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ABSTRACT 

 

The metabolic fate of newly absorbed cholesterol and phytosterols is 

orchestrated through the sterol transporter, adenosine triphosphate-binding cassette 

transporter G5/G8 heterodimer (G5/G8), and the cholesterol esterifying enzyme, acyl 

coenzyme A:cholesterol acyltransferase 2 (ACAT2). We hypothesized that, in the 

enterocyte, ACAT2 cholesterol esterification increases cholesterol absorption efficiency 

by providing the cholesterol esters (CE) for incorporation into chylomicrons and that 

G5/G8 limits both phytosterol and cholesterol absorption by reducing substrate 

availability for ACAT2 esterification.  

To assess the role of ACAT2 in cholesterol absorption, we fed male ACAT2+/+, 

ACAT2+/-, and ACAT2-/- mice a diet containing 20% of energy as palm oil with 0.2% 

(w/w) cholesterol. The percent cholesterol absorption efficiency was estimated by the 

fecal dual-isotope (FDI) method and directly measured by thoracic lymph duct 

cannulation (TLDC) using [3H]-sitosterol and [14C]-cholesterol tracers. Close agreement 

was found between values derived by both methods. Cholesterol absorption efficiency in 

ACAT2-/- mice was only 16% compared to 46-47% in ACAT2+/+ and ACAT2+/- mice. 

Chylomicrons from both ACAT2+/+ and ACAT2+/- mice carried about 80% of sterol mass 

as CE, while chylomicrons from ACAT2-/- mice carried over 80% of sterol in the 

unesterified form.  

To address the role of G5/G8 on ACAT2 cholesterol esterification and absorption 

efficiency, we fed male ACAT2-/-, G5G8-/-, and ACAT2-/-G5G8-/- (DKO) and wildtype (WT) 

control mice the same diet and performed TLDC as done in the previous study.  The 

average percent (±SEM) absorption of [14C]-cholesterol was 40.55±0.76%, 

19.41±1.52%, 32.13±1.60%, and 21.27±1.35% for WT, ACAT2-/-, G5G8-/-, and DKO 
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mice, respectively.  [3H]-sitosterol absorption was <2% in WT and ACAT2-/- mice but 

reached ~6.8% in G5G8-/- and DKO mice, and G5G8-/- mice produced chylomicrons with 

70% less CE mass relative to WT mice.  In the absence of G5/G8, intestinal cholesterol 

esterification and cholesterol absorption efficiency were significantly reduced. 

Taken together, the data support the hypothesis that the presence of ACAT2 in 

enterocytes increases the efficiency of dietary cholesterol absorption by providing CE for 

incorporation into chylomicrons and that G5/G8 limits substrate availability for ACAT2 

esterification.  Intestinal G5/G8 favors the transport of phytosterol over cholesterol, while 

intestinal ACAT2 prefers to esterify cholesterol to phytosterols.  
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CHAPTER 1 
 

INTRODUCTION 
 

 
 The intestine plays a gatekeeper role in maintaining whole body cholesterol 

balance and is an attractive target for improving plasma lipid profile.  Because there are 

positive correlations between the efficiency of cholesterol absorption, plasma cholesterol 

levels, and coronary heart disease (CHD) risks 1, 2, understanding the physiology of 

intestinal sterol transport can provide new therapeutic strategies for preventing 

cardiovascular diseases (CVD). Although reducing low-density lipoprotein cholesterol 

(LDL-c) with statin therapy has made significant improvement in the treatment of CVD, 

there has only been a modest decrease in CHD-associated mortality in the United States 

3.  Cholesterol is an important structural component of cell membranes and circulating 

lipoproteins, but elevated LDL-c concentration in the blood is a major independent risk 

factor for premature atherosclerosis, a disease process underlying the clinical 

complications of CHD 4, 5.   Whole body cholesterol homeostasis is achieved by de novo 

synthesis, dietary absorption, and intestinal excretion 6.  While the molecular 

mechanisms of cholesterol synthesis are well described, our understanding of the 

mechanisms governing cholesterol absorption and excretion still remains incomplete. 

The atherogenic potentials of intestine-derived cholesterol are determined by its 

destination in the body.  The majority of absorbed cholesterol from the intestine travels to 

the liver, where it accumulates and elevates hepatic cholesterol content, raising the rate 

of very low-density lipoprotein cholesterol (VLDL-c) secretion into plasma and reducing 

LDL receptor regulation/activity 6.  This process contributes significantly to an increase in 

VLDL-c and subsequently LDL-c concentrations in plasma, which correlate to increased 

risk for CVD.  To a lesser extent, chylomicron remnants may also directly contribute to 
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atherosclerotic plaque formation, as chylomicron remnants with apolipoprotein B-48 

(apoB-48) have been found in human blood vessel wall 7.  Decreasing intestinal 

cholesterol absorption could reduce chylomicron cholesterol load, limit plasma LDL-c, 

and potentially prevents atherosclerosis. 

