0.46 (0.08) 0.54 (0.15) 12% "   

ADRP 5.48 (0.90) 4.28 (0.87) 12% !   

CIDE-B 8.82 (0.97) 8.27 (0.83) 7% !   

MTP 1.86 (0.10) 1.80 (0.10) 3% !  1% "  

FGF21 0.005 (0.001) 0.006 (0.002) 20% "   

FGFR4 0.36 (0.02) 0.32 (0.04) 12% !   

CYP3A11B    37% !  

SHP    22% !  

LIPIN1    7% !  

ACAT2 0.182 (0.042) 0.005 (0.002) 98% !  **  
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Figure 2: Isolated liver perfusion experimental design to monitor nascent hepatic 

triglyceride (TG) synthesis and TG mobilization from the liver to the plasma in ACAT2 

intact and disrupted animals. To determine the mechanism by which hepatic esterified 

cholesterol is affecting triglyceride metabolism, 3H and 14C radiolabeled lipids were 

monitored during a three-hour liver perfusion experiment. Perfusate media samples (A) 

were taken at thirty-minute intervals and relative rates of TG mobilization into nascent 

VLDL are monitored.  Hourly liver biopsies were taken (B) and de novo hepatic TG 

synthesis is determined by the rate of incorporation of 14C oleic acid into hepatic TG 

during a constant infusion.   
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Figure 3 The rate of mobilization of hepatic triglyceride (TG) was higher in ACAT2 

disrupted animals than ACAT2 intact animals.  Mobilization of endogenous (A) and 

newly synthesized (B) triglyceride was monitored during isolated liver perfusion for three 

hours.  One hour prior to surgery, a bolus of 3H oleate complexed to BSA was injected 

intraperitoneally to pre-label hepatic lipids. During the three hour liver perfusion, 14C 

oleate complexed to albumin was constantly infused into perfusate to continuously label 

newly synthesized lipids.  Media was recirculated for 3 hours and aliquots of perfusate 

plasma were taken every thirty minutes.  Lipids were extracted from each 30 minute time 

point sample in chloroform:methanol and an aliquot of the lipid-containing chloroform 

phase was dried under N2.  The lipids in the aliquot were resuspended in chloroform and 

separated by thin layer chromatography (TLC).  Lipid classes were quantified as in 

Figure 3 and rates of secretion of 3H or 14C TG were determined. (A) The total 3H pre-

labeled hepatic lipid pool was determined and the accumulation rate of 3H in perfusate 

TG was determined.  There was a statistically significant 3-fold increase in the 

accumulation of 3H TG from the stored hepatic 3H TG pool in ACAT2-/- mice compared 

to that in ACAT2+/+ (WT) mice. (B) The rate of mobilization of newly synthesized 14C-

TG from the liver into the perfusate plasma was statistically significantly higher in 

ACAT2-/- mice than in WT mice.  In 14C infusion experiments n=5 for both groups.  In 3H 

pre-labeled experiments, WT n=5, ACAT2-/- n=6. 
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Figure 4 The presence of hepatic cholesteryl esters had no effect on hepatic TG 

synthesis.  35-100mg liver biopsies were isolated and snap frozen at hourly intervals 

during isolated liver perfusion with constant 14C oleate infusion to monitor lipid 

synthesis.  Lipids were extracted from individual liver biopsies in chloroform:methanol.  

An aliquot of the lipid-containing chloroform phase was dried down, resuspended in 

chloroform, and separated by thin layer chromatography (TLC).  Liver lipids 

(phospholipids (PL), free cholesterol (FC), triglyceride (TG) and cholesteryl ester (CE)) 

were scraped from the TLC plate, scintillation cocktail was added, and 14C labeled lipids 

were quantified in each class.  Rates of individual hepatic lipid synthesis were determined 

from the three biopsies of each liver.  Data are expressed as the mean (± SEM).  There 

was no statistically significant difference between genotypes (p = 0.6598) and all groups 

n=5. 
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 Supplemental Table I Forward and reverse primer pairs used in real-time polymerase 

chain reaction (RT PCR). SREBP1c: sterol regulatory element binding protein. FAS: 

fatty acid synthase. SCD-1: stearoyl-CoA desaturase-1. ACC1: Acyl CoA Carboxylase-1.  

TRB3: tribbles-3.  DGAT1/2: diacylglycerol acyltransferase 1/2.  TGH1/2: triglyceride 

hydrolase 1/2.  ATGL: adipose triglyceride lipase.  CGI58: comparative gene 

identification-58.  CPT1: carnitine palmitoyltransferase-1.  mGPAT1: mitochondrial 

glycerol-3-phosphate acyltransferase.  FGF21: fibroblast growth factor-21.  GPAT: 

glycerol phosphate acyltransferase. CD68: cluster of differentiation-68.  IL-6: 

interleukin-6.  ABCG5: ATP-binding cassette transporter isoform G5.  HMGCS: 3-

hydroxyl-3-methylglutaryl-CoA synthase.  FGFR4: fibroblast growth factor receptor-4.  

ADRP: adipose differentiation related protein. CIDE-B: cell death-inducing DFFA-like 

effector b.  MTP: microsomal triglyceride transfer protein. Cyp3a11b: cytochrome P-450 

3a11b.  SHP: small heterodimer partner.  Lipin1:  Lipin1.  ACAT2: acyl CoA:cholesterol 

acyltransferase 2.   
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Supplemental Table I 

 
 
 

 

 

  

 

Gene name Primer 1 (5’! 3’) Primer 2 (5’! 3’) 

SREBP1C GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT 

FAS GCTGCGGAAACTTCAGGAAAT AGAGACGTGTCACTCCTGGACTT 

SCD-1 CCGGAGACCCCTTAGATCGA TAGCCTGTAAAAGATTTCTGCAAACC 

ACC-1 TGGACAGACTGATCGCAGAGAAAG TGGAGAGCCCCACACACA 

TRB3 ACTTGGCTGTGGGATTCAAG GACTGTGGGCCTGGGTACTA 

GPAT AGCAAGTCCTGCGCTATCAT CTCGTGTGGGTGATTGTGAC 

ABCG5 TGGCCCTGCTCAGCATCT ATTTTTAAAGGAATGGGCATCTCTT 

mMTP CCTACCAGGCCCAACAAGAC CGCTCAATTTTGCATGTATCC 

DGAT1 GAGGCCTCTCTGCCCCTATG  GCCCCTGGACAACACAGACT 

DGAT2 CCGCAAAGGCTTTGTGAAG  GGAATAAGTGGGAACCAGATCA 

CPT1 CCAGGCTACAGTGGGACATT GAACTTGCCCATGTCCTTGT 

mGPAT1 AGCAAGTCCTGCGCTATCAT CTCGTGTGGGTGATTGTGAC 

HMGCS GCCGTGAACTGGGTCGAA GCATATATAGCAATGTCTCCTGCAA 

TGH1 CACTCCTGCTGACTTGACCA CATCCCCTGTGCTGAAGAAT 

CGI58 TGACAGTGATGCGGAAGAAG AGATCTGGTCGCTCAGGAAA 

TGH2 GACGGGCTCTCTCTGCATAC ACCTCCTGCTGACTCTCCAA 

ATGL ACAGTGTCCCCATTCTCAGG TTGGTTCAGTAGGCCATTCC 

CD68 CTTCCCACAGGCAGCAGAG AATGATGAGAGGCAGCAAGAGG 

IL6  CCACGGCCTTCCCTACTTC TCCACGATTTCCCAGAGAACA 

ADRP CAGTGGAGTAGATAATGCCATCAC GCTTCTGAACCATATCAAATCCTT 

FGFR4 GGGGAGCAGCAATGTTGTAT CAAAACAGGGCCAGAGAGAG 

FGF21 CTGGGGGTCTACCAAGCATA CACCCAGGATTTGAATGACC 

CIDE-B GTGGACAGTGAGGACTTCTTCCAG AGGCTGCCAAAGAGGTCTCG 

CYP3A11B AAACTGCAGGATGAGATCGATGA TCCAGGTATTCCATCTCCATCAC 

SHP CAGCGCTGCCTGGAGTCT AGGATCGTGCCCTTCAGGTA 

LIPIN1 CCCCATTCCTCATAGCTCAA CACTAGTGGCTCCTCCTTGC 

ACAT2 GACTTGGTGCAATGGACTCG GGTCTTGCTTGTAGAATCTGG 
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Abstract 

 

 The experiments described in this study examined the roles of ACAT2 and G5G8 

on cholesterol absorption and the downstream effects that these proteins have on lipid 

metabolism and homeostasis.  Mice with a genetic disruption in ACAT2 and/or 

transgenic overexpression of G5G8 were compared to wild type animals in their response 

to dietary cholesterol feeding at two different levels:  low cholesterol (0.001% w/w) and 

high cholesterol (0.2% w/w).  In the low cholesterol diet feeding, dual gene modification 

(ACAT2 disrupted and G5G8Tg) mice had lower cholesterol absorption than the other 

three genotypes.  When challenged with a higher cholesterol diet (0.2%), mice with 

ACAT2 disruption had a robust lowering of cholesterol absorption, independent of 

G5G8Tg expression.  Animals with lower cholesterol absorption were also protected 

from hepatic lipid accumulation, primarily through the effects of ACAT2 disruption.  

Consistent with previous experiments, there is a consistent lowering of hepatic TG when 

ACAT2-derived esterified cholesterol is absent.  Fasted plasma lipids in this study did not 

have dramatic differences, and plasma cholesteryl esters are largely LCAT-derived in 

these animals.  The evidence suggests that the transgenic overexpression of G5G8 is 

insufficient to enhance the cholesterol absorption lowering by ACAT2 disruption.   
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Introduction 

 

It has been well established through the research of the Framingham Heart Study 

and many population-based and animal studies following that lifetime high plasma 

cholesterol is a risk factor for development of coronary artery disease1, 2. Recommended 

daily dietary cholesterol consumption has been limited to 300mg/day or less, as plasma 

cholesterol levels can be elevated due to high dietary cholesterol consumption135.  

Regulation of de novo and dietary sterol absorption is therefore of great medical and 

economic interest.   

Sterols can enter the body through the enterocytes of the intestine, which express 

a complex series of proteins that work in concert to regulate sterol absorption.  Sterols in 

the intestinal lumen can enter the apical surface of the enterocyte through Niemann-Pick 

C1-Like 1 (NPC1L1)136, 137, a protein that is the target of the sterol absorption inhibitor 

ezetimibe57.  Intracellular sterols have several fates once in the enterocyte.  Sterols can be 

packaged and absorbed into plasma on nascent chylomicrons (intestinally derived 

apolipoprotein B (apoB)- containing lipoprotein) in the free or esterified form138. The 

hydroxyl group on a molecule of free cholesterol allows it to integrate within the polar 

phospholipid surface of these lipoprotein particles139.  Esterfication of sterols involves the 

addition of a fatty acid from an acyl-CoA molecule onto a free sterol by an esterifying 

enzyme which, in the case of enterocytes and hepatocytes, is acyl Coenzyme A (CoA): 

cholesterol acyltransferase isoform 2 (ACAT2)82.  Esterified sterols are highly non-polar 

molecules that can be packaged along with triglycerides into the spherical neutral lipid 

core of the spherical nascent chylomicron particle140, 141. Chylomicrons are released from 
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the intestine, into the lymph where their cargo can be hydrolyzed by and deposited in 

peripheral tissues.  Chylomicron remnants containing esterified cholesterol are returned 

to the liver. 

Another fate of sterols absorbed into enterocytes is reflux back to the intestinal 

lumen by the heterodimeric transport partners ATP binding cassette transporters isoforms 

G5 and G8 (ABCG5/G8 or G5G8)141. Some sterols entering the enterocyte, particularly 

plant sterols (phytosterols: campesterol, sitosterol, and stigmasterol) can be selectively 

returned to the intestinal lumen and are not absorbed into the body.  Mutation and 

disruption of G5G8 leads to the recessive inherited disorder β-sitosterolemia61, 142, 143.  

There are animal models of this disease that have targeted or spontaneous disruption of 

G5G8 activity and recapitulate the disease phenotype of phytosterol accumulation63, 64.   

The mechanisms of sterol handling within the intestine and the liver have several 

similarities. Hepatocytes, which are the lipid-handling and lipoprotein generating cell of 

the liver express NPC1L1, ACAT2, and G5G882, 119, 144, 145.  The liver can synthesize 

cholesterol de novo146 or absorb circulating sterol from high-density lipoproteins (HDL), 

low- or intermediate density lipoproteins (LDL/IDL), or chylomicron remnant particles in 

a receptor mediated uptake147-149.  The hepatic intracellular sterols are handled in a 

similar manner as in the enterocyte.  Free sterols can be esterified by ACAT2 for 

packaging into lipid droplets or the spherical core of nascent hepatic apoB-containing 

particles (very low density lipoproteins (VLDL))97, free sterols can be excreted from the 

liver into the bile via G5G863, or free cholesterol can be catabolized into bile acids and 

hormones.  Hepatic NPC1L1 can reabsorb biliary free sterols from the bile to add to the 

pool of hepatic sterols.  Ezetimibe treatment can modulate the level of biliary free sterol, 
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inhibiting the reuptake of sterols through NPC1L1144.  Overexpression of G5G8 in mice 

was shown to have a similar effect on the biliary sterol pool as inhibition of NPC1L1, in 

that there was enhanced hepatobiliary sterol transport and decreased fractional absorption 

of cholesterol when there were many copies of G5G866, 68. 

In the current study, we proposed that disruption of ACAT2 activity in 

conjunction with overexpression of G5G8 would greatly limit the absorption of 

cholesterol in the animal, compared to ACAT2 disruption, G5G8 overexpression, or wild 

type (WT).  We further hypothesized that the lower cholesterol absorption, especially in 

mice fed a 0.2% cholesterol diet would lead to lower hepatic and plasma cholesterol in 

mice with a genetic disruption of ACAT2 and transgenic overexpression of G5G8. 
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Materials and Methods 

 

Animals and Diets 

 Animals with a genetic disruption of ACAT2 were previously described95 and 

kindly provided by Dr. Robert Farese of the Gladstone Institute.  The strain background 

for these animals was 50% C57BL/6J and 50% 129/SvJae.  Mice with a transgenic 

overexpression of human G5G8 (G5G8Tg) were kindly provided by Dr. Helen Hobbs of 

the University of Texas Southwestern Medical School. The strain background for these 

animals was 50% C57BL/6J and 50% 129/SJL.  The above animals were crossed to 

generate four genotypes of experimental animals for the current study: WT (ACAT2+/+), 

ACAT2 (ACAT2-/-), G5G8Tg (ACAT2+/+, G5G8Tg), and dual gene modification 

ACAT2 G5G8Tg (ACAT2-/-, G5G8Tg).  All animals in this study expressed intact mouse 

G5G8 in the liver and intestine. 

 At six weeks of age, female mice in the four genotype groups were offered a low-

fat (10% of calories at palm oil) diet containing very low (0.001% w/w) or moderate 

(0.2% w/w) cholesterol. Animals were offered 10g/mouse/day of diet for a period of six 

weeks in a temperature-controlled room with 12-hour light/dark cycles.  All procedures 

performed in the animal studies were approved by the Wake Forest University Animal 

Care and Use Committee. 

 

Fractional cholesterol absorption and fecal neutral sterol excretion 

After four weeks of dietary feeding (either very low or moderate cholesterol) 

animals were singly housed in wire bottom cages for fecal collection.  Following the 
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fecal dual-isotope method150, mice were gavaged with 100µL of a soybean oil suspension 

containing a known ratio of 14C cholesterol and 3H sitosterol.  Feces were collected after 

3 days.  Briefly, feces were homogenized in 10mL of 95% EtOH.  Sterols were extracted 

and saponified from 3mL aliquots of fecal slurry.  Sterol recovery ratio was determined 

by scintillation counting and fractional cholesterol absorption was determined, as detailed 

previously93.  Mice were re-housed in groups until the following week (week 5), when 

animals were again individually housed in wire bottom cages for three days of fecal 

collection for fecal neutral sterol (FNS) excretion analysis.  After three days, feces were 

collected from individual animals and mice were weighed and returned to group housing.  

Feces were desiccated overnight at 70oC and ground into a fine powder.  Lipids from a 

50-100mg aliquot of fecal powder were extracted in the presence of a known amount of 

the gas-liquid chromatography (GC) internal standard 5α-cholestane as described 

previously93.  Mass of individual sterols present in the fecal sample was determined by 

GC as previously described91.  Fecal neutral sterol excretion was quantified as mg 

sterol/day/100g body weight. 

 

Plasma and hepatic lipid determination 

 At 9am on the morning of necropsy, animals were transferred to a clean cage and 

fasted for 4 hours.  After a four-hour fast, animals were weighed then sedated with 

ketamine:xylazine and blood was collected by cardiac puncture into a tube containing 

protease inhibitor cocktail (Sigma-Aldrich #P8465) dissolved in saline with 5% EDTA 

and 5% sodium azide.  Plasma was separated from pelleted erythrocytes by centrifugation 

at 12,000xg for 10 min at 4°C and analyzed for lipid concentration by GC analysis with 
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5α-cholestane internal standard (as in fecal neutral sterol excretion analysis) or 

colorimetric enzymatic assay using the Cholesterol/HP (Roche), Free Cholesterol C 

(Wako), Triglyceride GB (Roche), or Phospholipid (Wako) following manufacturer’s 

instructions for each assay in a microtiter plate.  Plasma lipids were expressed in 

milligram/deciliter (mg/dL). 

 After exsanguination, the carcass was flushed with 10mL of saline, the liver was 

weighed, cubed, and snap frozen.  For liver lipid analyses, ~50-100mg pieces of liver 

were extracted in a 2:1 mixture of chloroform and methanol overnight in the presence of 

5α-cholestane internal standard to extract all lipids from the tissue sample as previously 

described151.  The delipidated liver piece was dried and protein was quantified by the 

Lowry method116.  Lipids were quantified by GC (sterols) or enzymatic assay (as was 

done in plasma samples) and normalized to liver protein content. 
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Results 

 

Effects on intestinal cholesterol absorption in animals with and without 

expression of ACAT2 and G5G8Tg is dependent on dietary cholesterol.  It has 

previously been shown that disruption of ACAT2 in mice fed a high cholesterol diet 

lowers cholesterol absorption compared to ACAT2 intact animals93, 94.  Transgenic 

overexpression of human G5G8 (G5G8Tg) in mice also lowers cholesterol absorption 

compared to mice without the transgene expressed68. Indirect measurements of 

cholesterol absorption were used to determine if genetic modification by ACAT2 

disruption and G5G8Tg expression could lead to an additive decrease in cholesterol 

absorption, we measured cholesterol absorption of fed mice a 0.001% cholesterol (Figure 

1A,C) and a 0.2% cholesterol (Figure 1B,D) diet.  Fractional cholesterol absorption 

(Figure 1A,B) was determined using the fecal dual isotope method as previously 

described93, 150.  In animals fed a low cholesterol diet, there was a greater than 60% 

absorption of cholesterol in WT, ACAT2 KO, and G5G8Tg animals (Figure 1A , , 

and ).  In G5G8Tg ACAT2 KO animals fed 0.001% cholesterol (Figure 1A ), there 

was statistically lower cholesterol absorption compared to the other three genotypes.  