Major efforts have been put forth to establish the intestine as an important organ 

for cholesterol homeostasis and regulation of plasma cholesterol levels 8, 9.  Beyond 

recognizing that the small intestine (SI) is a cholesterol-secreting organ with 

contributions to neutral sterol loss, pharmacological drugs have also been discovered, 

for example ezetimibe, that can interfere with cholesterol absorption to improve plasma 

lipid profile. The current consensus is that the entry of both cholesterol and plant sterols 

(phytosterols) into the enterocyte is regulated by Niemann-Pick C1-like 1 (NPC1L1), yet 

their metabolic fate depends on the relative contributions of adenosine triphosphate-

binding cassette transporter G5/G8 heterodimer (G5/G8) and acyl coenzyme 

A:cholesterol acyltransferase type 2 (ACAT2).  The purpose of this dissertation is to 

directly investigate the relative contributions of G5/G8 and ACAT2 in intestinal 

cholesterol absorption as compared and contrasted to phytosterol absorption. 

 In order to address the knowledge gaps in the mechanisms that govern intestinal 

sterol absorption, we first tested the hypothesis that cholesterol esterification by ACAT2 

increases the efficiency of cholesterol absorption by esterifying cholesterol with an 

activated acyl CoA free fatty acid to form CE for incorporation into chylomicron particles.  

Secondly, these studies tested the hypothesis that G5/G8 limits phytosterol and 

cholesterol absorption by excreting both types of sterols back into the intestinal lumen 

thus reducing substrate availability for ACAT2 esterification. 

 Dietary sterols come from either animal origin (cholesterol) or plant origin 

(phytosterols).  Foods from both sources contribute about equivalent amounts of 
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cholesterol and phytosterols to lumen of the gastrointestinal (GI) tract, yet less than 5% 

of phytosterols are absorbed compared to about 50% of cholesterol 10. These sterols are 

presented to the enterocytes – the absorptive cells of the small intestine – as dissolved 

lipids in dietary fats or are structural components of cellular membranes.   

During digestion, dietary sterols are mixed with biliary cholesterol.  The chyme 

mixture is digested by gastric enzymes and mixed with bile acids along with other 

hydrolytic products of triglyceride (TG) digestion.  This mixing event changes the 

physical environment of the sterols from that of an oil droplet to that of a mixed micelle.  

This micellar phase is where sterol absorption occurs.  Most of the intraluminal sterols 

come from three sources: diet, bile, and intestinal epithelial turnover. The average North 

American ingests about 0.3-0.5 g cholesterol per day from meats, eggs and dairy 

products.  The amount of phytosterols in the diet varies depending on how much 

vegetable one consumes. Bile provides an estimated 0.8-1.2 g of cholesterol per day 11, 

and it is estimated that intestinal mucosa turnover provides an additional 0.2-0.4 g 

cholesterol per day 12.  

The early work of Mueller 13 in 1916 reported that dietary cholesterol 

supplementation led to increased lymphatic cholesterol concentration.  In 1924, Gage 

and Fish 14 recognized that dietary fats are absorbed by the intestine and are transported 

by chylomicron particles through the mesenteric lymph ducts, up the thoracic lymph 

ducts along the aorta, and ultimately enter the circulation at the subclavian vein.  

However, the quantitative significance of the lymphatic pathway for cholesterol transport 

was not established until the 1950ʼs when Chaikoff and colleagues 15 recovered 94-

101% of newly absorbed radiolabeled cholesterol in the thoracic duct lymph of rats.  

Similar results were later reported in rabbits 16, monkeys 17, 18, and humans 19.  In 
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addition, these studies established that the majority of newly absorbed sterols entered 

the lymph in the esterified form.  

Studies in rats given a dose of radiolabeled cholesterol determined that 

cholesterol absorption occurs in the proximal half of the small intestine 20, 21, and work 

done in humans reported that the duodenum and proximal jejunum are the main sites of 

cholesterol absorption 22, 23.  Cholesterol absorption occurs through the intestinal 

mucosal cells at the surface of microvilli, which are composed of different cell types, 

including Goblet cells and enterocytes.  The enterocytes are the absorptive cells of the 

small intestine and are of interest to our project. 

 Before reaching the enterocytes, foodstuffs must be broken down by mechanical 

and chemical means in the stomach, where lipids are mixed with gastric enzymes to 

form fat emulsions.  Lipases hydrolyze triglycerides in the stomach, which controls the 

delivery of this gastric chyme to the duodenum by pumping small amounts of chyme 

through the pyloric sphincter.  In the duodenum, chyme is mixed with bile and pancreatic 

enzymes for further digestion of lipids in the intestinal lumen. Bile salts and hydrolytic 

enzymes from the pancreas solubilize the digested lipids in the intraluminal space into 

micelles 24.  To date, it is not clear how cholesterol molecules in micelles traverse the 

unstirred water layer to the brush border membrane (BBM) of the enterocytes.  

 At the level of the enterocyte, sterol absorption is a multi-step process regulated 

by multiple genes 1. Net sterol absorption is a balance between the transfer of sterols 

(both cholesterol and phytosterols) across the BBM and excretion back into the gut 

lumen.  The net influx of dietary and biliary cholesterol results from the cumulative 

actions of multiple sterol transport proteins.  When micellar particles are in proximity of  
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the enterocyte, NPC1L1, by some unknown mechanism, is responsible for the transfer of 

unesterified sterols across the BBM 25, 26; while, G5/G8 contributes to almost complete 

efflux of phytosterols (mostly sitosterol and campesterol) and some excess cholesterol 

out into the intestinal lumen for fecal excretion 27.  Within the ER membrane of the 

enterocyte, ACAT2 esterifies free sterols into sterol esters, which must be packaged into 

the neutral lipid cores of nascent apolipoprotein B (apoB)-containing chylomicrons for 

transport in the lymphatic system.  The remaining unesterified sterols are presumably 

transported to the basolateral membrane for efflux by ATP-binding cassette transporter 

A1 (ABCA1) onto nascent high-density lipoprotein (HDL) particles for passage into the 

plasma compartment 28.  

 In 2004, Altmann and colleagues identified NPC1L1 as a critical protein for the 

absorption of dietary and biliary cholesterol 25.  Since then, both genetic disruption and 

pharmacological inhibition of NPC1L1 have been shown to have atheroproctective 

effects.  Despite conflicting data between in vivo and in vitro studies on the sterol 

specificity of NPC1L1, a study by Tang and colleagues on mice lacking NPC1L1 and 

G5/G8 reported that NPC1L1 is required for absorption of both cholesterol and 

phytosterol into the body 29.  These findings agree with earlier data from Davis and 

colleagues showing that NPC1L1 null mice had substantial reduction in intestinal 

absorption of cholesterol and sitosterol with no effect on TG absorption 26.  

The critical role of G5/G8 in sterol metabolism first became apparent with the 

discovery that mutations in ABCG5 and/or ABCG8 are responsible for sitosterolemia 30, 

a rare autosomal recessive disorder characterized by elevated plasma and tissue 

concentrations of phytosterols 27, 31.  Since then, the field has focused attention on the 

basic molecular processes that govern how the body normally absorbs dietary 
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cholesterol while excluding all other similarly structured phytosterols, such as sitosterol, 

campesterol, and stigmasterol. It has been reported that ABCG5 and ABCG8 are 

expressed almost exclusively in hepatocytes and enterocytes, where they form a 

heterodimer typically localizing to the apical plasma membrane of these cells 32, 33. 

Transgenic mice overexpressing human ABCG5/G8 have decreased fractional dietary 

sterol absorption, increased biliary secretion of cholesterol, and reduced plasma non-

cholesterol concentrations 34.  Yu and colleagues reported that mice lacking G5/G8 have 

phenotypes resembling patients with sitosterolemia, including increased fractional non-

cholesterol absorption, marked accumulation of sitosterol and campesterol in the blood 

and liver, reduced levels of biliary cholesterol, and other hemolytic disorders 35, 36.  Their 

findings suggest that the physiological role of G5/G8 is to limit sterol accumulation in the 

body in two steps: 1) limit sterol absorption in the intestine and 2) promote sterol 

secretion from the liver.  

Because sitosterolemic patients and G5/G8-deficient mice can still maintain the 

same rank order of absorption efficiency (cholesterol > campesterol > sitosterol), it has 

been suggested that other proteins independent of G5/G8 must be responsible for the 

selectivity of cholesterol over phytosterol absorption 37.  

The majority (70-92%) of the sterols exported into thoracic duct lymph of various 

animal species are cholesterol ester 16-18, 37-39.  These findings strongly suggest that 

cholesterol esterification must be important for both the assembly of apoB-containing 

lipoproteins and the movement of absorbed sterols into lymph.  Two isoforms of ACAT 

enzyme exist in the body. ACAT1 is ubiquitously expressed in many tissues, while 

ACAT2 is exclusively expressed in endoplasmic reticulum (ER) of the hepatocytes and 

enterocytes 40, 41.  It was documented that the loss of ACAT2 activity in the intestine led 

to a decrease in cholesterol absorption efficiency despite constant cholesterol synthesis 
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42, and the regulatory role of ACAT2 becomes greater as dietary cholesterol intake 

increased 43.  Taken together, these data indicate that ACAT2 activity is important in 

regulating cholesterol absorption and hepatic cholesterol homeostasis.   