When animals were fed a 0.2% cholesterol diet, there was no difference in fractional 

cholesterol absorption between WT and G5G8Tg animals (comparing Figure 1B  vs. 

).  In the 0.2% cholesterol-fed case, the ACAT2 and G5G8Tg gene alterations were not 

additive; instead disruption of ACAT2 provided sufficient disruption of cholesterol 

absorption that G5G8Tg could not enhance the decrease in cholesterol absorption 

(comparing Figure 1B  vs ). 
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Body and liver weight of animals with and without expression of ACAT2 and 

G5G8Tg.  In this study, we are addressing sterol metabolism in animals with various 

genetic compositions.  To ensure that the diet was not affecting the basic health of 

animals and skewing any results we obtained, body weights were monitored in animals 

with disruption of ACAT2 and/or transgenic overexpression of human G5G8 fed 0.001% 

or 0.2% cholesterol diet for 6 weeks.  Any large increases or decreases in body weight, 

compared to the wild-type (WT) control could imply that diet was having unexpected 

nutritional effects on the animals.  As seen in the Table, there were no statistically 

significant differences in body weight of animals fed a 0.2% cholesterol diet.  In animals 

fed the 0.001% cholesterol diet, there was a statistically significant lower body weight 

comparing WT and ACAT2 KO animals (28% lower), with no differences when 

G5G8Tg is expressed. In previous studies, disruption of ACAT2 was not shown to effect 

body weight94, 152, nor were there any differences in animals with and without the G5G8 

Tg68.  This slight decrease in body weight may have been due to strain differences or 

group housing.  It may also be unimportant as the liver percentage of body weight is 

constant between all animals fed the 0.001% cholesterol diet. 

 In animals fed a 0.2% cholesterol diet, there were not differences in body or liver 

weights between the animals of the different genotypes (Table).  In animals that lacked 

ACAT2 activity, there was a trend towards lower liver weight as a percent of body 

weight.  This lowering in liver weight could be due to lower hepatic TG found in ACAT2 

KO animals as was shown in previous studies (Alger et al 2009, manuscript prepared for 

submission) and consistent with the data presented in Figure 2D.  Animals lacking 
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ACAT2 may have had lower liver mass due to lower neutral lipid content (esterified 

cholesterol and triglycerides).   

 

Hepatic lipid measurements in animals with and without expression of 

ACAT2 and G5G8Tg.  When ACAT2 was disrupted in mice, independent of dietary 

cholesterol content, there was a statistically significant decrease in esterified cholesterol 

(EC) in the cells of the liver (Figure 2A/B-white bars).  This finding is consistent with the 

role of hepatic ACAT2 as the main esterifying enzyme in liver86.  In G5G8Tg animals fed 

0.2% cholesterol, there was a significantly lower concentration of hepatic EC.  Lower 

hepatic EC in the G5G8Tg is consistent with a role of hepatic G5G8 in shuttling free 

sterols into gall bladder bile; less excess free cholesterol is present in the cell, so less 

needs to be esterified for storage when animals were fed a very low cholesterol (0.001%) 

diet.  In 0.001% cholesterol fed animals, there is not a vast excess of cholesterol, so less 

requires esterification and storage within the cell or transport into bile.   

In all animals, there was a basal level of hepatic free cholesterol (FC) ranging 

from ~10-20ug/mg liver protein (Figure 2A/B-black bars) independent of percentage of 

dietary cholesterol feeding.  In 0.001% cholesterol fed animals, there was a trend towards 

lower FC in G5G8Tg animals that lacked ACAT2 compared to those with G5G8Tg and 

ACAT2 intact.  If biologically significant, the difference seen with the dual gene 

modifications (8.8ug/mg liver protein vs 11.4 ug/mg liver protein) could be a result of 

more rapid clearance when several extra copies of G5G8 are present and ACAT2 is 

absent. 
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Consistent with previous data, disruption of ACAT2 leads to a decrease in hepatic 

triglyceride (TG) (Alger et al manuscript prepared for submission).  Statistically 

significant changes in hepatic TG were not seen when animals were fed a 0.001% 

cholesterol diet, though trends towards a decrease in hepatic TG are apparent when 

comparing 0.001% cholesterol (Figure 2C) to 0.2% cholesterol fed animals.  In livers 

lacking EC and consistent with previous studies, there was a decrease in the accumulation 

of hepatic TG, independent of overexpression of G5G8 (Figure 2C/D comparing   to 

 ).  As expected, there were not significant differences in the phospholipid content of 

liver within groups of animals fed 0.001% cholesterol or 0.2% cholesterol (Figure 2E/F).   

 

Fasted plasma lipid measurements in animals with and without expression of 

ACAT2 and G5G8Tg.  Plasma was obtained at necropsy from anesthetized animals after 

a four hour fast by cardiac puncture.  Lipids in aliquots of whole plasma from animals fed 

0.001% or 0.2% cholesterol were determined by enzymatic assay: Free and Esterified 

cholesterol (FC&EC Figure 3A/B), Triglyceride (TG Figure 3C/D), and Phospholipid 

(PL Figure 3E/F).  There were no significant differences in plasma FC or EC in 0.001% 

cholesterol diet.  In these normo-lipidemic mice, the plasma cholesterol is mostly 

esterified by lecithin:cholesterol acyl transferase (LCAT) for transport on high density 

lipoproteins (HDL), the presence or absence of ACAT2  in these 0.001% cholesterol fed 

mice would not be expected to affect plasma esterified cholesterol.  In mice fed 0.2% 

cholesterol, there were slight differences in plasma FC between WT and G5G8Tg 

animals (38 vs 30mg/dL, respectively).  When comparing plasma EC, WT mice had 
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higher EC than the experimental genotypes of animals.  Statistically significant 

differences correlate with cholesterol absorption (Figure 1B/D).   

Plasma TG (Figure 3C/D) in 0.001% cholesterol fed animals was highest in 

ACAT2 KO animals.  The effect of lower hepatic EC content on higher plasma TG is 

consistent with previously reported data (Alger et al 2009, manuscript in preparation).  

Interestingly, mice lacking ACAT2 that have the G5G8Tg are protected from elevated 

plasma TG in the 0.001% cholesterol fed animals (Figure 3C  vs ), whereas the 

trends are reversed when animals are fed 0.2% cholesterol (Figure 3D  vs ).  As 

expected, there were not significant differences in plasma PL content by dietary 

cholesterol feeding or genotype (Figure 3E/F). 



 129 

Discussion 

 

Previous studies have shown that disruption of ACAT2 or overexpression of 

ABCG5/G8 are able to lower cholesterol absorption65, 68, 93, 94.  In the current studies, we 

hypothesized that the positive effects on cholesterol metabolism that result from 

disruption of ACAT2 and increased expression of G5G8 would be enhanced and further 

protect animals from cholesterol absorption especially when animals are challenged by 

high cholesterol diet (0.2%).  One of the major findings in the current studies showed that 

this gene modification combination decreases cholesterol absorption only when animals 

are fed a very low cholesterol (0.001% w/w) diet (Figure 1A/C).  When animals are 

challenged with a higher cholesterol diet (0.2% w/w cholesterol), the ability of ACAT2 to 

blunt cholesterol absorption is so robust that the slight lowering in absorption provided 

by G5G8Tg is not statistically or biologically significant (Figure 1B  vs ).  These 

results are consistent whether indirect cholesterol absorption is estimated by fecal neutral 

sterol absorption or fractional cholesterol absorption as measured by fecal dual-isotope 

measurement (Figure 1A/B vs 1C/D).   

The differences in cholesterol absorption were not likely due to variations in diet 

consumption, as the animals did not have major differences in body weight (Table I).  

Interestingly, we did find that the animals lacking ACAT2 trended to have lower liver 

weights as a percent of body weights and this effect was independent of G5G8Tg 

expression, as seen in animals fed both levels of dietary cholesterol (Table I).  We 

predicted that the lower liver percentage of body weight was likely due to lower hepatic 

TG in ACAT2 disrupted animals (Figure 2C/D).  In previous studies we showed that 
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there is a strong correlation (R2=0.8655) between hepatic EC and TG (Alger et al 2009, 

manuscript prepared for submission).  When ACAT2 was present and EC were able to 

accumulate within hepatocytes, hepatic TG content was also higher due to lower TG 

mobilization into nascent VLDL (Alger et al 2009(2), manuscript in preparation).  In the 

current data, we confirmed previous studies and showed that lower hepatic EC (Figure 

2A/B ) in all animals with ACAT2 disrupted also had lower hepatic TG (trends or 

statistically significant differences (Figure 2C/D   vs  ).  In animals fed the 

higher cholesterol diet (0.2%) and consistent with cholesterol absorption data (Figure 

1B/D) we showed that the disruption of ACAT2 was very significant and that G5G8Tg 

was not able to further protect livers from accumulation of EC and TG.   

Previous data have demonstrated a link between hepatic EC:TG and secretion of 

TG into nascent plasma VLDL.  The results of those experiments showed that ACAT2 

disrupted animals had higher plasma TG than WT animals (statisitically significant 

results were found only when animals were fed a 0.2% cholesterol diet) (Alger et al 

manuscripts in preparation).  An interesting finding of the current research showed that 

statistically significant differences in fasted plasma TG in the low cholesterol (0.001%) 

fed animals were only present when ACAT2 was disrupted (Figure 3C ), but not when 

ACAT2 was disrupted in the presence of G5G8Tg (Figure 3C ).  In the case of the 

double gene modification though, the difference in cholesterol metabolism (lack of 

esterification and enhanced secretion into bile) might account for the discrepancy seen in 

plasma TG in 0.001% cholesterol fed animals.  An inconsistent finding in the current 

study is that there were not statistically significant differences in WT, ACAT2 KO, and 

G5G8Tg (Figure 3D   vs ) when comparing the fasted plasma TG concentration of 
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animals fed a 0.2% cholesterol diet.  Based on previous data, it was expected that ACAT2 

KO animals would have higher plasma TG than animals with ACAT2 intact, as these 

animals also have lower hepatic TG (Figure 2D).  We found that the fasted plasma TG of 

the G5G8Tg with ACAT2 disrupted (Figure 3D ) had higher plasma TG than the other 

three genotypes, which was consistent and expected, when considering the lower hepatic 

TG in this set of animals.  This discrepancy could be due to mobilization  differences in 

peripheral hydrolysis of circulating TG-containing lipoproteins, or transcriptional 

differences effected by the diets, possibilities that are beyond the scope of this study.   

In this abbreviated study, we were addressing the question can the dual gene 

modifications of ACAT2 disruption and overexpression of G5G8 augment the effects on 

cholesterol absorption, compared to the individual effects of either genotype?  Disruption 

of ACAT2 and overexpression of G5G8 have both been shown to have lower cholesterol 

absorption, compared to control.  We anticipated that in mice challenged with a 0.2% 

cholesterol diet, those with ACAT2 disrupted and G5G8 overexpressed (G5G8Tg 

ACAT2 KO) would have a stepwise or greater decrease in the measurement of 

cholesterol absorption (Expected rank order of cholesterol absorption: WT > G5G8Tg 

=ACAT2 KO >> G5G8Tg ACAT2 KO).  We predicted that there would be lower 

cholesterol absorption, and therefore hepatic esterified cholesterol accumulation, that 

would be enhanced in comparison to control or individual genetically modified mice.  

Instead, we found that mice with ACAT2 disrupted, independent of G5G8 status, had 

lower cholesterol absorption than those animals with ACAT2 intact.  These effects were 

translated into hepatic cholesterol content.  In mice fed 0.001% cholesterol compared to 

0.2% cholesterol fed mice, there was a higher level of cholesterol absorption in all 
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genotypes, except the G5G8Tg ACAT2 KO, where the cholesterol absorption was about 

half of that of the other genotypes of animals.  It may be of interest to determine if there 

are differences in the de novo cholesterol synthesis in these experimental animals.  In the 

experimental parameters that we sought to address, however, the major finding in this 

series of experiments is that disruption of ACAT2 exerts sufficient influence on 

cholesterol metabolism that overexpression of G5G8 is unable to enhance the cholesterol 

metabolic effects during dietary cholesterol challenge.   
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 Figure 1 Fractional cholesterol absorption and fecal neutral sterol excretion in mixed 

strain mice fed a 0.001% or 0.2% cholesterol diet. A/B: Fractional cholesterol 

absorption was calculated for WT, ACAT2 KO, G5G8Tg, or G5G8Tg/ACAT2 KO 

female mice from a mixed strain background (50% C57BL/6, 25% SJL, 25% SvJae) 

using the fecal dual-isotope method93, 150.  Mice were fed a 0.001% (A) or 0.2% (B) 

cholesterol for 4 weeks, gavaged with an oil containing a known ratio of 14C-

cholesterol:3H-sitosterol.  Feces from individual animals were collected for the following 

3 days.  Fractional cholesterol absorption measurements in the columns represent mean ± 

SEM of 5-9 measurements (as indicated below each column). C/D:  Fecal Neutral Sterol 

(FNS) Excretion was determined in mice as indicated by the genotypes above.  After 5 

weeks on a 0.001% (C) or 0.2% (D) cholesterol diet, feces from individual animals were 

collected for three days.  Feces were dried, ground into a fine powder, and sterols were 

extracted from a known mass aliquot of fecal powder and quantified by gas-liquid 

chromatography (GC).  Values for FNS excretion (mg/day/100g body weight) in each 

column are expressed as mean ± SEM of 5-9 measurements (as indicated below each 

column).  Statistically significant differences were determined by Tukey-ANOVA 

(Kramer Honestly Significant Difference) and are indicated by different letters (p < 0.05).  

WT , wild type.  ACAT2 KO .  G5G8 Tg , transgenic G5G8 overexpression. 

G5G8Tg ACAT2 KO , transgenic hG5G8 overexpression and ACAT2-/-. 
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Figure 1 
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Table I Body weights, liver weights, and liver percent of body weight in mixed strain 

animals. WT, ACAT2-/-, G5G8 Tg, and G5G8 Tg ACAT2-/- mice were fed a 0.001% or 

0.2% cholesterol diet for 6 weeks as indicated in table headings.  On the day of necropsy, 

animals were weighed (in grams) and sacrificed.  Livers were flushed with 10mL of 

saline and weighed (in grams), and percentage of body weight was determined. Values in 

each column are expressed as mean ± SEM of 5-9 measurements (as indicated next to 

each genotype).  Statistically significant differences were determined by ANOVA 

(Tukey-Kramer Honestly Significant Difference) and are indicated by different letters (p 

< 0.05). 
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Table I 

 

 

 

 

 

 

 

 

Body and Liver Weight at Necropsy (g) 
 

0.001% cholesterol diet 
 Body Weight (g) Liver Weight (g) Liver % of Body Weight 

WT (5) 29.28 (2.07)a 1.44 (0.15)a 4.88 (0.16) 
ACAT2 (5) 21.11 (1.79)b 0.94 (0.10)b 4.41 (0.18) 

G5G8 Tg (5) 26.76 (1.19)a,b 1.29 (0.09)a 4.80 (0.21) 
ACAT2 G5G8 Tg (9) 25.25 (1.45)a,b 1.14 (0.09)a,b 4.50 (0.16) 

0.2% cholesterol diet 
 Body Weight (g) Liver Weight (g) Liver % of Body Weight 

WT (6) 22.91 (1.20) 1.16 (0.11) 5.04 (0.30)a 
ACAT2 (6) 21.16 (0.13) 0.89 (0.13) 4.20 (0.27)a,b 

G5G8 Tg (6) 22.12 (1.06) 1.00 (0.21) 4.51 (0.23)a,b 
ACAT2 G5G8 Tg (5) 23.04 (3.11) 0.84 (0.13) 3.63 (0.07)b 
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Figure 2 Hepatic lipid accumulation in 0.001% or 0.2% cholesterol-fed mice.  Fasted 

hepatic lipids were determined in mixed strain animals fed 0.001% (A,C,E) or 0.2% 

(B,D,F) cholesterol diet for 6 weeks.  Mice were fasted for four hours prior to necropsy, 

livers were flushed with saline, cubed, and snap-frozen. Using 2:1 CHCl3/methanol, total 

lipids were extracted from weighed pieces of liver.  Liver lipid concentrations were 

calculated in µg/mg liver protein for (A/B) free and esterified cholesterol, triglyceride 

(C/D), and phospholipids (E/F).  Enzymatic kits were used to determine the total 

cholesterol, free cholesterol (FC), triglyceride (TG), and phospholipids (PL) contents of 

the lipid extracts. A/B: Esterified cholestserol (EC)  concentration was calculated by 

subtracting FC  value from total cholesterol.  All values were normalized to the wet 

weight of the extracted pieces of liver. Each column represents the mean ± SEM of 

samples. All groups, n=5-9 animals as indicated in Table I. Statistically significant 

differences were determined for each data set by ANOVA (Tukey-Kramer honestly 

significant difference) and are indicated by different letters (p < 0.05). WT , wild type.  

ACAT2 KO , ACAT2-/-.  G5G8 Tg , transgenic G5G8 overexpression. G5G8Tg 

ACAT2 KO , transgenic G5G8 overexpression and ACAT2-/-. 
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Figure 2 
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Figure 3 Fasted plasma lipid accumulation in 0.001% or 0.2% cholesterol fed mice.  

Fasted plasma lipids were determined in mixed strain background animals fed diest 

containing 0.001% (A,C,E) or 0.2% (B,D,F) cholesterol for 6 weeks.  Mice were fasted 

for four hours n the morning of necropsy, plasma was collected and lipid levels in plasma 

were determined for (A/B) free and esterified cholesterol, triglyceride (C/D), and 

phospholipids (E/F).  Enzymatic kits were used to determine the total cholesterol, free 

cholesterol (FC), triglyceride (TG), and phospholipids (PL) contents of the lipid extracts. 

A/B: Esterified cholestserol (EC)  content was calculated by subtracting FC  value 

from total cholesterol.  All values are expressed as milligram/deciliter plasma (mg/dL). 

Each column represents the mean ± SEM. All groups, n=5-9 animals as indicated in 

Table I.  Statistically significant differences were determined for each data set by 

ANOVA (Tukey-Kramer honestly significant difference) and are indicated by different 

letters (p<0.05). WT , wild type.  ACAT2 KO , ACAT2-/-.  G5G8 Tg , transgenic 

G5G8 overexpression.  G5G8Tg ACAT2 KO , transgenic G5G8 overexpression and 

ACAT2-/-. 
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EXPRESSION OF THE ATP-BINDING CASSETTE TRANSPORTERS G5 AND 

G8 PREVENTS SYSTEMIC ACCUMULATION OF TOXIC LEVELS OF 

PHYTOSTEROLS ASSOCIATED WITH ANEMIA, HEPATOSPLENOMEGALY, 

AND MYOCARDIAL INFARCTION IN DIETARY PHYTOSTEROL-
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Abstract 

 

Dietary phytosterols are broadly accepted as nutraceutical food additives to lower 

cholesterol absorption as they are poorly absorbed in mammals.  Mutations in the 

heterodimeric transporters ATP binding cassette transporters G5 and G8 (G5G8) result in 

the human disease β-sitosterolemia where an accumulation of phytosterols (campesterol, 

sitosterol, and stigmasterol) occurs in the plasma and tissues. The mouse model of β-

sitosterolemia has demonstrated a role for G5G8 in biliary sterol secretion.  Recent 

studies in G5G8-/- mice have shown that phytosterol accumulation causes platelet 

abnormalities.  Here we show that G5G8-/- mice fed high dietary phytosterol exhibit 

several pathologies that have yet to be attributed to phytosterol accumulation including: 

anemia, hepatosplenomegaly, and non-lethal myocardial infarction. Additionally, we 

show that mice that retain high dietary phytosterol have elevated plasma and organ sterol 

concentrations (≥60% of total sterols are phytosterol) and rapidly develop an 

apolipoprotein-E (ApoE)-rich lipoprotein.  G5G8 intact animals (G5G8+/+) are protected 

from phytosterol accumulation and ACAT2 (acyl-CoA:Cholesterol Acyl Transferase 2) 

status does not largely affect phytosterol concentration. These data indicate that dietary 

phytosterols, when retained in the body at high concentrations as occurs in the absence of 

G5G8, can cause several cytotoxic conditions not previously associated with 

phytosterols.  The data suggest that G5G8 functions to protect the body against 

phytosterol-induced toxicity.   
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Introduction 

 

Phytosterols (plant sterols) and cholesterol (animals sterol) are structurally very 

similar, yet almost all animals have developed a mechanism to keep phytosterols 

(campesterol, sitosterol, and stigmasterol) out of the body.  The transporter that 

discriminates phytosterols from cholesterol is the ABCG5/G8 obligate heterodimer 

(adenosine triphosphate (ATP) binding cassette half transporters G5 and G8), and 

mutations in either of the heterodimers of this transporter compromise the ability for 

discrimination between sterol classes and leads to the disease β-sitosterolemia61, 153.  β-

sitosterolemia is a rare, heritable lipid metabolic and storage disorder characterized by a 

continuum of abnormalities including: accumulation of plant sterols in the blood, tendon 

xanthomas, premature coronary artery disease, and can occur with hypersterolemia58, 154, 

155 (elevated plasma cholesterol or plant sterol concentrations).  In beta-sitosterolemia, 

sterols are hyper-absorbed and there is a decrease in biliary sterol secretion compared to 

unaffected individuals63, 155, 156.  Patients with this disease are typically placed on 

phytosterol-free diets or prescribed a sterol absorption inhibitor (ezetimibe), whereupon 

they remain mostly normal157. 

Elevated plasma cholesterol is known to increase risk of coronary heart disease 1, 

whereas phytosterols have not been associated with atherosclerosis158.  Free phytosterol 

accumulation has been implicated in inducing cellular dysfunction and death in vitro in 

several cell types (macrophages159, 160, aortic endothelial161, 162, and platelets163).  As 

dietary phytosterols are not readily absorbed164, and because both cholesterol and 

phytosterols are thought to enter the enterocyte through NPC1L1136, it is generally 
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accepted that phytosterol consumption can improve lipoprotein profile165 and decrease 

cholesterol abs in humans166, rodents167, 168, and other animals.  NPC1L1 is the molecular 

target of the sterol absorption inhibitor ezetimibe, and treatment ezetimibe has been 

indicated to prevent absorption of both classes of sterols57, 136, 163.   

We wondered why the body has developed a system to exclude phytosterols.  So 

we obtained the ABCG5/G8 (G5G8) knockout (KO) mouse, crossed it with an ACAT2 

(acyl-CoA:cholesterol acyl transferase isoform 2) KO mouse, and began studies in these 

animals to define aspects of cholesterol and phytosterol metabolism.  ACAT2 and G5G8 

are both exclusively expressed in the liver and intestine.  ACAT2 is localized to the 

endoplasmic reticulum (ER) and the G5G8 heterodimer is localized at the apical 

surface61, 145 and in enterocytes, G5G8 returns free sterols taken into the enterocyte back 

to the lumen of the gut169.  In hepatocytes, G5G8 transports free sterols from the 

hepatocyte sterol pool into GB bile170.  Even though ACAT2 shows a sterol preference 

for esterification91, its absence does not appear to allow significant phytosterol 

absorption.  It became clear that during intestinal sterol absorption, only G5G8 was 

required to keep sterols out of the body.   

When G5G8 KO mice were fed a diet enriched in phytosterols, several 

abnormalities were discovered, including (1) elevated plasma and tissue phytosterol (60-

85%), (2) failure to gain weight into adulthood, (3) develop hepatosplenomegaly and 

increase serum liver enzymes, (4) anemia and circulating plasma apolipoprotein E-rich 

lipoproteins (ERL) and (5) complex non-lethal myocardial infarctions with lesions that 

are highly calcified and collagenated.  We also provide further evidence that confirms the 

inability of ACAT2 to esterify phytosterols in vivo.  These findings suggest how essential 
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it is to prevent the accumulation of phytosterols in the body.  They seem to replace 

cholesterol in cell membranes and lead to abnormal cell functions, including, for 

example, prevention of normal hematopoesis and increased cell death, presumably 

through apoptosis.  The reason that accumulation and replacement of cholesterol in cell 

membrane by phytosterols leads to these abnormalities is not clear from out studies, but 

the essential nature of their exclusion through the G5G8 transporter is abundantly clear.  
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Materials and Methods 

 

Animals and diet  

Female mice used in this study were generated by crossing mice with a complete 

deficiency in G5G8171 with ACAT2 deleted95 mice to create animals with a mixed 

genetic background of the following genotypes: WT (ACAT2+/+ G5G8+/+), ACAT2 

(ACAT2-/- G5G8+/+), G5G8 (ACAT2+/+ G5G8-/-), and DKO  (ACAT2-/- G5G8-/-).  To 

verify that the effects seen in this study were gene specific and independent of genetic 

background, mice with and without functional G5G8 were also analyzed172.  Mice were 

weaned onto chow at three weeks of age and at 6 weeks of age, they were fed a diet 

containing 10% of calories as palm oil, 0.2%(w/w) phytosterol, and 0.001% (w/w) 

cholesterol.  Mice were fed this diet for 6 weeks, fasted for 4 hours, and sacrificed for 

tissue collection. Tissues were flushed with saline, removed, weighed, and snap frozen in 

liquid nitrogen or fixed in 10% neutral buffered formalin (NBF) for later analyses.  Mice 

were maintained in a temperature controlled, 12-hour light/dark cycle barrier facility 

within Wake Forest University Health Sciences Animal Resources Unit and all 

experiments were performed with the approval of the Animal Care and Use Committee of 

Wake Forest University Health Sciences. 

 

Tissue sterol content determination  

Briefly, ~50mg pieces of frozen tissue were added to 16x100mm glass tubes 

containing a known amount of 5α-cholestane as an internal standard and extracted with a 

mixture of 2:1 Chloroform:Methanol.  An aliquot of the lipid extract was prepared for 



 151 

free sterol analysis by gas chromatography.  After analysis of free sterols, samples were 

recovered and sterols were saponified using 95% ethanol, 5% potassium hydroxide and a 

65oC heating block.  Total sterols were extracted into hexane and run as above on a gas 

chromatogram for total sterol analysis.  The delipidated piece of tissue was then dried and 

digested in 1N NaOH.  An aliquot of the digested sample was assayed for protein content 

by the Lowry method116.  Sterols were calculated both by percentage of total sterols and 

by (µg sterol)/(mg tissue protein).   

 

Blood plasma lipoprotein analysis, hematocrit, and serum chemistry measurements 

After a four-hour fast at baseline, two, and four weeks after dietary feeding, mice 

were weighed and a small blood sample was obtained via submandibular venous 

puncture.  Separate tubes were used for blood collection of serum, hematocrit, and 

plasma samples.  Samples were spun to separate erythrocytes.  Serum chemistry values 

were determined by AnTECH Diagnostics (Lake Success, NY).   Hematocrit values were 

determined by collection of blood into hematocrit tubes and spun to pack red cells (VWR 

International, West Chester, PA).  Analysis of plasma lipoprotein composition and sterol 

content was performed by the Lipoprotein Analysis Core Lab of Wake Forest University 

Health Sciences.  Lipoprotein profiles were determined as previously described144 to 

measure the concentration of VLDL, LDL, HDL, and an ApoE-rich lipoprotein (ERL).  

Plasma free and total sterol composition was determined as described previously91, by 

extraction of plasma by the Bligh-Dyer method in the presence of 5α-cholestane internal 

standard.  Free sterols and saponified total sterols were analyzed by injection a ZB50 

(0.53-mm inner diameter x 15 m x 1 µm) gas-liquid chromatography column 
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(Phenomenex) at 250 °C and installed in a Hewlett-Packard 5890 gas chromatograph 

equipped with a Hewlett-Packard 7673A automatic injector using on-column injection 

and a flame ionization detector. 

 

Real Time Polymerase Chain Reaction (RT-PCR) analysis of gene expression in 

livers and spleens  

Frozen pieces (~50mg) of liver and spleen were homogenized into 1ml of Trizol 

Reagent (Invitrogen) and total RNA was extracted according to manufacturer’s 

instructions.  Recovery and integrity of RNA was determined and cDNA was made using 

Omniscript Reverse Transcriptase (Qiagen) and 1µg of RNA according to manufacturer’s 

instructions.  Relative gene expression was determined in each cDNA sample using 

forward and reverse primers designed to each gene of interest (Supplemental Table 1) 

and SYBR-Green PCR master mix (Applied Biosciences).  Reactions were monitored on 

an ABI Prism 7000 Sequence Detection System using the cycling parameters: 50oC-

2min, 95oC-10min, (95oC-15sec, 60oC-1min)-40 cycles, 60oC-1min, 60oC dissociation. 

Relative expression of each gene was normalized to expression of a housekeeping gene 

(actin or 18S) to control for intra-/inter-sample variation and expressed as arbitrary units 

(AU).   

 

Tissue histology  

10% (neutral buffered formalin) NBF fixed hearts were blindly scored for the 

presence or absence of infarction on the left ventricle.  Hearts from each genotype were 

sectioned and stained at the Comparative Pathology Laboratory at Wake Forest 
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University School of Medicine with hematoxylin and eosin, Masson’s Trichrome, and 

Von Kossa.  Snap frozen liver samples were fixed for 48 hours in cold 10% NBF then 

cryo-preserved in 20% sucrose, prior to processing for sectioning and staining similarly 

to heart sections.   

 

Statistical Analyses and Data Presentation 

Data were evaluated for statistically significant differences using JMP Statistical 

discovery software.  Statistically significant differences of the means were determined by 

ANOVA and t-Test when p<0.05. Differences are indicated in individual figures of the 

results section.  Figures were made using GraphPad Prism 4 for Macintosh, Microsoft 

Office software, or Adobe Photoshop 7.0.  
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Results 

 

The effects of dietary phytosterol on body and organ weight and fecal output 

Body weight was monitored over six weeks of dietary phytosterol feeding in wild-type 

(WT: ACAT2+/+ G5G8+/+), ACAT2 knock-out (ACAT2 KO: ACAT2-/- G5G8+/+), G5G8 

knock-out (G5G8 KO: ACAT2+/+ G5G8-/-), and double knock-out (DKO: ACAT2-/- 

G5G8-/-) mice. WT and ACAT2 KO animals gradually gained body weight after weaning 

and through the study period. After two weeks of dietary phytosterol challenge, there was 

not a statistically significant difference between any of the genotypes of animals 

analyzed.  After 5 and 6 weeks of 0.2% (w/w) phytosterol diet, G5G8 KO and DKO 

animals had statistically lower body weight than WT and ACAT2 KO animals (Figure 

1A).  As a surrogate measurement of dietary intake, at five weeks on diet, animals were 

singly housed and feces were collected for three days, desiccated, and weighed (Figure 

1B).  Mice lacking G5G8 (G5G8 and DKO) trended towards lower fecal output 

(correlating with lower dietary intake) than animals with G5G8 intact.  Dietary intake 

measurements were made on a small subset of animals and no significant differences 

were found between G5G8+/+ and G5G8-/- mice (data not shown). Organ weight was 

measured at necropsy for liver, kidney, spleen, and lung (Figure 1C-F).  Liver and spleen 

were larger in animals lacking G5G8, both by mass and percent of body weight (Figure 

1C/E).  Kidney and lungs had no statistically significant differences in weight or organ 

percent of body weight in G5G8 disrupted animals compared to G5G8 intact animals 

(Figure 1D/F).   
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Phytosterol percent of total sterols in organs after 6 weeks of dietary 

phytosterol challenge Sterols were extracted from several organs (liver, heart, spleen, 

kidney, lung, adrenal, and brain) after six weeks of 0.2% phytosterol feeding and 

quantified by gas-liquid chromatography as detailed in Materials and Methods.  Total 

sterol concentration in each organ was calculated as the sum of free and esterified 

cholesterol plus free and esterified phytosterol (campesterol, sitosterol, and stigmasterol).  

The percent of the total sterol concentration as phytosterol was determined by (free and 

esterified phytosterols)/ total sterol concentration*100.  As indicated in Table I, WT and 

ACAT2 KO mice accumulated approximately 3% or less of total sterols as phytosterol in 

all organs analyzed.  G5G8 KO and DKO mice had a range between approximately 60-

80% of total sterols in all tissues analyzed, except brain.  Brain from G5G8 KO and DKO 

mice had approximately 2% of total sterols as phytosterol, whereas WT and ACAT2 KO 

brains contained virtually no phytosterols.  There were no statistically significant 

differences when ACAT2 was present (G5G8) or absent (DKO) when comparing the 

phytosterol percent of total sterols in organs of G5G8 mice to the same organ of DKO 

mice (Table I and Figure 2).  When comparing the sterol composition of WT and ACAT2 

mice, there were no differences in percent distribution in all organs, except the liver.  The 

livers of WT mice had higher cholesteryl esters than the livers of ACAT2 KO mice fed 

the 0.2% phytosterol diet, as expected (Figure 2).  

 

Plasma sterol concentration and composition after 0.2% phytosterol feeding 

The concentrations of free or esterified sterols were compared in WT, ACAT2 KO, 

G5G8 KO, and DKO mice after six weeks of 0.2% phytosterol feeding (Figure 3A).  WT 
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and ACAT2 KO animals had a total plasma sterol concentration of approximately 

100mg/dL (milligrams per deciliter), about 70% of which was esterified.  The total 

plasma sterol concentration in G5G8 KO and DKO mice was approximately 350mg/dL, 

also with approximately 70% of the total sterols as esterified sterols (Figure 3A).  The 

total plasma sterol concentration in G5G8 KO and DKO mice was 3.5X higher than WT 

and ACAT2 KO mice.  G5G8 KO and DKO animals also had approximately 70% of total 

sterols as phytosterol (Figure 3B), similar to the tissue sterol distribution (Table I).  WT 

and ACAT2 KO mice had very low concentration of plasma phytosterols.  There was no 

difference in the plasma free cholesterol in any of the genotypes of mice, however G5G8 

KO and DKO had slightly lower plasma cholesteryl esters than WT and ACAT2 KO 

mice (Figure 3A).  Plasma phytosterol (free and ester) concentration was negligible in 

WT and ACAT2 KO mice, but both free and esterified phytosterol concentrations 

compromised a majority of the plasma sterols in animals without G5G8 (Figure 3A /B).   

 

Blood erythrocyte concentration and sterol composition after 0.2% 

phytosterol feeding Baseline, 2-, 4-, and 6- week fasted blood samples were taken from 

WT and G5G8 mice during 0.2% phytosterol feeding.  Packed red cell concentration was 

determined as percent hematocrit (v/v) (Figure 3C) at each time point.  At baseline, there 

was no difference in WT and G5G8 KO percent hematocrit.  After 2-, 4-, and 6- weeks of 

dietary phytosterol feeding, the hematocrit percent of G5G8 KO whole blood was 

gradually lowered from baseline and statistically lower than WT at all time points.  The 

percent of sterols as phytosterol in erythrocytes was statistically higher at baseline in 

G5G8 KO mice than WT animals and was progressively higher at each successive time 
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point.  WT erythrocytes contained minimal phytosterols (Figure 3D). All sterols in 

erythrocytes (cholesterol or phytosterol) were unesterified (data not shown).   

 

Retention of high levels of dietary phytosterol lead to hepatocellular changes 

in G5G8 disrupted animals After 6 weeks of dietary phytosterol challenge, the flushed 

livers of G5G8 intact and disrupted animals were fixed in formalin and stained with 

hematoxylin and eosin. Several sections from G5G8 intact (WT) and G5G8 disrupted 

(G5G8) animals were analyzed and representative samples are reported (Figure 4).  

Slides were randomized and blinded before histopathological assessments were 

determined.  WT and ACAT2 KO livers were both described as “normal,” whereas livers 

from G5G8 KO and DKO mice had several pathological conditions assigned to them.  

The arrows in Figure 4 indicate the cellular abnormalities in representative G5G8 KO 

livers: individual hepatocellular degeneration and necrosis (red arrows) with 

cytosplasmic inclusions (yellow arrow) and diffuse Kupffer cell hyperplasia (aqua 

arrows). 

 

Liver and splenic gene expression of enzymes involved in erythrocyte 

clearance and cholesterol synthesis The enlarged liver and spleen in phytosterol-fed 

G5G8 KO and DKO animals could be due, in part, to higher rate of clearance of 

erythrocytes (leading to lower percent hematocrit- Figure 3C) by these organs.  Table II 

shows the relative expression of biliverdin reductase (BLVRA), hemoxygenase-1 (HO-

1), UDP glucuronosyltransferase 1a (UGT1a), and 3-hydroxy-3-methylglutaryl CoA 

synthase (HMGCS) were determined in WT and G5G8 KO liver and spleen (UGT1a is 
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not expressed in spleen and was therefore not measured).  HO-1 and UGT1a were both 

significantly higher in G5G8 KO liver than WT liver and BLVRA was higher in G5G8 

KO spleen than WT spleen, indicating that the genes involved in erythrocyte clearance 

were upregulated in this experimental setting.  HMGCS expression was used as an 

estimate of cholesterol biosynthesis. There was not a statistically significant difference in 

splenic HMGCS expression, but the expression was lower in G5G8 KO liver compared to 

WT liver, indicating that there may be a lower extent of cholesterol biosynthesis in the 

phytosterol-rich livers of the G5G8 KO animals (Table II).   

 

Lipoprotein profiles of G5G8 disrupted animals reveal an apoE-rich 

lipoprotein in response to dietary phytosterol feeding Plasma lipoprotein profiles were 

similar in G5G8 KO and WT mice when determined at baseline (data not shown) from 

30µg of total sterol.  Animals had distinct lipoprotein peaks for very low-density 

lipoproteins (VLDL), low-density lipoproteins (LDL), and high-density lipoproteins 

(HDL), similar to the lipoprotein profile of WT animals after six weeks of dietary 

phytosterol feeding (Figure 5A).  Within 12 days of dietary phytosterol feeding, the 

plasma of G5G8 KO and DKO contained an apolipoprotein E-rich lipoprotein (ERL).  

Representative lipoprotein profiles from animals with functional G5G8 (WT and ACAT2 

KO) and without G5G8 (G5G8 KO and DKO) are shown in Figure 5A.  ACAT2 status 

did not affect the lipoprotein profile in this experimental setting.  Fractions were collected 

from the indicated regions below the peaks of Figure 5A (VLDL, LDL, ERL, and HDL).  