The role of ACAT2 in intestinal sterol absorption is of special interest, because 

the physical state of the cholesterol molecule determines its fate in the body.  FC is 

soluble in membrane phospholipids, possibly allowing it to stay in the cell longer by 

incorporating into cellular membranes such plasma membrane or ER membrane.  FC 

has been shown to exchange freely between lipoproteins and cell or tissue exposed to 

chyle and blood.  During in vitro incubation of chylomicrons containing newly absorbed 

labeled cholesterol with plasma or blood, the labeled FC is transferred to other plasma 

lipoproteins and red blood cells so that partial equilibration occurs rapidly 44, 45. This 

process of exchange occurs with FC, but does not occur with CE 45.  CE is insoluble in 

membranes and must be packaged into lipid droplet or incorporated into the core of 

lipoproteins for export. With its low exchangeability in the circulation, CE plays an 

important structural role in chylomicron metabolism in the circulation by remaining in the 

core of the particles as TG is removed by extrahepatic tissues 46.  The chylomicron 

remnants are then targeted straight to the liver, where the cholesterol load may influence 

VLDL secretion rate.   

 It is unclear whether ACAT2 handles cholesterol differently than phytosterols.  In 

vitro studies using CaCo-2 cells and rabbit intestinal microsomes concluded that 

membrane sitosterol does not interfere with nor compete with cholesterol for 

esterification and does not alter cholesterol trafficking or CE secretion 47-49.  However, 

recent work performed using microsomes isolated from Chinese hamster ovary (CHO) 

cells overexpressing ACAT1 and ACAT2 demonstrated that ACAT2 displays a greater 
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capacity to differentiate cholesterol from sitosterol and prefers to esterify cholesterol over 

sitosterol 50.  These conflicting reports lead us to question what would happen in vivo.   

Chapter 2 reports data in support of the hypothesis that ACAT2 cholesterol esterification 

is essential for efficient intestinal cholesterol absorption and that ACAT2 exhibits a 

preference for esterifying cholesterol over phytosterols.  This preference is lost when 

ACAT2 is deleted in mice.  Next, Chapter 3 reports findings on the influence of ACAT2 

and G5/G8 gene deletions on cholesterol absorption, supporting the hypothesis that 

G5/G8 limits substrate availability to ACAT2 esterification and that G5/G8 preferentially 

excretes phytosterols over cholesterol into the lumen of the intestine.   

  Currently, there are three indirect methods available for measuring cholesterol 

absorption.  Of these, the simplest is the plasma dual-isotope ratio method introduced by 

Zilversmit 51, recently modified for mouse studies by Wang 52.  This method is based on 

the simultaneous intragastric and intravenous administration of [3H]-cholesterol and 

[14C]-cholesterol and the measurement of plasma cholesterol isotope ratio at various 

time points thereafter.    The next method is sterol balance, which requires estimates of 

mass absorption of exogenous cholesterol based on the difference in dietary cholesterol 

intake and fecal sterol excretion 53.  The most frequently used method in the literature is 

the fecal dual-isotope ratio method 52, which involves using a single oral dose of labeled 

cholesterol and a non-absorbable reference marker, such as β-sitosterol or sitostanol 54.  

This method measures the ratio of the radioactive labels in the starting mixture and in  

feces.  The method assumes that there will be negligible absorption of the sitosterol 

tracers and as such cannot be used in mice with altered sitosterol absorption (for 

instance G5/G8-deficient mice).  The weaknesses of these indirect methods are they 

only yield estimates for sterol absorption resulting from multiple passes through the 

intestine and the liver and they cannot be used to directly study intestinal lipoprotein 
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metabolism.  The only direct measurement of intestinal sterol absorption is to determine 

the lymphatic transport of radioisotope(s) by lymph duct cannulation.   

All four methods have been extensively used and validated in rats, hamsters, 

guinea pigs, rabbits, dogs, and primates (including humans) with agreeable results 18, 52, 

55-57.  Further, Wang et al. also published a very exhaustive study demonstrating that all 

four methods provide excellent agreement for measurement of cholesterol absorption in 

mice52.  Lymph duct cannulation is the only method that will allow one to study 

lipoprotein particle secretion during active fat absorption.  It should also be noted that 

Wangʼs data is based on mesenteric lymph duct cannulation, whereas the studies in this 

dissertation involved thoracic duct lymph cannulation (TLDC), which provides 

quantitative collections of sterol absorption in lymph.  By isolating the enterocyte from all 

other cell types in the body, the advantage of this direct method is that it allowed us to 

study the efficiency of sterol absorption in the first pass with regards to discrimination of 

cholesterol versus sitosterol only in the intestine, without the influence of the liver or 

other extrahepatic tissues. 