Aliquots from each fraction were immunoblotted for apolipoprotein B (ApoB), 

apolipoprotein E (ApoE), and apolipoprotein AI (ApoAI) (Figure 5B).  ApoB-100 (upper 
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band) and ApoB-48 (lower band) immunoreactive bands were visible in the VLDL, LDL, 

and ERL fraction of G5G8 KO animals, whereas immunoblotting for ApoB in WT 

plasma revealed primarily ApoB-100 (Figure 5B upper blots).  Lipoprotein fractions were 

immunoblotted for ApoE (Figure 5B-middle bands). The shorter exposure time (below 

each ApoE blot) of immunoreactive ApoE in G5G8 KO plasma (30 seconds) vs. the 

longer exposure for ApoE in WT plasma (5 minutes) lipoprotein fractions implies that the 

lipoprotein profile fractions of G5G8 KO are enriched in ApoE compared to WT 

lipoprotein fractions.  The lipoprotein fraction containing the majority of the ApoE in 

G5G8 plasma was therefore referred to as the ERL. The majority of the immunoreactive 

bands measured in ApoAI were present in the HDL fraction of both WT and G5G8  KO 

plasma.   

 

Complex myocardial lesions develop in animals that retain high dietary 

phytosterols At necropsy after six weeks of high dietary phytosterol feeding, the chest 

cavity was exposed in anesthetized animals to flush the organs of residual blood.  There 

were visible lesions in approximately 50% of the animals lacking G5G8 activity, 

independent of ACAT2 status (Figure 6A).  Hearts were fixed in formalin, processed for 

histology, and transverse sections were made through the lesioned area of G5G8-/- hearts 

and through a similar plane of hearts from WT mice.  Samples were first stained with 

hematoxylin and eosin for general tissue histology (Figure 6B H&E).   The lesion area 

oinG5G8-/- hearts was large, whereas WT hearts lacked abnormalities.  To determine the 

extent of calcification and connective tissue infiltration in a lesion, heart sections were 

stained by the von Kossa method (brown precipitate is calcification) and Masson’s 
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Trichrome (blue staining is connective tissue), respectively (Figure 6B).  Hearts from WT 

animals did not have brown precipitate staining of von Kossa calcification or extensive 

blue connective tissue staining of Masson’s Trichrome (Figure 6B), as expected.  In 

G5G8-/- hearts, which had visible surface lesions at necropsy, there was extensive 

calcification (von Kossa brown) and connective tissue infiltration (Masson’s Trichrome 

blue).  The extent of calcification and connective tissue suggest that these lesions had 

occurred substantially before necropsy at six weeks.   

As myocardial infarctions can be caused by lipid-occluded vessels, 

intramyocardial and aortic vessels were analyzed.  In data not shown, the intramyocardial 

vessels of all genotypes (WT, ACAT2-/-, G5G8-/-, and DKO) of mice were analyzed for 

lipid accumulation.  None of the animals had lipid accumulation in the vessels within the 

heart muscle, independent of genotype.  Additionally, the aortas from phytosterol-fed 

animals were collected at necropsy and fixed.  Aortas were cleaned, opened, and pinned 

flat to determine if any lipid accumulation occurred in the aorta.  There were not apparent 

lesions in the aorta (Figure 7) of any animals (independent of genotype) that would have 

caused myocardial infarction in G5G8-/- hearts.   
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Discussion 

 

 The key observation of the present study was that sterol absorption from dietary 

phytosterol challenge led to accumulation of high levels of phytosterols in blood and 

organs of mice lacking the ATP-binding cassette transporter heterodimers G5/G8 

(G5G8).  Animals with functional G5G8 were protected from the toxic accumulation of 

phytosterols and did not exhibit the hepatosplenomegaly, anemia, and myocardial 

infarction that were seen in the G5G8-/- animals that retained dietary phytosterols.  

Dietary phytosterols are well recognized to be poorly absorbed in mammals38, 173-175 and 

have been generally accepted as an effective way to limit dietary cholesterol absorption 

and atherosclerosis44, 166, 168, 176.  Cholesterol and phytosterols are apparently absorbed by 

Niemann-Pick C1 Like-1 (NPC1L1) in the enterocytes (intestinal absorptive and 

lipoprotein-secreting epithelial cells)136 and inhibition of NPC1L1 can limit the 

absorption of both classes of sterol137, 172, 177, 178. Many of the food products available for 

lowering plasma cholesterol contain high concentrations of added phytosterols to reduce 

intestinal cholesterol absorption, presumably through competition of micellar absorption 

at NPC1L1 on the apical surface of enterocytes.  The current studies showed that 

retention of dietary phytosterol resulted in damage to several organs and profoundly 

altered plasma lipoprotein metabolism. 

 Deficiencies in G5G8 are known to cause β-sitosterolemia and the associated 

retention of plant sterols58, 61, 64, 154, 156.  Phytosterols have been negatively implicated in 

several processes including induction of cytotoxicity/apoptosis159-162, abnormal platelet 

development163, and accumulation in stenotic aortic valves179.  However, plant sterols 
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have not been associated with development of atherosclerosis158.  In the present study, we 

have further addressed the effects of phytosterol accumulation during challenge with a 

0.2% (w/w) high phytosterol diet. 

 Using a mouse model of β-sitosterolemia63, we have shown that high dietary 

phytosterol accumulation can lead to hepatic and splenic enlargement (Figure 1C&E), in 

addition to the previously reported correlation between plant sterol accumulation and 

macrothrombocytopenia163. These enlarged livers, which had approximately 80% of total 

sterols as phytosterols, showed signs of individual hepatocellular degeneration / necrosis 

and diffuse Kupffer cell hyperplasia.  Hepatomegaly in G5G8-/- mice is supported by 

higher cellular necrosis as described by elevated serum liver function enzymes- alanine 

aminotransferase and bilirubin concentrations were elevated in G5G8-/- serum compared 

to WT (data not shown).  

In this study, we also showed that ACAT2 is inefficient at phytosterol 

esterification in vivo (Figure 2) as was previously established in vitro91.  If ACAT2 had 

any ability to esterify phytosterols, then there should have been esterified phytosterols 

when animals were fed a vast excess of dietary phytosterol.  However, comparing the 

liver sterol content of G5G8-/- to G5G8-/-/ACAT2-/- (DKO) animals, there is not an 

appreciable presence of esterfied phytosterol whether ACAT2 is deleted or intact, 

confirming the capability of ACAT2 to differentiate sterol substrates.  The accumulation 

of free phytosterols in the liver of the G5G8 deleted animals could lead to the histologic 

changes and hepatomegaly (Figure 1C). 

In addition to the hepatomegaly seen in G5G8-/- animals retaining high 

concentrations of dietary phytosterols, the spleens of these animals were significantly 
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larger (as measured by absolute mass and as a percent of body mass) than mice with 

G5G8 intact (Figure 1E).  This splenomegaly could be a direct result of the accumulation 

of phytosterols (Table I) in the spleens of G5G8-/- mice, or it could be secondary to the  

accumulation of erythrocytes associated with the lower hematocrit seen in these animals 

(Figure 3C).  In previous studies of erythrocyte (RBC) maturation and clearance, 

splenomegaly occurred concurrent with clearance of RBC progenitors from the blood and 

deposition in the spleen180, 181.  The gene expression of biliverdin reductase (BLVRA) is 

higher in the spleens of G5G8-/- mice compared to WT animals (Table II), indicating that 

the spleen is processing cleared erythrocytes.  In support of this suggestion is the 

elevation in the expression of hemoxygenase-1 (HO-1) and UDP glucuronosyltransferase 

1 family, polypeptide A1 (UGT1a) in the livers of the G5G8-/- mice compared to WT 

mice.  BLVRA, HO-1, and UGT1a are all involved in pathways of erythrocyte 

degradation180, 182, as such higher expression of these genes is indicative of activation of 

the RBC clearance pathway. 

Failure-to-gain weight (Figure 1A) and plasma lipoprotein profile changes (Figure 

3A&B and Figure 4A&B) were seen in mice that retained dietary phtytosterols, in 

addition to the anemia and hepatosplenomegaly seen.  An apolipoprotein E rich 

lipoprotein (ERL) developed within two weeks of dietary phytosterol accumulation in 

G5G8-/- mice (Figure 4A&B).  A similar ERL particle was seen in the plasma of hepatic 

NPC1L1-transgenic overexpressing mice, in which bile is depleted in cholesterol as 

sterols are presumably rapidly re-absorbed into hepatocytes144.  Overexpression of 

hepatic NPC1L1 can have similar effects on biliary cholesterol as G5G8 deletion, as both 

models limit the excretion of cholesterol from the hepatocytes into the bile. NPC1L1 
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transgenic models have intact G5G8 and presumably cholesterol is transported into the 

bile then rapidly uptaken by NPC1L1.  In the G5G8-/- mouse, the liver-to-bile excretion is 

blunted because the primary transporter is not there, lowering bilary cholesterol 

concentration. The appearance of the ERL in both mouse models was associated with 

higher total plasma sterols (Figure 3A), and in our mouse model of β-sitosterolemia, ERL 

particles appeared in animals with approximately 75% of total plasma sterols as 

phytosterols (Figure 3B).  We propose that the ERL has accumulated in the plasma of 

these animals to act as a “phytosterol-sink” that may dispose of sterols through a non-

biliary sterol exrection route, as has been previously proposed100.  In a follow-up to the 

current study, bile acids were extracted from the feces of phytosterol fed mice and 

analyzed for composition, as phytosterols are not catabolized into bile acids for excretion 

in most mammals40.  Previous studies have described the synthesis of an uncommon C21 

bile acid species from sitosterol in the feces of female Wistar rat41.  In unpublished data 

from a continuing study, we established that the retained phytosterols are not a substrate 

for metabolism into bile acids, nor did we see an increase in percent of hydrophilic bile 

acid species as can lower intestinal cholesterol absorption183, 184 (Alger, Temel, 

Bjorkhem, and Rudel unpublished data). 

One of the most striking findings in our experiments was the development of non-

lethal myocardial infarctions (Figure 5).  At necropsy, visible lesions were seen in the left 

ventricle in approximately 50% of the animals lacking G5G8 (independent of ACAT2 

status) after dietary phytosterol feeding (data not shown).  Upon hisotological analysis, 

the heart lesions were found to be highly calcified (Figure 5B- Von Kossa) and 

collagenated (Figure 5B- Masson’s Trichrome).  The extensive heart lesions seen in our 
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mouse model were similar to the myocardial lesions that were seen in SR-BI-/-ApoE-/- 

mice185, however the lesions seen by Braun and colleagues were occlusive and caused 

premature death (50% mortality at 6 weeks).  The cardiac pathology associated with 

phytosterols in the current study is apparently independent of vascular lipid 

accumulation, and the aortas from both WT and G5G8-/- were free of atherosclerotic 

lesions (Figure 7). Remarkably, the lesions in mice that retained high dietary phytosterols 

and had the whole-body toxicities described herein were not occlusive nor were did they 

appear to cause premature death.  

 In conclusion, the results of these experiments describe patho-physiology in a 

phytosterol-challenged mouse model of β-sitosterolemia.  The data show that high dietary 

challenge of animals lacking G5G8 lead to phytosterol accumulation in mammalian 

membranes.  The retention of phytosterols led to cytotoxic effects in blood, liver, heart, 

and spleen cells and expression of G5G8 prevented these cellular abnormalities.  Sterol 

selectivity by G5G8 is essential to limit the accumulation of this class of sterol in 

mammals.  Despite the lack of association between phytosterols and atherosclerosis158, 

free phytosterol accumulation has been implicated in cell death159, aortic valve 

stenosis179, and platelet abnormalities163.  Additionally, plant sterols in macrophages are 

preferentially secreted compared to cholesterol186 and are not substrates for bile acid 

synthesis40.  The discovery that retention of phytosterols can lead to hepatosplenomegaly, 

anemia, and myocardial infarction adds further evidence for preferential secretion by 

G5G8 of these plant-based sterols in mammals and presents questions about the long-

term use of phytosterols as nutraceuticals.  
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Figure 1 Characterization of the effects of dietary phytosterol feeding on body and 

organ mass of female mice in four genotypes of animals (WT (ACAT2+/+G5G8+/+) . 

ACAT2 KO (ACAT2-/-G5G8+/+) . G5G8 KO (ACAT2+/+G5G8-/-) . DKO (ACAT2-/-

G5G8-/-) .)  Repeated body weight (A) measurements of animals were made during 6 

weeks of dietary feeding.  Fecal output (B) was measured by quantitative collection for 3 

days.  Samples were desiccated and dry mass was measured.  At necropsy, organ wet 

weight was measured for (C) Liver (D) Kidney (E) Spleen and (F) Lung.  Organ percent 

of body mass is noted directly below genotype in each graph.  All groups n=4, values 

represent an average of all samples ± standard error.  Statistically significant differences 

between values are indicated with different letters, as determined by ANOVA (Tukey-

Kramer Honestly Significant Difference). 
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Figure 1 

0.0

0.5

1.0

1.5

2.0

2.5

WT DKOACAT2
KO

G5G8
KO

0.0

0.5

1.0

1.5

2.0

WT DKOACAT2
KO

G5G8
KO

a
a

b
b

0.00

0.05

0.10

0.15

0.20

0.25

WT DKOACAT2
KO

G5G8
KO

a a
a

a

0.00

0.05

0.10

0.15

0.20

0.25

WT DKOACAT2
KO

G5G8
KO

a
a

b
b

0.00

0.10

0.20

0.30

WT DKOACAT2
KO

G5G8
KO

a
a

a
a

8.6%a 8.3%a3.8%b4.1%b 1.3%a 1.4%a1.0%a1.4%a

1.2%a 1.0%a,b0.4%c0.6%b,c 1.4%a,b 1.6%a0.8%b0.8%a,b

A B

C D

FE

a
a a,b

b

% of body
weight

% of body
weight

% of body
weight

% of body
weight

2 3 4 5 6
10.0

12.5

15.0

17.5

20.0

22.5

25.0 WT
ACAT2
G5G8
DKO

a

a,b

a,b

b

a

a,b

b
b

Time on High Phytosterol Diet
(weeks)

 



 168 

Table I Percentage of total sterols as phytosterol in various organs of 0.2% phytosterol 

fed animals in four genotypes of mice.  At necropsy, residual blood was flushed from the 

carcass with 10mL of saline; organs were removed, weighed, and snap-frozen for storage.  

Using 2:1 chloroform:methanol, sterols were extracted from individual organ samples 

and quantified by gas-liquid chromatography (GC).  Total sterols were summed and 

phytosterols were expressed as a percent of summed sterols. WT (ACAT2+/+ G5G8+/+) 

and ACAT2 (ACAT2-/- G5G8+/+) animals had statistically lower phytosterol accumulation 

in organs analyzed than G5G8 (ACAT2+/+ G5G8-/-) and DKO (ACAT2-/- G5G8-/-) animals. 

With the exception of brain, animals lacking G5G8 had approximately 60-80% of total 

sterols as phytosterols. Data are expressed as mean percentage as phytosterol. Values in 

parenthesis are SEM. All groups n=4.  Statistically significant differences between values 

are indicated with different letters, as determined by ANOVA (Tukey-Kramer Honestly 

Significant Difference). 
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Table I 

Phytosterol Concentration in Organs of WT, ACAT2-/-, G5G8-/-, and 
DKO mice (%±SEM) 
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Figure 2 Organ free and esterified sterol composition of animals fed 0.2% phytosterol 

diet for 6 weeks.  As described in Table I, several organs were analyzed for the 

accumulation of phytosterol after dietary feeding. All sterols were summed and data are 

expressed for individual sterol as percent of summed sterols. Light grey bars () indicate 

cholesterol and dark grey bars () indicate phytosterol.  Solid bars indicate free sterol 

and hatched bars are the esterified sterol. In G5G8+/+ animals (WT and ACAT2) there is 

not a difference in percentage of free and esterified phytosterol, confirming an relative 

inability of ACAT2 to esterify phytosterol in vivo.  As expected, in liver ACAT2 KO 

animals did have lower esterified cholesterol than WT animals.  When G5G8 is 

disrupted, in many tissues there is an accumulation of phytosterol (mostly in the form of 

free phytsterols), independent of ACAT2 expression, to levels approaching 75% (Refer to 

Table I for values).  Brain tissue is the only organ analyzed that is protected from 

accumulation of high levels of phytosterol accumulation in G5G8-/- animals. All groups 

n=4.  In an attempt to simplify data presentation and because individual trends are 

apparent, statistically significant differences are not indicated.  
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Figure 2 
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Figure 3 Fasted blood plasma and erythrocyte composition in high-phytosterol fed 

animals.  Animals were fasted for four hours on the morning of necropsy.  Blood was 

collected by cardiac puncture and erythrocytes were separated from fasted plasma.   

Aliquots of plasma lipids were extracted in chloroform:methanol and sterols were 

quantified by gas-liquid chromatography.  Total plasma sterol (A) was determined as free  

(solid bars) and esterified (checkered bars) cholesterol (black bars) and phytosterol (grey 

bars).  Percent composition of plasma sterols (B) was determined.  Animals with G5G8-/- 

(G5G8 KO and DKO) had higher total plasma sterol (as free and esterified sterol) and a 

greater percentage of total sterols as phytosterol (grey bars).  Percent of total sterols as 

cholesterol (black bars) was lower in G5G8 KO animals than in G5G8 intact animals.  At 

0, 2, 4, and 6 weeks of challenge with a 0.2% phytosterol containing diet, blood samples 

were collected by submandibular bleed after four hours of fasting from WT () or G5G8 

KO () animals. Hematocrit % (C) was determined for the packed erythrocyte volume in 

the blood sample. The erythrocytes were separated from plasma and sterol composition 

(D) of erythrocytes was monitored and expressed as % of total sterols as phytosterols.  

Values are determined as mean ± SEM. All samples are n≥4.  Statistically significant 

differences between values are indicated with different letters, as determined by ANOVA 

(Tukey-Kramer Honestly Significant Difference). 
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Figure 3 
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Figure 4 Histologic analysis of livers after high dietary phytosterol challenge.  After six 

weeks of high dietary phytosterol challenge, animals with functional G5G8 (WT) and 

gene deletions of G5G8 (G5G8) were euthanized under anesthesia.  Residual blood was 

flushed from the liver, which was removed, weighed, cubed, and snap frozen.  Cubes of 

each liver were thawed and cryo-preserved into cold (4oC) sucrose solution and fixed in 

neutral buffered formalin.  Livers were sectioned and stained by hematoxylin and eosin.  

Liver histology and diagnoses were blindly-assigned by a veterinary pathologist and 

representative sections are shown. WT livers (A,B) were considered “normal.”  G5G8 

livers (C,D) were diagnosed with several conditions including individual hepatocellular 

degeneration and necrosis (red arrows) with cytosplasmic inclusions (yellow arrow) and 

diffuse Kupffer cell hyperplasia (green arrows), 
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Figure 4 
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Supplemental Table I RT PCR primers for analysis of hepatic and splenic gene 

expression.   Forward and Reverse Primers used for Real Time Polymerase Chain 

Reaction (RT-PCR) analysis of hepatic and splenic genes in this study.  ** Primers 

sequences were used as determined in Meurs et al180. 