 This dissertation used gene deletion studies in mice to provide additional 

knowledge regarding mechanisms of intestinal cholesterol and phytosterol handling by 

the small bowel.  To our knowledge, our work is the first attempt to study the interplay 

between ACAT2 and G5/G8 in context of each other during physiologic sterol 

metabolism.  
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ABSTRACT: 
 

The hypothesis tested in this study was that cholesterol esterification by ACAT2 

would increase cholesterol absorption efficiency by providing cholesteryl ester (CE) for 

incorporation into chylomicrons.  The assumption was that absorption would be 

proportional to Acat2 gene dosage. Male ACAT2+/+, ACAT2+/-, and ACAT2-/- mice were 

fed a diet containing 20% of energy as palm oil with 0.2% (w/w) cholesterol. Cholesterol 

absorption efficiency was measured by fecal dual-isotope and thoracic lymph duct 

cannulation (TLDC) methods using [3H]-sitosterol and [14C]-cholesterol tracers. Excellent 

agreement was found for cholesterol absorption measured by both techniques. 

Cholesterol absorption efficiency in ACAT2-/- mice was 16% compared to 46-47% in 

ACAT2+/+ and ACAT2+/- mice.  Chylomicrons from ACAT2+/+ and ACAT2+/- mice carried 

~80% of total sterol mass as CE, while ACAT2-/- chylomicrons carried >80% of sterol in 

the unesterified form. The total percent of chylomicron mass as CE was reduced from 

12% in the presence of ACAT2 to ~1% in ACAT2-/- mice.  Altogether, the data 

demonstrate that ACAT2 increases cholesterol absorption efficiency by providing CE for 

chylomicron transport, but one copy of the Acat2 gene, providing ~50% of ACAT2 mRNA 

and enzyme activity, was as effective as two copies in promoting cholesterol absorption.  

 

KEY WORDS: intestinal cholesterol absorption, ACAT2, thoracic lymph duct 

cannulation, chylomicron, lipoprotein metabolism 
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INTRODUCTION 

Elevated plasma cholesterol concentration is widely accepted as a risk factor for 

accelerated atherosclerosis and coronary heart disease (CHD) (1, 2). Because there are 

positive correlations among cholesterol absorption, plasma cholesterol concentrations, 

and CHD risk, understanding the physiology of intestinal sterol transport can provide 

new therapeutic strategies for preventing cardiovascular disease (CVD) (3-6). Whole 

body cholesterol homeostasis is achieved by the balance among de novo synthesis, 

intestinal excretion, and absorption from diet (7).  While the molecular mechanisms of 

cholesterol synthesis are well described, our understanding of the molecular 

mechanisms governing cholesterol absorption and excretion still remains incomplete.  

 Early studies in humans as well as various animal species, including monkeys, 

dogs, rabbits, and rats, have documented that 70-80% of newly absorbed cholesterol is 

transported in the form of cholesteryl ester (CE) (8-13).  Detailed characterizations of the 

enzyme acyl CoA:cholesterol acyl transferase (ACAT) have revealed two different 

isoforms, designated as ACAT1 and ACAT2 (14, 15), with different tissue distributions 

and apparently distinct functions (16).  In African green monkeys, ACAT1 is ubiquitously 

expressed in many tissues while ACAT2 is exclusively expressed in the liver and small 

intestine (17), a similar finding to what is seen in mice (15).  Relevant to humans is the 

observation that dietary cholesterol or saturated fat feeding leads to the accumulation of 

larger, more CE-rich LDL particles in man (18), which has also been documented in 

nonhuman primates (19, 20).  In the enterocyte, ACAT2 has long been suggested to play 

a critical role in cholesterol absorption by catalyzing the esterification reaction converting 

free cholesterol (FC) into CE, which can then be assembled into the core of chylomicron 

particles (21, 22).  However, no study to date has directly demonstrated that cholesterol 

esterification by ACAT2 plays a crucial role in chylomicron cholesterol transport. 
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The objective of this study is to directly investigate the role of ACAT2 in 

regulating intestinal cholesterol absorption efficiency and cholesterol transport by 

chylomicrons.  We hypothesize that, by catalyzing CE synthesis in the enterocyte, 