 177 

Supplemental Table I 

Gene Primer 1 (5’→3’) Primer 2 (5’→ 3’) 
Cyclophilin TGGAGAGCACCAAGACAGACA TGCCGGAGTCGACAATGAT 
HMGCS GCCGTGAACTGGGTCGAA GCATATATAGCAATGTCTCCTGCAA 

BLVRA ** CTTGATGGAAGAGTTCGAATTCCT GTGAAGCGAAGAGATCCTTTTAGC 
HO1 ** CAACAGTGGCAGTGGGAATTTA CCAGGCAAGATTCTCCCTTACC 

UGT1A ** CACCACACCTGCGCCC CCAATCACATCCAAGGAGTGGTA 
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Table II Relative expression of hepatic and splenic genes involved in erythrocyte 

clearance.  Total RNA was extracted from snap-frozen ~50mg pieces of liver from WT 

or G5G8 KO animals.  cDNA was synthesized from an aliquot of RNA and relative 

expression of several genes was determined and normalized to the housekeeping gene 

cyclophilin.  Values are mean of n=4 samples and statistically significant differences as 

determined by t-test (p-values ≲0.05) are indicated by (*). 
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Table II 

Relative gene expression corrected to cyclophilin expression (AU) 
 

 
Liver 

 WT G5G8 p 
BLVRA 12.25 11.00 0.5656 

HO-1 7.75 25.00 * 0.0061 
UGT1a 18.5 38.00 * 0.0069 

HMGCS 28.23 14.75 * 0.0145 

Spleen 
 WT G5G8 p 

BLVRA 10.50 13.75 * 0.0369 
HO-1 26.25 31.25 0.5059 

HMGCS 8.50 8.00 0.6891 
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Figure 5 Lipoprotein particle size and apoprotein analysis in WT and G5G8 plasma 

samples challenged with high-phytosterol feeding. After 5 weeks of dietary feeding, 

mice were fasted for four hours and blood was collected by submandibular bleed.   

Plasma was separated from packed erythrocytes and samples were pooled from 4 animals 

based on total plasma sterol content. An aliquot of the pooled plasma sample containing 

30µg of total sterol was separated by size (A) on HPLC.  Fractions were collected from 

the lipoprotein fractions (very low density lipoprotein (VLDL), low density lipoprotein 

(LDL), apolipoproteinE-rich lipoprotein (ERL), and high density lipoprotein (HDL)).  

Aliquots of the pooled lipoproteins were determined based on equal sterol content and 

subjected to gel-electrophoresis.  Immunoblots were performed on membranes (B) and 

apoprotein signal was determined (apolipoprotein B (ApoB), ApoE, and apolipoprotein 

AI (ApoAI)).  Blots for ApoB and ApoAI were exposed to film for the same amount of 

time. G5G8 diet-fed animals accumulate an ApoE-rich lipoprotein in plasma, as signal 

for ApoE in G5G8 animals saturated the film within 30 seconds of exposure, whereas 

signal for WT animals required a 5-minute exposure. Data shown are from one 

experiment; experiments were repeated with the same results.  
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Figure 5 
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Figure 6 Histologic analysis of hearts after high dietary phytosterol challenge.   After 6 

weeks of 0.2% dietary phytosterol challenge, hearts of WT animals are protected from 

lesion development, whereas the G5G8 animals develop complex, collagen-rich, and 

calcified lesions. At necropsy, hearts were flushed with saline to flush residual blood 

from the carcass.  Hearts were blindly scored for the presence or absence of visible 

lesions on the left ventricle of the heart (A).  Approximately 50% of the animals with 

G5G8-/- had visible lesions, whereas animals with G5G8+/+ did not have visible lesions.  

A subset of neutral buffered formalin-fixed hearts were sectioned and stained by 

hematoxylin and eosin (H&E), Von Kossa, and Masson’s Trichrome (B).  The lesions of 

animals lacking G5G8 covered a large cross-sectional area of the heart as determined by 

H&E.  The lesions were highly calcified (brown staining in Von Kossa) and collagen-rich 

(blue staining in Masson’s Trichrome).  Animals with G5G8 were protected from lesion 

development. 
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Figure 6 
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Figure 7 Lipids did not accumulate in the aortas of 0.2% phytosterol-fed G5G8 intact 

or disrupted mice. Fixed aortas of WT and G5G8 animals were free from lipid 

accumulation after 6 weeks of high phytosterol feeding.  After 6-weeks of dietary 

phytosterol feeding, animals were sacrificed.  Carcasses were flushed with 10mL of 

saline to remove residual blood.  Aortas were removed and fixed in 10% neutral buffered 

formalin then pinned to wax to determine the presence or absence of lesions to account 

for the large complex lesions seen in Figure 4.  Images of representative aortas of from 

WT and G5G8 animals are shown.  There was no difference in lipid accumulation or 

occlusion in WT or G5G8 aortas. 
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Figure 7 
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Abstract 

 

Dietary phytosterols (plant sterols) are readily excluded from mammals, however 

dietary cholesterol is absorbed.  These sterols have the same basic 4-hydrocarbon 

structure, hydroxyl group, and side chain.  The structural differences that distinguish 

cholesterol from phytsterols are found in the side chain, where plant sterols are modified 

by addition of methyl- group, ethyl- group, or desaturation. Sterol handling and 

absorption is of great interest because of the downstream on whole body lipid metabolism 

and disease.  Genetic disruption of the ATP binding cassette transporter heterodimers G5 

and G8 (G5G8) causes β-sitosterolemia, characterized by accumulation of plant sterols in 

tissues and plasma.  Acyl CoA:Cholesterol Acyl Transferase isoform 2 (ACAT2) is a 

sterol-esterifying enzyme that has a strong in vitro preference for esterification of 

cholesterol as a substrate.  Disruption of ACAT2 can lower cholesterol absorption during 

dietary challenge in mice, as cholesteryl esters can be packaged into the spherical core of 

nascent chylomicrons and free sterol is restricted to the planar surface of these 

lipoproteins.  The current studies were initiated to determine if ACAT2 can esterify 

phytosterols in vivo when dietary phytosterols are absorbed due to G5G8 deficiency.  The 

data presented herein show that consistent with previous data, ACAT2 is inefficient at 

esterifying absorbed phytosterols in vivo.  Additionally, we show that there is a difference 

in the percent of total sterols as phytosterol in G5G8 disrupted animals when comparing 

hepatic and plasma sterols to sterols secreted directly from the liver.   
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Introduction 

 

 The daily diet of most humans consists of some amount of cholesterol and plant 

sterols (phytosterols: campesterol, sitosterol, and stigmasterol).  Dietary cholesterol and 

phytosterols are presumably absorbed into intestinal enterocytes by the polytopic 

membrane-spanning transporter Niemann-Pick C1-Like 1 (NPC1L1)136.  Absorbed 

cholesterol can be esterified by Acyl-CoA:Cholesterol Acyl Transferase isoform 2 

(ACAT2) at the endoplasmic reticulum (ER)82, 119 to form cholesteryl ester, a highly 

hydrophobic lipid that is packaged in the spherical core of nascent chylomicron particles 

secreted by the enterocyte into the lymph140, whereas free cholesterol associates with the 

phospholipids surface of these particles. The percent of dietary phytosterols appearing on 

nascent chylomicrons is much lower than the appearance of cholesterol into this lipid 

transporting particles187.  Phytosterols are returned from the enterocyte to the intestinal 

lumen by the transporter adenosine triphosphate (ATP) Binding Cassette transporter 

isoform G5 and G8 (ABCG5/G8 or G5G8)61, 143.  

 Cholesterol and phytosterols are structurally very similar.  These molecules share 

a 4-ring hydrocarbon chemical structure with a hydroxyl group and an 8-carbon branched 

side chain.  The side chain on a cholesterol molecule is saturated and phytosterols vary by 

the addition of a methyl- group, ethyl- group or desaturation into a double bond between 

carbons 22 and 23 in the side chain (campesterol, sitosterol, and stigmasterol, 

respectively).  These slight chemical modifications are sufficient to cause vast metabolic 

effects.  G5G8 is effective at actively discriminating against the absorption of 

phytosterols156.   
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ACAT2 has been shown to have very low in vitro substrate activity for 

phytosterols and has a very strong preference to esterify cholesterol in enterocytes and 

hepatocytes91.  There are two other sterol esterifying enzymes that seem to be less 

involved in cholesterol absorption but more involved in free and esterified cholesterol 

homeostasis and reverse cholesterol transport, respectively Acyl-CoA:Cholesterol Acyl 

Transferase isofrom 1 (ACAT1)81 and Lecithin:Cholesterol Acyl Transferase (LCAT)151. 

In liver hepatocytes, the main sterol-esterifying enzyme is ACAT286, 119.  ACAT1 is also 

expressed in the liver, however it is restricted to the Kupffer cells86, 119.  LCAT and 

ACAT1 were shown previously to have broader substrate flexibility compared to 

ACAT291.   

The vast majority of the human population does not absorb more than 5% of 

dietary phytosterols173, 174, 188, because of functional, intact G5G861, 143, so ACAT2 would 

not have a biological need to esterify the phytosterols because they are rapidly removed 

from the body.  However, in the case of the rare and heritable lipid-metabolic disease β-

Sitosterolemia, dietary phytosterols are readily absorbed through the intestine and 

accumulate in tissues and plasma58.   

 The studies described herein were designed to address the ability of ACAT2 to 

esterify phytosterols in vivo, by disruption of G5G8.  Additionally, we sought to 

determine if the sterol composition (cholesterol/phytosterol and free/ester) was similar in 

tissues and plasma and if the lipoproteins that were secreted from the liver into the 

plasma were reflective of the tissue sterol composition.   Moreover, we can determine if 

the lipid handling mechanisms of the liver are specifically organized to preferentially 

package cholesterol into lipoproteins in the presence of high levels of tissue phytosterols. 
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We have analyzed the liver and plasma sterol composition of animals with and without 

mutations ACAT2 and/or G5G8 challenged with a low cholesterol/moderate phytosterol 

diet.  Recirculating liver perfusion was done to isolate the nascent lipoprotein particles 

secreted by the liver and their sterol composition was determined.  Here, we demonstrate 

that the sterol preference of ACAT2 for cholesterol over phytosterol that was seen in 

vitro is recapitulated in vivo.  We also propose that the differences in sterol composition 

of liver and plasma compared to the lipoproteins secreted by the liver may be due to the 

differential handling of sterols and the steady-state accumulation of phytosterols in 

tissues. 
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Materials and Methods 

 

Animals and Diets 

All animals used in the studies described herein were housed in a temperature-

controlled, 12-hour light/dark cycle barrier facility within Wake Forest University Health 

Sciences Animal Resources Unit.  All experiments were performed with the approval of 

the Animal Care and Use Committee of Wake Forest University Health Sciences.  Mice 

used in these studies were generated from brother-sister matings of animals carrying a 

genetic disruption in ACAT295 or G5G863 to minimize strain variation.  Resultant mice 

were 62.5% C57BL/6, 25% 129SvJae, 12.5% SvEv.  Four genotypes of mice were used 

in this study: WT (ACAT2+/+ G5G8+/+), ACAT2-/- (ACAT2-/- G5G8+/+), G5G8-/- 

(ACAT2+/+ G5G8-/-), and DKO  (ACAT2-/- G5G8-/-).   At six weeks of age, animals were 

switched from a cereal-based chow diet to a fixed-composition diet that contained 10% of 

calories as palm oil, 0.001% cholesterol (w/w), and 0.1% phytosterol (w/w) (low 

cholesterol/moderate phytosterol).  Mice were maintained on this diet for a minimum of 

six weeks and were fasted for four hours the morning of necropsy for plasma and liver 

collection.   

 

Fasted plasma sterol composition 

Fasted whole blood was collected by cardiac puncture from animals that had been 

anesthetized with ketamine:xylazine.  Blood was mixed with a protease inhibitor cocktail 

(Sigma) dissolved in saline with 5% sodium azide and 5% EDTA.  Erythrocytes were 

separated from plasma by centrifugation at 12,000xg for 10 minutes at 4oC.  Sterols from 
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an aliquot of plasma were extracted in chloroform:methanol in the presence of 5α-

cholestane (internal standard) and free sterols were quantified by gas liquid 

chromatography (GC) as previously described91.  Total sterols were quantified by 

saponification of sterols from the dried chloroform:methanol extract.  Saponification was 

performed by resuspending dried sterol extract in 1mL of 95% ethanol with 100µL of 

50% potassium hydroxide.  Samples were heated to 60oC with occasional vortexing for at 

least one hour.  Saponification reactions were returned to room temperature, and total 

sterols were extracted by sequential additions of 1mL dH2O and 1mL hexane.  Samples 

were vortexed and spun to separate the total sterol containing hexane phase from the 

aqueous phase.  The total sterol mass present in the hexane phase were quantified by GC, 

as above. Concentration of esterified sterol was determined by subtracting the value of 

free sterol concentration from the value of total sterol concentration.  Plasma sterol 

concentration was expressed as milligram (sterol) per deciliter of plasma (mg/dL).  

Percent sterol for each class (free/ester cholesterol/phytosterol) was determined by 

dividing the concentration of the sterol of interest by the sum of all sterols (free and ester) 

multiplied by 100.   

 

Fasted liver sterol composition 

Mice were fasted for four hours prior to necropsy, anesthetized, and 

exsanguinated. The vena cava was cut and the residual blood in the carcass was flushed 

with 10mL of saline.  The liver was removed, weighed, cubed, and snap frozen in liquid 

nitrogen.  Lipids from ~50mg cubes of liver were extracted in chloroform:methanol with 

5α-cholestane (internal standard) at room temperature overnight.  The lipid-containing 
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extract was separated from the delipidated liver into a new tube and sterol concentration 

was determined by GC, as above and previously described93.  Protein concentration was 

determined in the delipidated liver piece (to normalized sterol concentration in the liver) 

by completely dissolving the liver piece in 1N sodium hydroxide and quantification by 

the Lowry method116. Concentration of sterol (free/ester cholesterol/phytosterol) in liver 

was expressed as microgram of sterol per milligram of liver protein (µg sterol/mg liver 

protein).  Esterified sterol concentration was determined by subtracting the value of free 

sterol from the total sterol.  Percent sterol was determined as above.   

 

Isolated liver perfusion analysis of lipid accumulation 

Isolated liver perfusion was performed on animals fed the low 

cholesterol/moderate phytosterol diet indicated above for a minimum of 6 weeks.  

Briefly, the blood circulation of the liver was surgically isolated between the portal vein 

(inflow cannula) and vena cava (outflow cannula) with recirculcating, oxygenated 

complete media.  Perfusate media was continuously circulated for 3 hours of sample 

collection.  A thorough description of the method has been described and the studies 

performed herein were done exactly according to previous detail151.  Time point samples 

of perfusate media were withdrawn at 30 minute intervals and sterols present in each time 

point were extracted in chloroform:methanol in the presence of 5α-cholestane as 

described above (for fasted plasma samples).  Total sterol concentration in each time 

point sample was determined after saponification and esterfied sterol concentration was 

determined by the difference in total and free sterol concentrations.  The rate of secretion 
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of each sterol class (free/ester cholesterol/phytosterol) was determined by the linear slope 

of each sterol class.  Percent sterol was determined as indicated above.  

 

Statistics and data analysis  

Data calculations and figure preparation were performed using Microsoft Excel 

for Mac 2004 (Version 11.5.3), JMP Statistical Discovery Software (version 5.0.1.2), and 

GraphPad Prism4 (Version 4.0c). 
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Results 

 

Previous research has shown that Acyl CoA:Cholesterol Acyl Transferase isoform 

2 (ACAT2) has a strong in vitro substrate preference to esterify cholesterol>>sitosterol91. 

Mice with a homozygous disruption in either of the obligate heterodimeric proteins ATP 

Binding Cassette Isoforms G5/G8 (ABCG5/G8 or G5G8) accumulate phytosterols in 

plasma and tissues153, 156, 189.  In the current studies, we were primarily addressing the in 

vivo role of ACAT2 on phytosterol metabolism in mice by addressing the ability of 

ACAT2 esterify phytosterols in a mouse model where dietary phytosterols can 

accumulate.  To conduct the experiments, we used four genotypes of mice to address our 

research questions: WT (ACAT2+/+ G5G8+/+), ACAT2-/- (ACAT2-/- G5G8+/+), G5G8-/- 

(ACAT2+/+ G5G8-/-), and DKO (ACAT2-/- G5G8-/-) mice. 

To address our first research question in these studies (Is the percent phytosterol 

composition the same between plasma, liver, and perfusate in each genotype group?), we 

analyzed the total sterol concentration in liver plasma, and perfusate of WT, ACAT-/-, 

G5G8-/-, and DKO mice that were fed a low cholesterol/moderate phytosterol diet (10% 

of calories as palm oil with 0.001% cholesterol (w/w) and 0.1% physterol (w/w)) for six 

weeks.  From previous work, we anticipated that the percent of total sterols as phytosterol 

(campesterol, sitosterol, and stigmasterol) would be similar for each genotype, when 

comparing plasma and liver samples (data not shown).  We expected that the animals 

lacking G5G8 would have statistically elevated plasma and liver phytosterols, compared 

to animals with functional G5G8.  Based on previous research91, we expected that 
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animals lacking ACAT2 and G5G8 would not have differences in phytosterol absorption, 

if ACAT2 is indeed inefficient at esterifying phytosterols in vivo.   

The data in Table I show that in the liver and plasma of animals lacking G5G8 

(G5G8-/- and DKO mice), approximately 50% of the total sterols in these tissues were 

phytosterols.  In animals with functional G5G8 (WT and ACAT2-/-), there was negligible 

accumulation of phytosterols (0-1.8% of total sterols as phytosterol) in the plasma and 

liver.  We next analyzed the sterol composition of the newly synthesized and secreted 

lipoproteins from the liver to the plasma, by isolated liver perfusion.   

Similar trends were seen when we analyzed perfusate accumulation of 

phytosterols, however the phytosterol accumulation in the perfusate was lower by percent 

of total sterols than was seen in plasma and liver.    In liver and plasma, we saw ~50% of 

the total sterols as phytosterol.  In analysis of the sterol composition in an individual time 

point of perfusate, we saw much lower accumulation of phytosterols when G5G8 was 

disrupted (11-13%) (Table I).  As expected, and consistent with plasma and liver data, 

when animals have intact G5G8, there was minor accumulation of phytosterols in 

perfusate (0.3-2.1%).  When comparing the rate of accumulation of phytsterols as a 

percent of total sterols over multiple time points, animals lacking G5G8 again had a 

significantly higher percent of phytosterols than animals with G5G8 intact (Table I).  

This percentage as phytosterols was again lower than the percent of phytosterols in liver 

and plasma, though slightly higher than the percent of phytosterols in the individual time 

point (Table I).   

As the main focus of these studies was to determine the in vivo esterifying 

capabilities of ACAT2, our next research goal was to analyze the sterol composition by 
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free and esterified sterol.  Sterols were extracted and analyzed from ~50mg liver pieces 

and analyzed by gas-liquid chromatography, as described in Materials and Methods.  Free 

and saponified total sterol concentrations (cholesterols or phytosterols) were determined 

for livers in each genotype of animal.  Esterified sterols were determined by subtracting 

the value of free sterol from total sterols.   