ACAT2 increases cholesterol absorption proportionally to Acat2 gene dosage.  The role 

of ACAT2 in intestinal sterol absorption is of special interest because the 

physicochemical state of the cholesterol molecule determines its fate in the body. FC is 

soluble in membrane phospholipids and represents an important structural component of 

cellular membranes, such as the plasma membrane and endoplasmic reticulum (ER) 

membrane. FC is also a component of the surface phospholipid monolayer of a 

lipoprotein, where it can undergo diffusional exchange in chyle and in blood (23).  By 

contrast, CE is mostly insoluble in membranes and must be packaged into lipid droplets 

or  incorporated into the core of lipoprotein particles for export out of the cell.  We 

hypothesize that interruptions in intestinal CE synthesis in ACAT2+/- or ACAT2-/- mice will 

be associated with decreased cholesterol absorption efficiency and suspect that as the 

copy number of ACAT2 allele decreases a stair-step decrease in cholesterol absorption 

efficiency will occur.   

In order to directly document metabolic aspects of cholesterol absorption, a 

surgical technique of thoracic lymph duct cannulation (TLDC) was used in mice to 

directly investigate the physiological mechanisms of how newly absorbed cholesterol is 

transported and delivered into the circulation via intestine-derived lipoproteins, primarily 

chylomicrons. As documented by Gage and Fish in 1924 (24), chylomicron particles in 

thoracic duct lymph of humans and various animal models are the primary carriers of 

dietary lipids. Fat-soluble dyes were used to show that all lymph from the gastrointestinal 

(GI) tract and the lower extremities of the body pools into the cisterna chyli, flows along 

the aorta up the thoracic duct, and joins the venous system at the subclavian vein.  Now 
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almost ninety years later, we have been able to quantitatively collect thoracic duct lymph 

during active lipid absorption in genetically engineered mice to better define the 

physiological mechanisms of a specific protein of interest – ACAT2 – in intestinal 

cholesterol absorption and transport.   
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MATERIALS AND METHODS: 

 Animals and Diets.  All mice used in these studies were housed in a clean barrier 

facility within the Animal Resources Program (AALAC accredited) at Wake Forest School 

of Medicine (WFSM), and the WFSM Institutional Animal Care and Use Committee 

approved all protocols prior to execution.  Male ACAT2+/+, ACAT2+/-, and ACAT2-/- mice 

were colony bred on a C56Bl/6 background and maintained on rodent chow before 

entering the studies at 10-15 weeks of age. During both studies mice were fed a semi-

synthetic saturated fat diet (sat. diet) containing 20% of energy as palm oil and 0.2% 

cholesterol (w/w) for 5 weeks.  In the first study a baseline blood sample was taken from 

mice (n=8-13/genotype) prior to study initiation, and an additional blood sample was 

taken after 2 weeks of sat. diet feeding.  Then, a three-day fecal collection was 

performed for indirect measurement of cholesterol absorption by fecal dual-isotope (FDI) 

method at week 3.  At week 5, animals (n=7-9/genotype) underwent TLDC surgery for 

direct assessment of sterol absorption followed by euthanasia.  In a second age-

matched study, mice (n=5/genotype) were fed the sat. diet for 5 weeks followed by 

euthanasia for tissue collection. 

 Plasma Lipid Concentrations. Plasma cholesterol concentrations were analyzed 

at baseline (rodent chow) and after 2 weeks of sat. diet feeding.  Prior to blood sampling, 

mice were fasted for 4 hr.  Blood was collected from the superficial submandibular vein 

and plasma was collected after centrifugation of blood at 1700 x g for 15 min at 4°C.  

Total plasma cholesterol (TPC) and plasma triglyceride (TG) concentrations were 

analyzed using the Cholesterol/HP (Roche Diagnostics) and Triglyceride (TG, Wako 

Chemicals) enzymatic kits, respectively, according to the manufacturersʼ instructions.  

Percent plasma cholesterol distribution among lipoprotein classes was determined after 

separation by gel filtration chromatography as previously described (25). By multiplying 
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the percentages of lipoprotein cholesterol distribution by the TPC concentration, 

cholesterol concentrations were determined for VLDL, LDL, and HDL.  

 Liver and Intestine Collection. After a 4 hour fast, mice (n=5/genotype) were 

anesthetized by intramuscular injection with 2 μg/g body weight of 50 mg/ml ketamine:10 

mg/ml xylazine solution.  Exsanguination was achieved by cardiac puncture, and the 

circulatory system was flushed with 0.09% NaCl.  Livers were removed, minced and 

snap-frozen in liquid nitrogen. The small intestine was cut into 5 equidistant segments, 

flushed clean with 0.09% NaCl, and snap-frozen in liquid nitrogen.  All tissues were 

stored at -80°C until time of processing. 