In animals with G5G8 disrupted, we have shown a substantially higher level of 

hepatic phytosterols compared to animals with G5G8 intact (Table I).  The sterol class 

(free/esterfied cholesterol/phytosterol) composition of livers from WT, ACAT2-/-, G5G8-

/-, and DKO mice was determined both by concentration (Figure 1A in µg/mg liver 

protein) and by percent of total sterol (Figure 1B in percent of total sterol).  As expected, 

(1) WT and ACAT2-/- livers had no phytosterol because G5G8 is present and preventing 

phytosterols from being absorbed in these animals and (2) livers of animals that lacked 

ACAT2 (ACAT2-/- and DKO) also lacked cholesteryl esters.  The livers from animals 

with G5G8 disrupted (G5G8-/- and DKO) had elevated hepatic phytosterols, mostly as 

free phytosterol.  Interestingly, G5G8-/- livers had significantly higher levels of esterified 

phytosterol than DKO livers.  There was not a statistically significant difference in the 

amount of esterified phytosterols between WT, ACAT2-/-, and DKO livers.  This finding 

further substantiates previous in vitro data that suggest that ACAT2 is inefficient at 

esterifying phytosterols91.  

Plasma phytosterol composition was similar to liver when expressed as a percent 

of total sterols (Table I- Approximately 50% of the total sterol pool is phytosterols in 

G5G8 disrupted liver and plasma).  In the liver, esterified cholesterol accumulation is a 

direct result of ACAT2 activity.  In plasma, esterfied sterols could be a result of ACAT2 



 203 

or Lecithin:Cholesterol Acyl Transferase (LCAT).  ACAT2-derived esterified sterols are 

generally found in apolipoprotein B (apoB) containing particles (VLDL and LDL), 

whereas LCAT-derived esterified sterols are generally found in apolipoprotein AI 

(apoAI) containing particles (HDL)151.  In animals with intact G5G8 (WT and ACAT2-/-), 

the plasma sterol composition was relatively similar by concentration (Figure 2A) and 

percent (Figure 2B), and primarily consisted of cholesteryl ester with negligible amounts 

of phytosterols.  When analyzing plasma sterol composition of animals that lacked G5G8 

(G5G8-/- and DKO), the sterol composition was relatively similar by concentration 

(Figure 2A) and percent (Figure 2B), independent of ACAT2 expression.  In the plasma 

of these animals (G5G8-/- and DKO) there was a high percent of esterified phytosterol 

(37% of total plasma sterols in the plasma of both genotypes of animals), all of which 

were likely esterified by LCAT. 

Lastly, we sought to analyze the sterol composition of nascent very-low density 

lipoproteins (VLDL) secreted from the liver into the plasma. We have shown that in 

G5G8 disrupted animals, the liver and plasma sterol phytosterol percent of total sterols is 

higher than perfusate (Table I).  Using isolated liver perfusion, lipid accumulation onto 

nascent VLDL particles can be determined97, and because the esterified sterols secreted 

onto VLDL are exclusively ACAT2 derived97, 118, this technique was used to specifically 

isolate the activity of ACAT2 towards dietary phytosterols.  The predominating sterol 

secreted by livers of all genotypes of animals analyzed is free cholesterol (Figure 3B), 

which is relatively consistent with liver sterol composition (Figure 1B).  Consistent with 

liver and plasma sterol compositions, perfusate of WT and ACAT2-/- animals 

accumulates no appreciable amounts of free or esterified phytosterols (Figure 3A).  
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Phytosterols accumulate in the perfusate plasma of animals lacking G5G8 (G5G8-/- and 

DKO), as expected.  The unexpected finding in these G5G8 disrupted animals is that 

there is no difference in the free or esterified phytosterol composition between G5G8-/- 

and DKO perfusate accumulations.  If ACAT2 activity was expected to contribute to the 

esterification of phytosterols, it would be expected that there would be differences in the 

free vs ester composition of the phytosterols, which was not seen (Figure 3B).  
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Discussion 

 

 The experiments described herein were designed to address several questions 

about the metabolic fates of sterols in relation to free/ester composition and the plasma 

and liver effects of ACAT2 and G5G8 on sterol homeostasis.  Primarily, we sought to 

answer the question Is the in vitro substrate preference of ACAT2 for 

cholesterol>>phytosterol recapitulated in vivo?  With the mouse model used in these 

studies, we presented a unique opportunity to isolate phytosterols and cholesterol and 

examine esterification preference in vivo by crossing mice with and without ACAT2 and 

G5G8. 

 Four genotypes of mice were generated for analysis in this study: WT (ACAT2+/+ 

G5G8+/+), ACAT2-/- (ACAT2-/- G5G8+/+), G5G8-/- (ACAT2+/+ G5G8-/-), and DKO 

(ACAT2-/- G5G8-/-).  Mice were fed a low-fat (10% of calories as palm oil) diet 

containing 0.001% cholesterol (w/w) and 0.1% phytosterol (w/w) for at least six weeks.  

In this time period, we showed that the plasma and liver of animals lacking G5G8 

accumulated about 50% of total sterols as phytosterol (Table).  Animals with G5G8 intact 

(WT and ACAT2-/-) had less than 2% of total sterols as phytosterols, independent of 

ACAT2 status.  In comparing the livers of G5G8-/- to DKO mice, there was not a 

significant difference in concentration (or percent) of free phytosterol, however there was 

a significant difference in the concentration (and percent) of esterified phytosterol (Figure 

1).  The lower esterified phytosterol in DKO mice could be attributed to lack of ACAT2 

activity, however it has been previously shown that ACAT2 preferentially esterifies 

cholesterol over phytosterol91. ACAT1 is the minor esterifying enzyme present in the 
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liver, though its expression is restricted to Kupffer cells86, 119.  ACAT1 does not exhibit 

the restrictive substrate specificity of ACAT2 and can esterify phytosterols in vitro91.  

Although unlikely, it is possible that ACAT1 esterification activity is the source for these 

hepatic phytosterol esters. This possibility is unlikely because: (1) DKO livers had a 

lower concentration of phytosterol esters compared to G5G8-/- animals, yet animals 

lacking ACAT2 still express ACAT1 and (2) ACAT1 expression is much lower in livers 

of mice than ACAT2 (Alger et al manuscript in preparation and99, 100).  These seemingly 

incongruous findings provided a rationale for these studies. 

 In comparing the plasma of animals with and without ACAT2 and G5G8, we 

showed that consistent with liver sterol percent composition, animals lacking G5G8 had 

approximately 50% of total sterols as phytosterol, whereas those animals with G5G8 

intact had less than 2% of total sterols as phytosterol (Table I).  We attributed the high 

levels of esterified phytosterols seen in the plasma of these animals to the esterifying 

activity of LCAT, which also has a broader substrate range than ACAT2.  With these two 

pieces of data, we were unable to make any conclusions about the activity of ACAT2 

towards phytosterols, as the other sterol esterifying enzymes (ACAT1 and LCAT) could 

be masking any results.  To isolate the function of ACAT2 specifically, we performed 

isolated liver perfusion on diet-fed animals in our four genotypes of mice.   

 Isolated liver perfusion studies were done to determine the specific composition 

of the nascent lipoproteins that were secreted by the liver and accumulated within the 

artificial “plasma” compartment (oxygenated perfusate media).  Much like hepatic and 

plasma sterols, in comparing WT and ACAT2-/- animals, the accumulation rate of 

phytosterols from the liver into nascent VLDL was virtually non-existent (Table I), even 
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when comparing esterified or free sterols (Figure 3).  Also, ACAT2-/- livers did not 

secrete esterified sterols (cholesterol or phytosterol) in the media during isolated liver 

perfusion (Figure 3), as expected. 

 Animals lacking G5G8 accumulated phytosterols in liver, plasma, and perfusate 

media (Table I).  As mentioned above, there was a significant difference in hepatic 

esterified phytosterol concentration when comparing G5G8-/- to DKO animals.  If this 

difference was due to the esterification activity of ACAT2 (which has very in vitro 

activity for esterification of phytosterols), then the rates of accumulation of esterified 

phytosterol into perfusate should have reflected these changes; DKO animals would have 

had lower accumulation of esterified phytosterols in the perfusate than G5G8-/- animals.  

This effect was not seen (Figure 3), instead G5G8-/- and DKO animals accumulated the 

same amount of free and esterified phytosterol in perfusate media.  The lack of a 

difference in phytosterol esterification between G5G8-/- and DKO perfusate could be due 

to low level ACAT1 activity for esterifying phytosterols for packaging and secretion, 

however this assumption would require that mobilized sterol esters are not hydrolyzed 

and re-esterified for packaging into nascent VLDL.  A more plausible explanation for 

similar rate of esterified phytotsterol secretion between G5G8 disrupted animals with and 

without functional ACAT2 is that there is some LCAT produced by the isolated liver and 

its activity in the perfusate media which is esterifying phytosterols in the recirculating 

perfusate media, as LCAT is a circulating protein synthesized in the liver that can esterify 

phytosterols91, 190.    

An incongruity in the data presented in Table I was the difference in the 

accumulation of phytosterols (by percent) in liver and plasma compared to perfusate 
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media.  Phytosterols represented approximately 50% of the total sterols that accumulated 

in liver and plasma of G5G8 disrupted animals, whereas only 10-20% of the total sterols 

in perfusate media were phytosterols in G5G8 disrupted animals.  There are at least two 

plausible explanations to account for these seemingly inconsistent findings:  (1) the 

packaging machinery within lipoprotein secreting cells is most efficient and shows a 

preferential packaging and mobilization of cholesterol over phytosterols, (2) the percent 

composition of phytosterols in perfusate of G5G8 disrupted animals represents the sterol 

handling capabilities of the biological system when the system is stressed with its non-

ideal substrate (phytosterols vs the ideal substrate of cholesterol) and the percent 

composition of phytosterols in tissues represents the steady-state accumulation of the 

non-ideal biological sterols within tissues that are unable to metabolize and remove them.  

Both explanations rely on the assumption that mammals preferentially use of cholesterol 

over phytosterols in biological processes (bile acid metabolism40, hormone 

metabolism191, etc).   

In summary, this study was designed to address the ability of Acyl-

CoA:Cholesterol Acyl Transferase isoform 2 (ACAT2) to esterify phytosterols in vivo. 

As phytosterols are generally excluded from absorption into the body by the function of 

the obligate heterodimeric adenosine triphosphate (ATP) Binding Cassette transporters 

G5/G8 (ABCG5G8 or G5G8), there is not a biological need for ACAT2 to esterify 

phytosterols156.  Data by Temel et al showed very convincingly that ACAT2 had a 

substantially higher specificity for esterification of cholesterol over phytosterol91. In the 

animal model that we have used in the current research, we were able to analyze the 

ability of ACAT2 to esterify phytosterols when G5G8 was disrupted and dietary 
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phytosterols could accumulate.  We have now shown that the accumulation of 

phytosterols in the liver and plasma was similar upon challenge with a low 

cholesterol/moderate phytosterol diet, however the percent secretion of phytosterol from 

the liver into the plasma was lower in isolated liver perfusion.  We proposed that this 

difference might be attributable to inefficient phytosterol handling by the intracellular 

machinery.  We have also shown that in the liver, there was lower accumulation of 

phytosterol ester in animals lacking both ACAT2 and G5G8 (DKO), compared to 

animals that have functional ACAT2 but no G5G8 (G5G8-/-). Interestingly, isolated liver 

perfusion of G5G8-/- vs DKO animals showed no difference between free and esterified 

phytosterol accumulation in the perfusate plasma media.  We attribute this result to the 

activity of LCAT secreted by the liver. The results presented herein substantiate the in 

vitro ACAT2 sterol selectivity previously demonstrated in vivo. 
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Table I  Percent of total sterols as phytosterol in plasma, liver, and perfusate.  Mice 

were fed a diet containing 10% of calories as palm oil and 0.001% cholesterol/0.1% 

phytosterol (w/w) for at least six weeks.  Mice were fasted for four hours prior to 

necropsy and blood and liver samples were collected.  Blood erythrocytes were separated 

from the plasma and lipids from an aliquot of plasma were extracted in 

chloroform:methanol.  Free and saponified total sterols (cholesterol and phytosterols 

(campesterol, sitosterol, and stigmasterol)) were quantified by gas-liquid chromatography 

(GC) using a 5α-cholestane as an internal standard (as detailed in Materials and 

Methods).  All sterols were summed, and percent composition of free cholesterol, 

cholesteryl ester, free phytosterol, and phytosterol ester was determined.  Lipids from 

~50mg pieces of liver were extracted in chloroform:methanol and quantified by GC as 

was done for plasma samples.  Sterol concentration of individual time point samples of 

perfusate plasma was determined by GC, as was done for plasma and liver samples.  The 

rate of lipid accumulation for individual sterols was determined by calculating the slope 

of sterol accumulation at individual time point samples over 3 hours.  All values for 

phytosterol percent of total sterols were determined by dividing the total phytosterols by 

the sum of all free and esterified sterol values.  All values in the table represent the mean 

value of the percentages for at least three animals. 
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Table I 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Percent of Total Sterols as Phytosterols (%) 
 

 Plasma Liver Last Time Point 
Perfusate Perfusate Rate 

WT 1.8% 0% 0.3% 0.5% 

ACAT2-/- 1.1% 0% 2.1% 0% 

G5G8-/- 54.4% 49.7% 11% 22.6% 

DKO 55.3% 50.7% 13% 20.8% 
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Figure 1  Hepatic sterol composition by sterol class.  Animals in this study were fed a 

low fat (10% of calories as palm oil) 0.001% cholesterol/0.1% phytosterol diet for six 

weeks.  Mice were fasted for four hours prior to necropsy.  Livers were flushed with 

10mL of saline to remove contaminating blood and snap frozen in liquid nitrogen. Lipids 

were extracted from ~50mg pieces of liver by chloroform:methanol and quantified by 

gas-liquid chromatography (GC) as described in Materials and Methods. Free and 

saponified total sterol concentrations were determined in each sample.  Esterified sterol 

was determined by subtracting the value of free sterol from total sterol.  (A) Hepatic 

sterol concentration was represented in microgram of sterol per milligram of liver protein 

(µg/mg liver protein).  (B) Percent composition of each sterol class was determined.  

Values not connected by the same letter indicate statistically significant differences in 

hepatic sterol; differences in percent composition generally followed the same trend as 

concentration.  Statistically significant differences were determined with Tukey Kramer 

Honestly Significant Difference.  All groups n=5.   
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Figure 1  
 
 
 
 

Hepatic Sterols ( g sterol/mg liver protein) 

 Free 
Cholesterol 

Esterified 
Cholesterol 

Free 
Phytosterol 

Esterfied 
Phytosterol 

WT 5.73a 4.76a 0a 0a 

ACAT2-/- 6.31a 0b 0a 0a 

G5G8-/- 2.12b 0.72b 2.58b 0.23b 

DKO 2.31b 0.06b 2.41b 0.03a 
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Figure 2 Fasted plasma sterol composition by sterol class.  Animals in this study were 

fed a low fat (10% of calories as palm oil) 0.001% cholesterol/0.1% phytosterol diet for 

six weeks.  Mice were fasted for four hours prior to necropsy.  Plasma was collected by 

cardiac puncture and erythrocytes were separated from the plasma by centrifugation. 

Lipids were extracted from aliquots of plasma by chloroform:methanol and quantified by 

gas-liquid chromatography (GC) as described in Materials and Methods. Free and 

saponified total sterol concentrations were determined in each sample.  Esterified sterol 

was determined by subtracting the value of free sterol from total sterol.  (A) Plasma sterol 

concentration was represented in milligram of sterol per deciliter of plasma (mg/dL).  (B) 

Percent composition of each sterol class was determined based on total plasma sterol 

concentration.  Values not connected by the same letter are statistically significant 

differences in hepatic sterol; differences in percent composition generally followed the 

same trend as concentration.  Statistically significant differences were determined with 

Tukey Kramer Honestly Significant Difference.  All groups n=5. 
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Figure 2 
 

Plasma Sterols (mg/dL plasma) 

 Free 
Cholesterol 

Esterified 
Cholesterol 

Free 
Phytosterol 

Esterfied 
Phytosterol 

WT 21.47 67.16a,b 0.42a 1.18a 

ACAT2-/- 27.54 80.27a 0.21a 1.15a 

G5G8-/- 23.39 40.59b 24.63b 51.74b 

DKO 17.80 44.94a,b 25.50b 52.20b 
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Figure 3  Sterol composition of rate of lipid accumulation in the perfusate plasma of 

surgically isolated livers. Animals in this study were fed a low fat (10% of calories as 

palm oil) 0.001% cholesterol/0.1% phytosterol diet for at least six weeks.  The blood 

circulation of the livers of experimental mice was surgically isolated and oxygenated  

completemedia was recirculated through the liver.  Perfusate media samples were 

collected at thirty-minute intervals. Lipids were extracted from aliquots of each time 

point of perfusate plasma in chloroform:methanol and quantified by gas-liquid 

chromatography (GC) as described in Materials and Methods.  The rate of accumulation 

of each sterol class (free/esterified cholesterol/phytosterol) was determined for each liver. 

Free and saponified total sterol rates were determined and esterified sterol was 

determined by subtracting the value of free sterol from total sterol.  (A) The rate of 

accumulation of sterols in perfusate plasma was represented in microgram of sterol per 

minute per gram of liver (µg/min/g liver).  (B) Percent composition of each sterol class 

was determined based on summed sterol accumulation rates.  Values not connected by 

the same letter indicate statistically significant differences in perfusate sterol  

composition; differences in percent composition generally followed the same trend as 

concentration.  Statistically significant differences were determined with Tukey Kramer 

Honestly Significant Difference.  WT n=4, all other groups n=5. 
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Figure 3 
 
 
 

Perfusate Sterols ( g/min/g liver) 

 Free 
Cholesterol 

Esterified 
Cholesterol 

Free 
Phytosterol 

Esterfied 
Phytosterol 

WT 0.19a,b 0.25a 0a 0.001 
ACAT2-/- 0.33a 0.06b 0a 0 
G5G8-/- 0.19a,b 0.05b 0.05b 0.02 
DKO 0.17b 0.02b 0.03b 0.02 
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Acyl-CoA:Cholesterol Acyl Transferase isoform 2 (ACAT2) and adenosine 

triphosphate (ATP) Binding Cassette transporter isoforms G5 and G8 (ABCG5/G8 or 

G5G8) are two enzymes that are important in the maintenance of sterol homeostasis to 

prevent excess intracellular free sterol accumulation.  The expression of both enzymes is 

restricted to the sterol mobilizing and lipoprotein synthesizing and secreting cells in 

mammals: the enterocyte (in the small intestine) and the hepatocyte (in the liver)1, 2.  The 

role for ACAT2 activity in limiting intracellular free cholesterol is in the conversion of 

free cholesterol (which is dissolved in the endoplasmic reticulum (ER) membrane) to 

cholesteryl ester (which can be packaged for secretion in the spherical core of  nascent 

apolipoprotein B (apoB)-containing lipoproteins or stored within intracellular neutral 

lipid droplets.  ACAT2 is the main cholesterol-esterifying enzyme in the liver and 

intestine and is required for synthesis and packaging of cholesteryl esters (CE) onto 

nascent apolipoprotein B (apoB)-containing lipoproteins3-5.  By contrast, the role of 

G5G8 in intracellular sterol homeostasis is to return excess intracellular free sterols to the 

intestinal lumen (from enterocytes) or to the biliary sterol pool (from hepatocytes)6-8. 

Much work has been done to elucidate the role of each enzyme in whole body 

sterol homeostasis. Disruption of ACAT2 in a mouse model has been shown to limit 

atherosclerosis9-12.  G5G8 activity is required for secretion of sterols into gallbladder bile 

and disruption of G5G8 is a model for the rare human lipid storage disorder β-

sitosterolemia2, 13.  Studies were originally proposed to address the effects that 

modifications of ACAT2 and G5G8 would have on lipoprotein metabolism and liver X 

receptor (LXR)- transcriptional signaling of target gene expression.  During our initial 

studies, we discovered that these proteins have more profound effects on lipid 
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metabolism than we had anticipated.  The data presented in this dissertation further 

illustrate the actions of these proteins individually or in concert in hepatic triglyceride 

(TG) metabolic diseases and prevention of phytosterol toxicity.   

Ample data have shown that specific inhibition of ACAT2 activity (without 

disrupting ACAT1 activity) could be beneficial in limiting the development or 

progression of atherosclerosis.  We have added to the role of ACAT2-specific inhibition 

and shown that ACAT2 disruption would likely be effective in prevention of non-

alcoholic fatty liver disease (NAFLD), a disease of lipid accumulation in the metabolic 

syndrome (Chapters II and III).  Furthermore, we have shown that storage of ACAT2-

derived cholesteryl esters can lead to steatosis by slowing the mobilization of triglyceride 

stored within hepatic lipids droplets (Chapter III).  We have also shown in the current 

studies that transgenic overexpression of the human G5G8 (G5G8Tg) in the livers of 

mice is unable to enhance the lowering of cholesterol absorption by ACAT2 disruption 

nor does it enhance the TG metabolic effects when ACAT2 is disrupted (Chapter IV). In 

addition, we have confirmed previous in vitro data that indicate substrate selectivity for 

sterol esterification by ACAT2, as we demonstrated the inability of ACAT2 to efficiently 

esterify phytosterols in vivo during challenge with a low cholesterol/moderate phytosterol 

diet (Chapter VI).  Finally, we addressed the role of ACAT2 and G5G8 in prevention of 

phytosterol accumulation and show that elevated tissue and plasma phytosterols are 

associated with hepatic and splenic toxicity, anemia, and myocardial infarctions 

(Chapter V) and confirm that phytosterols are not converting into bile acids, even when 

excessively high concentrations are present in the body (Chapter V and unpublished 

findings).  The phytosterol-accumulation toxicity is independent of ACAT2 status. 
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Interestingly, both ACAT2-derived cholesteryl esters and phytosterols may have 

been considered to be relatively inert bystanders in the formation of neutral lipid droplets 

and cholesterol absorption, respectively.  Traditionally, triglyceride is often the main 

culprit attributed to neutral lipid droplet accumulation in the development and 

progression of NAFLD14-16.  Triglyceride has also been previously implicated in 

facilitating the transport of cholesteryl esters into very low-density lipoproteins 

(VLDL)17.  Cholesterol and oleic acid (both substrates of ACAT2) were individually 

shown in rat hepatocytes to stimulate triglyceride accumulation in primary hepatocytes 

from high-fat fed rats, prior to the identification of ACAT218, 19.  In our analysis, we have 

shown that independent of any other dietary factors, the accumulation of ACAT2-derived 

cholesteryl esters can sequester triglycerides in hepatocytes, as is prevalent in NAFLD.  

Our studies indicated that there was no difference in lipogenesis of hepatic triglyceride 

when ACAT2 derived cholesteryl esters were present or absent, however the presence of 

ACAT2-derived cholesteryl esters did significantly lower the rate of triglyceride 

mobilization from the liver into nascent VLDL.  Extrapolation of the data, presented in 

this dissertation, in combination with the protection from development of atherosclerosis 

by ACAT2 disruption10-12, suggest that high plasma triglyceride is not an independent 

risk factor for atherosclerosis.  The correlation between susceptibility to atherosclerosis 

and plasma triglyceride is likely due to the co-packaging of triglyceride and cholesteryl 

esters into apo-B containing, atherogenic lipoproteins.  

The studies in this dissertation indicate that steatosis is not always dependent on 

high dietary fat or deficiencies in methionine and choline, as several previous studies 

have used to induce steatosis.  In our studies, all mice were fed a low fat (10% of calories 
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as palm oil) high carbohydrate diet, with the only dietary variations in cholesterol 

concentration.  Mice fed low cholesterol (0.001%) were protected from development of 

steatosis, independent of ACAT2-status.  In these animals, the limited dietary cholesterol 

would not be in excess within the hepatocyte and would not need to be esterified for 

packaging in neutral lipid droplets.  In agreement with our model (Chapter II Figure 

8C), triglyceride would be available for rapid mobilization onto nascent VLDL.  WT 

mice fed the high cholesterol (0.2%) diet would have excess free cholesterol available for 

esterification and packaging within lipid droplets in the liver, which would limit the 

mobilization of TG in nascent VLDL.  Cholesterol-fed ACAT2-/- mice would be 

protected from hepatic CE accumulation due to lower intestinal cholesterol absorption 

(Chapter IV Figure 1) and limited hepatic CE accumulation, allowing mobilization of 

TG into nascent VLDL.  Consistent results were seen when ACAT2 was specifically 

targeted in the liver using ACAT2 ASO in the high cholesterol fed animals.  Previous 

studies from our lab have shown that treatment with ACAT2 ASO will deplete hepatic 

ACAT2 without affecting intestinal ACAT2 expression or cholesterol absorption20.  In 

our model of cholesterol-feeding with ACAT2 ASO or ASO control treatment, similar 

concentrations of dietary cholesterol will be absorbed and packaged as CE into nascent 

chylomicron particles, however in the ACAT2 ASO treated animals, there was lower 

hepatic CE and therefore lower hepatic TG.  These data are consistent with the 

genetically disrupted animal and indicate that hepatic ACAT2-derived CE are the 

primary lipid driving steatosis in our model.  These data might indicate that independent 

of several other dietary parameters, such as limiting dietary fat, diets rich in cholesterol 

are predictive of an NAFLD outcome, if our studies can relate to humans.  
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 Based on these studies, an experiment is currently in progress in human patients, 

addressing whether or not the direct correlation between hepatic cholesteryl ester and 

triglyceride accumulation that was repeatedly seen in our mouse models with ACAT2-

derived hepatic cholesteryl esters modulating hepatic triglyceride accumulation.  If our 

hypothesis is correct, and there will be a direct correlation between cholesteryl ester and 

triglyceride accumulation, then it is possible that ACAT2 inhibition may be a good 

pharmaceutical target for prevention of NAFLD in humans.  NAFLD is often detected by 

elevations in serum liver function enzymes or by ultrasound or MRI imaging21, 22, and as 

such neutral lipids have already accumulated in the liver.  It would be of great biomedical 

interest to determine if disruption of ACAT2 could reverse the neutral lipid accumulation 

in NAFLD.  This question could be answered relatively easily using anti-sense 

oligonucleotide (ASO) targeting of ACAT2, as was done in Chapter II.  Steatosis could 

be initiated by high dietary cholesterol feeding in ACAT2-intact mice.  We have 

established that six weeks of 0.2% cholesterol is sufficient for hepatic triglyceride 

accumulation.  Animals could then be treated with ACAT2 ASO or control ASO for at 

least six weeks to deplete ACAT2-derived cholesteryl esters.  As this experiment would 

be asking if ACAT2 depletion can resolve pre-existing NAFLD, ASO treatment may 

require longer than treatment for 6 weeks.  If depletion of ACAT2 by ASO can resolve 

the pre-existing steatosis, then ACAT2 would be a target for treatment, in addition to 

prevention, of NAFLD.   

The role of ACAT2 was also analyzed based on previous substrate specificity.  In 

previous analyses, it was shown that ACAT2 has a strong preference for cholesterol as a 

substrate over phytosterols, in vitro, whereas the other sterol-esterifying enzymes 
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(ACAT1 and LCAT) have a broader substrate flexibility23.  We have now confirmed this 

finding in vivo (Chapters V and VI). When comparing animals with ACAT2 activity 

(WT) to animals without ACAT2 activity (ACAT2-/-), WT mice had higher hepatic 

cholesteryl ester than ACAT2-/- mice, as expected.  By crossing ACAT2-/- to G5G8-/- 

mice, we were able to determine the ability of ACAT2 to esterify phytosterols, as G5G8-/- 

mice retain dietary phytosterols.  There was no difference in the esterification of 

phytosterols in these mice whether ACAT2 was present and active (G5G8-/- ACAT2+/+) 

or absent (G5G8-/- ACAT2-/- or DKO).  As a direct measurement of ACAT2 activity for 

phytosterols, isolated liver perfusion experimentswere done.  There was no difference in 

the rate of esterified phytosterol secreted onto nascent VLDL from the livers of G5G8-/- 

or DKO mice (Chapter VI Figure 3).  Likewise, an indirect measurement of hepatic 

ACAT2 substrate preference was determined when animals were fed a high phytosterol 

(0.2% w/w) diet and accumulated very high concentrations of tissue phytosterols when 

G5G8 activity was also deleted.  In these mice, hepatic ACAT2 did not contribute 

significant amounts of esterified hepatic phytosterols (comparing G5G8-/- to DKO) 

(Chapter V Figure 2).  To determine the ability of enterocytic ACAT2 to esterify 

phytosterols, lymph duct cannulations were proposed, but were beyond the scope of this 

study.  Presumably, hepatic and enterocytic ACAT2 have similar substrate specificity, 

independent of the cell type in which it is expressed and the likely outcome of lymph duct 

cannulation experiments would be consistent with current and previous data that ACAT2 

does not efficiently esterify phytosterols.  

Phytosterols, in addition to being an inefficient substrate for esterification by 

ACAT2, are also not efficiently converted to bile acids in most mammals and can inhibit 
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the reaction to synthesize bile acids from cholesterol24-26.  C21-bile acids were shown 

previously to be synthesized from cholesterol and phytosterols in rat27, 28.  Interestingly, 

even when fed the high phytsterol diet (0.2% w/w phytosterols), C21-bile acids were not 

detected in the feces of our mice (Unpublished observations, Alger, Bjorkhem, Temel, 

and Rudel).  We had hypothesized that mice accumulating high levels of plant sterols 

(G5G8-/- and DKO) animals may convert the phytosterols into C21-bile acids to purge 

excess free sterols from the liver, but this was not seen in our experiments.  Also 

unchanged was the percent composition of the bile acid species in comparing animals 

retaining high phytosterols (G5G8-/- and DKO) to animals that readily excrete dietary 

phytosterols (WT and ACAT2-/-).  Higher levels of hydrophilic bile acids can decrease 

sterol reuptake in the intestine29, 30.  We proposed that G5G8 deletion mice would 

upregulate synthesis of hydrophilic bile acids to lower phytosterol absorption through the 

intestine.  When comparing the percent composition of the fecal bile acid composition of 

WT and G5G8 animals, there was not a significant difference in bile acid percent 

composition (Unpublished observations, Alger, Bjorkhem, Temel, Dawson, and Rudel).  

These findings, in combination with the lack of ACAT2 to esterify phytosterols suggest 

that the accumulated phytosterols are not efficiently removed from the cells through any 

of the endogenous mechanisms that cells have to detoxify free cholesterol.   

After the high dietary phytosterol challenge in the mouse model for β-

sitosterolemia (G5G8-/- mice), we found several very unexpected effects of phytosterol 

accumulation.  A previous study has suggested that plasma phytosterol concentration 

does not correlate with atherosclerosis31.  However, several in vivo studies have linked 

phytosterols to various cellular abnormalities, including adrenal and 
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macrothrombocytopenia in mice32, 33.  Additionally, in vitro studies have established that 

free phytosterol is preferentially effluxed from macrophages and can induce apoptosis 

and toxicity in cultured cells34-36.  The data from these previous studies, in addition to the 

fact that ACAT2 is inefficient at esterifying plant sterols, feeding phytosterols did not 

change the bile acid composition, would indicate that many of the pathologies seen in our 

phytosterol-challenged β-sitosterolemia mouse model are a direct result of the phytosterol 

accumulation in the tissues and not secondary to other metabolic effects.   

Some of the common pathologies in patients with the rare metabolic disorder β-

sitosterolemia is the formation of tendon xanthomas37, 38 (sterol-rich depositions on 

tendons), hypersterolemia and atherosclerosis2, 39.  Whereas most individuals absorb 5% 

or less of the dietary phytosterols, patients absorb approximately 15-60% of dietary 

phytosterols2.  Previous studies have linked absorbed phytosterols to platelet 

deformities33 and aortic valve stenosis in humans40, 41.  Our studies have added to the 

growing field of research, linking phytosterol accumulation to hepatosplenomegaly and 

anemia, as well as non-lethal but highly calcified and collagenated myocardial infarctions 

(Chapter V).  It would be of great scientific to determine the mechanism through which 

the phytosterols are exerting their toxic effects.  To determine if phytosterol-associated 

anemia is a result of destabilizing the erythrocyte plasma membrane, it would be of great 

interest to analyze the bone marrow composition of the phytosterol-fed G5G8-/- mice. SR-

BI-deficient mice, which have elevated plasma HDL-cholesterol concentrations, 

developed a hemolytic anemia phenotype42 and spontaneous myocardial infarction and 

cardiac dysfunction43 in two separate studies.  The results from the SR-BI-deficient mice 

would suggest that the phenotype in the phytosterol-retaining mice may be occurring 
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through a similar mechanism, and bone marrow analysis could define the anemia as 

“aplastic,” wherein there is inadequate production of erythrocytes or “hemolytic,” 

wherein erythrocytes are produced but the plasma membrane is destabilized and 

erythrocytes presumably rupture and are cleared from the blood.  This experiment could 

also determine if the previous platelet deformities33 were a result of decreased precursor 

production or improper cell development.   

The question of the biological effects of phytosterols in mammals is important, as 

phytosterols are an emerging nutraceutical option for lowering plasma cholesterol in 

prevention of atherosclerosis41, 44.  Many of these available “functional-foods” contain 

gram-quantities of added plant sterol to compete with intestinal cholesterol absorption.  

Vegatable oils, nuts, and most edible plants are foods that are naturally enriched in 

phytosterols.  The concentration of phytosterols in a serving of these naturally 

phytosterol-enriched foods (avocados, pistachio nuts, and sesame seeds) is much lower 

than the concentration of phytosterols present in the nutraceutical supplements.  The 

long-term health effects of phytosterol-supplementation and retention have not been 

thoroughly addressed.  As has previously been determined, approximately 5% of 

phytosterols are absorbed during passage through the human intestine45.  Gram quantities 

of phytosterols could lead to hyper-absorption and if retained, these absorbed 

phytosterols could lead to some of these effects seen in current and previous studies 

during long-term supplementation.   

Diets enriched in phytosterols are promoted to lower intestinal cholesterol 

absorption.  The lower absorption of dietary cholesterol could lower plasma cholesterol 

concentration and reduce the risk of development of atherosclerosis, however retention of 
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high levels of these nutraceutical phytosterols within tissues could raise the risk of the 

toxicities shown in the current studies.  As phytosterols are not efficiently esterified by 

ACAT2 for the core of nascent chylomicron particles, the absorbed phytosterols are 

likely to appear within the phospholipid surface of nascent chylomicrons.  These free 

phytosterols could freely diffuse from the chylomicron surface to peripheral tissues as the 

lipoprotein is hydrolyzed.  Accumulation of free phytosterols in peripheral tissues could 

lead to localized apoptosis/necrosis or erythrocyte abnormalities (heart and valve 

accumulation and anemia).  Likewise, as a result of phytosterol supplementation by a 

hypercholesterolemic patient with liver disease and obstructed biliary secretion of sterols, 

resecretion of absorbed phytosterols could be blunted and the liver disease could worsen 

(similar to the effects seen in the livers of G5G8-/- animals fed phytosterol Chapter V 

Figure 4). 

In the studies described in this dissertation, we have addressed the roles of 

ACAT2 and G5G8 on whole body lipid metabolism and disease.  Our results show that 

dietary cholesterol can lead to steatosis (NAFLD), independent of a high fat diet.  In 

analyzing the mechanism by which this occurs, we have shown that hepatic ACAT2-

derived cholesteryl esters do not alter lipogenesis, instead they slow the mobilization of 

triglycerides from the liver into nascent apolipoprotein B containing lipoproteins.  In 

furthering the knowledge of the activity of ACAT2, we have shown that consistent with 

previous in vitro analyses, ACAT2 is inefficient at esterifying phytosterols in vivo.  

Transgenic over-expression of G5G8, which enhances free sterol efflux from the liver 

into bile does not enhance or detract from the activity of ACAT2 when measuring 

cholesterol absorption or the TG-mobilizing effects of ACAT2 disruption.  In fact, the 
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development of NAFLD-like lipid accumulation was completely independent of the 

G5G8Tg.  In a contrasting study, we showed that the effects of phytosterol accumulation 

in G5G8 disrupted mice are independent of ACAT2 expression status.  In these animals 

and because ACAT2 does not efficiently esterify phytosterols, disruption of G5G8 lead to 

severe toxicity in many organs of mice accumulating plant sterols.  Additionally, we have 

confirmed that phytosterol accumulation in mice does not alter the bile acid percent 

composition and that these sterols are not converted into C21-bile acids in this mouse 

model.  The research described in this dissertation adds to the rapidly expanding field of 

lipid metabolic disorders (atherosclerosis, non-alcoholic fatty liver disease/steatosis, and 

βsitosterolemia) and provides further insight into the roles of ACAT2 and G5G8 in 

dietary sterol metabolism.   

 



 233 

References 

1. Anderson RA, Joyce C, Davis M, Reagan JW, Clark M, Shelness GS, Rudel LL. 
Identification of a form of acyl-CoA:cholesterol acyltransferase specific to liver 
and intestine in nonhuman primates. J Biol Chem 1998;273:26747-54. 

2. Berge KE, Tian H, Graf GA, Yu L, Grishin NV, Schultz J, Kwiterovich P, Shan 
B, Barnes R, Hobbs HH. Accumulation of dietary cholesterol in sitosterolemia 
caused by mutations in adjacent ABC transporters. Science 2000;290:1771-5. 

3. Lee RG, Willingham MC, Davis MA, Skinner KA, Rudel LL. Differential 
expression of ACAT1 and ACAT2 among cells within liver, intestine, kidney, and 
adrenal of nonhuman primates. J Lipid Res 2000;41:1991-2001. 

4. Rudel LL, Davis M, Sawyer J, Shah R, Wallace J. Primates highly responsive to 
dietary cholesterol up-regulate hepatic ACAT2, and less responsive primates do 
not. J Biol Chem 2002;277:31401-6. 

5. Lee RG, Shah R, Sawyer JK, Hamilton RL, Parks JS, Rudel LL. ACAT2 
contributes cholesteryl esters to newly secreted VLDL, whereas LCAT adds 
cholesteryl ester to LDL in mice. J Lipid Res 2005;46:1205-12. 