Microsomal ACAT2 Enzymatic Activity Assay.  Frozen liver and small intestine 

segments were crushed using a mortar and pestle chilled in liquid nitrogen to prevent 

tissue thawing. Approximately 200-300 mg of frozen crushed tissue was homogenized in 

ACAT homogenization buffer (0.25 M sucrose, 1mM EDTA, 0.1 M K2HPO4, pH 7.4) in 

the presence of protease inhibitor cocktail (20 μl for SI, 10 μl for liver, Sigma). 

Microsomes were isolated and ACAT assays were performed as described (26).  

Relative ACAT enzyme activity was expressed as nmol CE synthesized per mg 

microsomal protein per minute (nmol/mg/min). Duplicate assays were performed for 

each tissue pool (n=5/genotype) in the absence and presence of 0.1 mM pyripyropene A 

(PPPA), an ACAT2-specific inhibitor. For each tissue pool, ACAT2 activity was 

calculated by subtracting values of PPPA-treated samples from values of untreated 

samples. 

Real-Time PCR Analysis of mRNA Expression. Total RNA was extracted from 

50-100 mg of crushed frozen small intestine segments and liver tissue with Trizol 

reagent (Invitrogen) using the manufacturerʼs instructions. With the exceptions of Acat2, 

Npc1l1 and Abcg5 genes that were analyzed as individual samples (n=5/genotype), 
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assays for other lipid metabolism genes in Supplemental Table 1 were performed with 

equal amounts of cDNA pooled from 5 mice of each genotype.  Real-time polymerase 

chain reaction (RT-PCR) was used to analyze two pools per tissue for each genotype as 

described (27). Ct values were calculated based on fluorescence measurements and 

entered into an equation (arbitrary unit = 1 x 109 x e(0.6931 x Ct)) to determine arbitrary unit 

(AU).  All results were normalized by cyclophilin mRNA expression within the same 

sample or sample pool.   

 Cholesterol Absorption Analysis by Fecal Dual-Isotope (FDI) Method. Because 

the FDI method is well accepted in the literature as an indirect method for estimating 

cholesterol absorption efficiency (28), it was used to validate the direct evaluation of 

cholesterol absorption by TLDC.  After two weeks of sat. diet feeding, mice (n=7-

9/genotype) were gavaged with 25 μl soybean oil mixture containing 0.034 μCi [14C]-

cholesterol and 0.088 μCi [3H]-sitosterol (as a non-absorbable marker). A very low 

radioactive dose was used to avoid confounding readings in the subsequent TLDC 

experiments performed 2 weeks later. Feces were collected for 3 days while the mice 

were individually maintained in wire-bottomed cages with free access to food and water.  

Dried fecal pellets were crushed into a fine powder and approximately 300 mg of fecal 

powder along with 5α-cholestane (internal standard) were saponifed and extracted with 

hexane as described (27).  To estimate percent cholesterol absorption, the radioactivity 

in the total lipid extract was quantified in a liquid scintillation spectrometer (Beckman 

Coulter LS 6500) and the dpm values were entered into the following equation: [(14C/3H 

dose - 14C/3H feces)/ 14C/3H dose] x 100 = % cholesterol absorption efficiency. 

 Cholesterol Absorption Analysis by Thoracic Lymph Duct Cannulation (TLDC). 

Subsequent to FDI measurements, mice were returned to regular cages and sat. diet 

feeding continued for an additional 2 weeks.  A modified version of the cannulation 
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procedure previously described by Ionac (29) was used.  Thirty minutes prior to surgery, 

mice were gavaged with 25 μl soybean oil to facilitate visualization of the lymphatic 

vessels and were injected subcutaneously with ketoprofen (5 mg/kg body weight). 

Ketoprofen, a non-steroidal anti-inflammatory drug, was used for analgesia to avoid the 

possibility of opioid-induced post-operative ileus and drowsiness. 

The thoracic lymph duct cannula consisted of two tubes: a 5 cm long RenaSil 

Silicone tubing (0.939 mm OD x 0.635 mm ID, Braintree Scientific) connected to a 10 cm 

long silicone tubing (1.651 mm OD x 0.762 mm ID, HelixMark). Prior to surgery, mice 

were anesthetized with isoflurane (4% for induction, 2-3% for maintenance) positioned 

on their right side on a 37°C heating pad, and monitored for maintenance of body 

temperature (Microtherma 2, Braintree Scientific).  A left subcostal incision was made to 

visualize the abdominal cavity. Then to cannulate the proximal duodenum, a small 

incision was made through the wall of the antrum of the stomach and a 60 cm RenaSil 