6. Lee MH, Lu K, Hazard S, Yu H, Shulenin S, Hidaka H, Kojima H, Allikmets R, 
Sakuma N, Pegoraro R, Srivastava AK, Salen G, Dean M, Patel SB. Identification 
of a gene, ABCG5, important in the regulation of dietary cholesterol absorption. 
Nat Genet 2001;27:79-83. 

7. Yu L, Hammer RE, Li-Hawkins J, Von Bergmann K, Lutjohann D, Cohen JC, 
Hobbs HH. Disruption of Abcg5 and Abcg8 in mice reveals their crucial role in 
biliary cholesterol secretion. Proc Natl Acad Sci U S A 2002;99:16237-42. 

8. Yu L, Li-Hawkins J, Hammer RE, Berge KE, Horton JD, Cohen JC, Hobbs HH. 
Overexpression of ABCG5 and ABCG8 promotes biliary cholesterol secretion 
and reduces fractional absorption of dietary cholesterol. J Clin Invest 
2002;110:671-80. 

9. Willner EL, Tow B, Buhman KK, Wilson M, Sanan DA, Rudel LL, Farese RV, 
Jr. Deficiency of acyl CoA:cholesterol acyltransferase 2 prevents atherosclerosis 
in apolipoprotein E-deficient mice. Proc Natl Acad Sci U S A 2003;100:1262-7. 

10. Buhman KK, Accad M, Novak S, Choi RS, Wong JS, Hamilton RL, Turley S, 
Farese RV, Jr. Resistance to diet-induced hypercholesterolemia and gallstone 
formation in ACAT2-deficient mice. Nat Med 2000;6:1341-7. 



 234 

11. Lee RG, Kelley KL, Sawyer JK, Farese RV, Jr., Parks JS, Rudel LL. Plasma 
cholesteryl esters provided by lecithin:cholesterol acyltransferase and acyl-
coenzyme a:cholesterol acyltransferase 2 have opposite atherosclerotic potential. 
Circ Res 2004;95:998-1004. 

12. Bell TA, 3rd, Kelley K, Wilson MD, Sawyer JK, Rudel LL. Dietary fat-induced 
alterations in atherosclerosis are abolished by ACAT2-deficiency in ApoB100 
only, LDLr-/- mice. Arterioscler Thromb Vasc Biol 2007;27:1396-402. 

13. Lu K, Lee MH, Hazard S, Brooks-Wilson A, Hidaka H, Kojima H, Ose L, 
Stalenhoef AF, Mietinnen T, Bjorkhem I, Bruckert E, Pandya A, Brewer HB, Jr., 
Salen G, Dean M, Srivastava A, Patel SB. Two genes that map to the STSL locus 
cause sitosterolemia: genomic structure and spectrum of mutations involving 
sterolin-1 and sterolin-2, encoded by ABCG5 and ABCG8, respectively. Am J 
Hum Genet 2001;69:278-90. 

14. Browning JD, Horton JD. Molecular mediators of hepatic steatosis and liver 
injury. J Clin Invest 2004;114:147-52. 

15. Szczepaniak LS, Nurenberg P, Leonard D, Browning JD, Reingold JS, Grundy S, 
Hobbs HH, Dobbins RL. Magnetic resonance spectroscopy to measure hepatic 
triglyceride content: prevalence of hepatic steatosis in the general population. Am 
J Physiol Endocrinol Metab 2005;288:E462-8. 

16. Browning JD, Szczepaniak LS, Dobbins R, Nuremberg P, Horton JD, Cohen JC, 
Grundy SM, Hobbs HH. Prevalence of hepatic steatosis in an urban population in 
the United States: impact of ethnicity. Hepatology 2004;40:1387-95. 

17. Fungwe TV, Cagen LM, Cook GA, Wilcox HG, Heimberg M. Dietary cholesterol 
stimulates hepatic biosynthesis of triglyceride and reduces oxidation of fatty acids 
in the rat. J Lipid Res 1993;34:933-41. 

18. Davis RA, Boogaerts JR. Intrahepatic assembly of very low density lipoproteins. 
Effect of fatty acids on triacylglycerol and apolipoprotein synthesis. J Biol Chem 
1982;257:10908-13. 

19. Davis RA, McNeal MM, Moses RL. Intrahepatic assembly of very low density 
lipoprotein. Competition by cholesterol esters for the hydrophobic core. J Biol 
Chem 1982;257:2634-40. 

20. Bell TA, 3rd, Brown JM, Graham MJ, Lemonidis KM, Crooke RM, Rudel LL. 
Liver-specific inhibition of acyl-coenzyme a:cholesterol acyltransferase 2 with 
antisense oligonucleotides limits atherosclerosis development in apolipoprotein 



 235 

B100-only low-density lipoprotein receptor-/- mice. Arterioscler Thromb Vasc 
Biol 2006;26:1814-20. 

21. Angulo P, Keach JC, Batts KP, Lindor KD. Independent predictors of liver 
fibrosis in patients with nonalcoholic steatohepatitis. Hepatology 1999;30:1356-
62. 

22. Adams LA, Angulo P. Treatment of non-alcoholic fatty liver disease. Postgrad 
Med J 2006;82:315-22. 

23. Temel RE, Gebre AK, Parks JS, Rudel LL. Compared with Acyl-CoA:cholesterol 
O-acyltransferase (ACAT) 1 and lecithin:cholesterol acyltransferase, ACAT2 
displays the greatest capacity to differentiate cholesterol from sitosterol. J Biol 
Chem 2003;278:47594-601. 

24. Shefer S, Salen G, Nguyen L, Batta AK, Packin V, Tint GS, Hauser S. 
Competitive inhibition of bile acid synthesis by endogenous cholestanol and 
sitosterol in sitosterolemia with xanthomatosis. Effect on cholesterol 7 alpha-
hydroxylase. J Clin Invest 1988;82:1833-9. 

25. Salen G, Batta AK, Tint GS, Shefer S, Ness GC. Inverse relationship between 
plasma cholestanol concentrations and bile acid synthesis in sitosterolemia. J 
Lipid Res 1994;35:1878-87. 

26. Boberg KM, Einarsson K, Bjorkhem I. Apparent lack of conversion of sitosterol 
into C24-bile acids in humans. J Lipid Res 1990;31:1083-8. 

27. Boberg KM, Lund E, Olund J, Bjorkhem I. Formation of C21 bile acids from 
plant sterols in the rat. J Biol Chem 1990;265:7967-75. 

28. Lund E, Boberg KM, Bystrom S, Olund J, Carlstrom K, Bjorkhem I. Formation of 
novel C21-bile acids from cholesterol in the rat. Structure identification of the 
major Di- and trihydroxylated species. J Biol Chem 1991;266:4929-37. 

29. Wang DQ, Tazuma S, Cohen DE, Carey MC. Feeding natural hydrophilic bile 
acids inhibits intestinal cholesterol absorption: studies in the gallstone-susceptible 
mouse. Am J Physiol Gastrointest Liver Physiol 2003;285:G494-502. 

30. Wang DQ, Tazuma S. Effect of beta-muricholic acid on the prevention and 
dissolution of cholesterol gallstones in C57L/J mice. J Lipid Res 2002;43:1960-8. 



 236 

31. Wilund KR, Yu L, Xu F, Vega GL, Grundy SM, Cohen JC, Hobbs HH. No 
association between plasma levels of plant sterols and atherosclerosis in mice and 
men. Arterioscler Thromb Vasc Biol 2004;24:2326-32. 

32. Yang C, Yu L, Li W, Xu F, Cohen JC, Hobbs HH. Disruption of cholesterol 
homeostasis by plant sterols. J Clin Invest 2004;114:813-22. 

33. Kruit JK, Drayer AL, Bloks VW, Blom N, Olthof SG, Sauer PJ, de Haan G, 
Kema IP, Vellenga E, Kuipers F. Plant sterols cause macrothrombocytopenia in a 
mouse model of sitosterolemia. J Biol Chem 2008;283:6281-7. 

34. Rubis B, Paszel A, Kaczmarek M, Rudzinska M, Jelen H, Rybczynska M. 
Beneficial or harmful influence of phytosterols on human cells? Br J Nutr 
2008;100:1183-91. 

35. Hovenkamp E, Lourbakos A, Duchateau GS, Tareilus EW, Trautwein EA. 
Preferential efflux of phytosterols over cholesterol from macrophages. Lipids 
2007;42:1125-32. 

36. Bao L, Li Y, Deng SX, Landry D, Tabas I. Sitosterol-containing lipoproteins 
trigger free sterol-induced caspase-independent death in ACAT-competent 
macrophages. J Biol Chem 2006;281:33635-49. 

37. Bhattacharyya AK, Connor WE. Beta-sitosterolemia and xanthomatosis. A newly 
described lipid storage disease in two sisters. J Clin Invest 1974;53:1033-43. 

38. Shulman RS, Bhattacharyya AK, Connor WE, Fredrickson DS. Beta-
sitosterolemia and xanthomatosis. N Engl J Med 1976;294:482-3. 

39. Salen G, Horak I, Rothkopf M, Cohen JL, Speck J, Tint GS, Shore V, Dayal B, 
Chen T, Shefer S. Lethal atherosclerosis associated with abnormal plasma and 
tissue sterol composition in sitosterolemia with xanthomatosis. J Lipid Res 
1985;26:1126-33. 

40. Helske S, Miettinen T, Gylling H, Mayranpaa M, Lommi J, Turto H, Werkkala K, 
Kupari M, Kovanen PT. Accumulation of cholesterol precursors and plant sterols 
in human stenotic aortic valves. J Lipid Res 2008;49:1511-8. 

41. Patel MD, Thompson PD. Phytosterols and vascular disease. Atherosclerosis 
2006;186:12-9. 

42. Meurs I, Hoekstra M, van Wanrooij EJ, Hildebrand RB, Kuiper J, Kuipers F, 
Hardeman MR, Van Berkel TJ, Van Eck M. HDL cholesterol levels are an 



 237 

important factor for determining the lifespan of erythrocytes. Exp Hematol 
2005;33:1309-19. 

43. Braun A, Trigatti BL, Post MJ, Sato K, Simons M, Edelberg JM, Rosenberg RD, 
Schrenzel M, Krieger M. Loss of SR-BI expression leads to the early onset of 
occlusive atherosclerotic coronary artery disease, spontaneous myocardial 
infarctions, severe cardiac dysfunction, and premature death in apolipoprotein E-
deficient mice. Circ Res 2002;90:270-6. 

44. Weingartner O, Lutjohann D, Ji S, Weisshoff N, List F, Sudhop T, von Bergmann 
K, Gertz K, Konig J, Schafers HJ, Endres M, Bohm M, Laufs U. Vascular effects 
of diet supplementation with plant sterols. J Am Coll Cardiol 2008;51:1553-61. 

45. Gould RG, Jones RJ, LeRoy GV, Wissler RW, Taylor CB. Absorbability of beta-
sitosterol in humans. Metabolism 1969;18:652-62. 

 
 



 238 

CURRICULUM VITAE 
 

Heather M. Alger 
 

Office Address:  Department of Biochemistry 
   Wake Forest University School of Medicine 
   Medical Center Boulevard 
   Winston-Salem, NC 27157 
   E-mail:  halger@wfubmc.edu 
 
Home Address:  1407 Clover St Apartment F, Winston-Salem, NC 27101 
   TEL: (336) 575 7372 
 
EDUCATION:  
 
Doctoral Candidate 2004-present: Biochemistry and Molecular Biology 
     Wake Forest University School of Medicine  
     Winston-Salem, NC 27157 
Graduate Student 2001-2002: Molecular and Cellular Biology 
     Baylor College of Medicine 
     Houston, TX 77030 
Bachelor of Science 1997-2001: B.S. in Biochemistry 
     Illinois State University 
     Normal, IL 61761 
 
 
EXPERIENCE: 
 
 
PhD Candidate (August 2004-present), 
• Department of Biochemistry, Wake Forest University School of Medicine, Winston-Salem, 
NC. 
• Projected graduation date May, 2009; Dissertation title: Hepatic Lipid Metabolism: The 
Roles of ACAT2 and ABCG5/G8 on the development and prevention of disease in whole body 
lipid metabolism. 
 
Teaching Assistant (Fall 2008), 
Departments of Biology/Chemistry.  Wake Forest University, Winston Salem, NC 27106 
• Assisted in laboratory teaching for Biochemistry (BIO/CHM 371). 
 
Laboratory Technician (January 2003-August 2004), 
Huffington Center of Aging, Bobby R. Alford Department of Otorhinolaryngology, Head and 
Neck Surgery.  Baylor College of Medicine, Houston, TX 77030 
• Projects focused on histology and immunofluorescence of COUP-TFI and Headbobber 

mutants.  Cochlear structure and hair cell death were analyzed.  
 
Graduate Student (August 2001-December 2002), 
Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX 77030.  
• Completion of 1.5 years of coursework before withdrawing from school in good standing. 
 
 



 239 

Undergraduate Research Assistant (May 1998-May 2001), 
Parasitology Lab, Department of Biology, Illinois State University, Normal, IL 61761 
• Projects focused on thioredoxin and glutathione-thioredoxin reductase antioxidant system in 
Schistosoma mansoni. 
 
Undergraduate Teaching Assistant (Fall 1999-Spring 2001), 
Departments of Chemistry and Biology.  Illinois State University, Normal, IL 61761 
• Laboratory teaching for Organic Chemistry, Freshman Chemistry, and Cell Biology. 
 
 
 
HONORS, AWARDS, and ACTIVITIES  
 

 2008 The Artom Fellowship- Wake Forest University School of Medicine  
   Department of Biochemistry and Molecular Biology 
 2008 Volunteer- Obama for America and Forsyth County Democratic Party 

 2006 Sandy Lee Cowgill Memorial Scholarship-  
  Wake Forest University School of Medicine  
    Department of Biochemistry and Molecular Biology 

 Spring 2005-2007 Biochemistry Student Representative- Wake Forest University  
    Graduate Student Association 

2004   Graduate Fellowship- Wake Forest University School of Medicine 
     Department of Biochemistry and Molecular Biology 
2001   Graduate Fellowship- Baylor College of Medicine 
     Department of Molecular and Cellular Biology 

 Summer 2000 Honors Undergraduate Summer Research Fellowship   
    Illinois State University 

 
 
 
PUBLICATIONS 
 
Alger HM, Brown JM, Sawyer JK, Kelley K, Shah R, Wilson MD, Davis MA, Rudel LL. 
ACAT2-Selective Suppression Counteracts Lipid Overabundance With NAFLD. Manuscript in 
preparation. 
 
Alger HM, Temel RE, Kelley K, Wilson MD, Sawyer JK, Rudel LL.  ATP-Binding Cassette 
Transporter G5G8 Prevents Systemic Accumulation of Toxic Levels of Phytosterols in Dietary 
Phytosterol-Challenged Mice. Manuscript in preparation. 
 
Brown JM, Chung S, Sawyer JK, Degirolamo C, Alger HM, Nguyen T, Zhu X, Duong MN, 
Wibley AL, Shah R, Davis MA, Kelley K, Wilson MD, Kent C, Parks JS, Rudel LL. Inhibition of 
stearoyl-coenzyme A desaturase 1 dissociates insulin resistance and obesity from atherosclerosis. 
Circulation. 2008 Sep 30;118(14):1467-75. Epub 2008 Sep 15. 
 
Brown JM, Bell TA 3rd, Alger HM, Sawyer JK, Smith TL, Kelley K, Shah R, Wilson MD, 
Davis MA, Lee RG, Graham MJ, Crooke RM, Rudel LL.  Targeted depletion of hepatic ACAT2-
driven cholesterol esterification reveals a non-biliary route for fecal neutral sterol loss. J Biol 
Chem 2008 Apr; 283(16):10522-34 
 



 240 

Somma, GR., Alger,HM., Yatsenko,SA., Stankiewicz, P., Harrison,W., Funk,E., 
Bergamaschi,A., Oghalai,JS., Overbeek,PA. and Pereira, FA.   The Head Bobber locus involves a 
644kb deletion on chromosome 7.  Prepared for submission. 
 
Tang, LS., Alger, HM., Pereira, FP. COUP-TFI controls Notch regulation of hair cell and support 
cell differentiation.  Development 2006 Sep; 133(18):3683-93 
 
Tang, LS., Alger, HM., Lin, F. and Pereira, FA.  Dynamic Expression of COUP-TFI and II in 
Development and Functional Maturation of the organ of Corti. Gene Expr Patterns. 2005 
Jun;5(5):587-92  
 
Alger HM, Sayed AA, Stadecker MJ, Williams DL.  Molecular and enzymatic characterization 
of Schistosoma mansoni thioredoxin.  Int J Parasitol. 2002 Sep;32(10):1285-92. 
 
Alger HM, Williams DL.  The disulfide redox system of Schistosoma mansoni and the 
importance of a multifunctional enzyme, thioredoxin glutathione reductase.  Mol Biochem 
Parasitol. 2002 Apr 30;121(1):129-39. 
 
 
 
ABSTRACTS, PRESENTATIONS, AND POSTERS 
 
Alger, HM., Temel, RE., Kelley, KL., Wilson, MD., Sawyer, JK., Rudel, LL. ATP-Binding 
Cassette Transporter G5G8 Prevents Accumulation of Toxic Levels of Phytosterols in Dietary 
Phytosterol-Challenged Mice.  Arteriosclerosis, Thrombosis, and Vascular Biology Annual 
Conference 2008. 
 
Alger, HM., Parini, P., Shah, R., Yu, L., Rudel, LL. Acyl-CoA:cholesterol acyltransferase 2 and 
ATP-Binding Cassette Half Transporters G5 and G8 Differentially Alter Hepatic Lipoprotein 
Secretion and Composition. Arteriosclerosis, Thrombosis, and Vascular Biology Annual 
Conference 2007. 
 
Lin,F., Liu, H., Alger, HM., Brownell, WE., Davidson, AL., Pereira, FA. 
Expression and purification of the Slc26a5 transmembrane protein: Prestin 
Mid-Winter Meeting of the Association for Research in Otolaryngology, New Orleans, Louisiana, 
Feb.19-24 2005. 
 
Somma, GR., Alger, HM., Yatsenko, SA., Stankiewicz, P.,  Harrison,W., Overbeek,PA. and 
Pereira, FA 
Characterization of the Head Bobber locus and inner ear phenotype 
Mid-Winter Meeting of the Association for Research in Otolaryngology, New Orleans, Louisiana, 
Feb.19-24 2005. 
 
Poster Presentations (2)- 5th Annual Conference on New and Re-emerging Infectious Diseases, 
Urbana, Illinois (2002).  Molecular and Enzymatic Characterization of Schistosoma mansoni 
thioredoxin.  The Disulfide Redox System of Schistosoma mansoni and the importance of a 
multifunctional enzyme, thioredoxin glutathione reductase.  
 
Alger, HM. and Williams, DL.  Does thioredoxin reductase replace glutathione reductase in 
Schistosoma mansoni? Annual Meeting of the American Society of Tropical Medicine and 



 241 

Hygiene, Atlanta, GA.  American Journal of Tropical Medicine and Hygiene (2001) 65(3-
Sup):270 
 
Student Talk- 4th Annual Conference on New and Re-emerging Infectious Diseases, Charleston, 
IL. (2001) 
 
Poster Presentation- 3rd Annual Conference on New and Re-emerging Infectious Disease, Urbana, 
IL. (2000) 
 
 