Silicone tubing (0.939 mm OD x 0.635 mm ID, Braintree Scientific) was inserted into the 

stomach, through the pyloric sphincter and into the proximal duodenum (~5mm).  After 

the duodenal cannula was fastened into place using silk suture (4-0), a mixed micelle 

solution was constantly infused into the duodenum via the cannula at a rate of 300 μl/hr 

using a syringe pump (Harvard Apparatus) for the remainder of the 8 hour study. The 

micelle solution contained 3 mM egg lecithin, 16 mM oleic acid, and 54 mM NaTC in a 

complete PBS (6.75 mM Na2HPO4, 16.5 mM NaH2PO4, 115 mM NaCl, 15 mM KCl, 10 

mM Glc, 1 mM CaCl2, pH 6.4).  After cannulating the duodenum, a 120 μl bolus dose of 

radioactive micelle solution (4.4 μCi β-[3H]-sitosterol and 2.2 μCi [14C]-cholesterol as 

tracers, 3.8 mM cold cholesterol, 0.7 mM cold sitosterol, 35.2 mM egg lecithin, 200 mM 

NaTC in PBS, pH 7.5) was injected directly into the duodenum, and the injection site was 

glued with Hexabond tissue adhesive to ensure no leakage occurred.   
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Abdominal organs were carefully retracted and connective tissue was dissected 

away to visualize the milky-colored cisterna chyli and the TLD.  The TLD cannula, which 

was preloaded with 50 IU heparin/ml saline, was gently inserted into the TLD vessel, and 

Hexabond tissue adhesive was used to glue the surrounding tissue to the cannula to 

tightly secure the tubing in place.  The cannulation was considered successful if cloudy 

lymph flowed into the cannula and heparinized saline flowed to the external end of the 

tubing.  Upon successful cannulation, organs were returned to their correct anatomical 

locations, the abdominal muscle wall was closed with a running suture, the skin was 

glued together with Vet Bond veterinarian adhesive, and the abdomen was stabilized 

with several layers of wound tape.  The mouse was restrained on an exercise wheel to 

allow for free body movement.  Lymph was drained via the cannula into an Eppendorf 

tube, containing 5 μl protease inhibitor cocktail (Sigma) plus 5% EDTA and 5% sodium 

azide, for 8 hours with tubes being changed at hourly intervals.   

Percent sterol absorption was quantitatively measured in each animal by 

counting the dpm of [14C]-cholesterol and [3H]-sitosterol in an aliquot of whole lymph from 

each hourly collection and dividing the values by the total dpm in the bolus dose injected 

into the duodenum.   By sampling lymph produced during active lipid absorption, 

cholesterol absorption was directly quantified and the cumulative percentage of the 

radioactive dose in thoracic duct lymph by the end of 8 hours was calculated as the 

cholesterol absorption efficiency of each individual animal. Experiments were stopped 

after 8 hours, because trial experiments of up to 12 hours of lymph collection did not 

yield more appreciable amounts of radioactivity in the lymph. 

Chylomicron Isolation and Particle Composition Analyses.  Lymph was collected 

at room temperature and stored at 4°C until processed. Chylomicron particles were 

isolated by ultracentrifugation of whole lymph under a layer of saline (0.9% NaCl, 0.05% 
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EDTA, 0.05% Na azide) at 43600 x g for 4 hr at 15°C in a 2 ml Quick-Seal polyallomer 

tube (Beckman Coulter).  The packed layer of chylomicrons at the top was separated 

from the bottom fraction by cutting the tube with a Beckman tube slicer.  Chylomicrons 

were resuspended gently in a total volume of 1 ml with the same saline solution.  

Aliquots of isolated chylomicrons (n=5/genotype) were used to determine particle 

composition. Chylomicron protein concentrations were quantified using a modified Lowry 

assay (30).  Because the chylomicron solution was very cloudy, absorbance could not be 

measured, so chloroform was added to extract lipids. The tubes were then centrifuged at 

1871 x g for 30 min at room temperature leaving only the blue colored aqueous phase 

on top of the organic phase, and the absorbance of the blue color was measured at 595 

nm wavelength in a spectrophotometer.  Chylomicron lipids were extracted using the 

Bligh-Dyer extraction method (31).  Phospholipid mass was measured by a colorimetric 

inorganic phosphorous assay (32). For chylomicron TG mass, the total lipid extract was 

dissolved in 1% Triton CHCl3, the solvent was evaporated, and the dissolved lipids were 

resuspended in deionized water, and TG concentration was measured by an enzymatic 

kit (Wako) according to the manufacturerʼs instructions.  Chylomicron sterol composition 

was analyzed by GC as described previously (33).  The differences between total 

cholesterol mass and FC mass were multiplied by 1.67 to calculate CE mass.  The 

percent of radioactivity in free sterols and sterol esters were quanitified by a liquid 

scintillation spectrometer after lipid class separation by thin-layer chromatography.  

Because the values did not vary at different time points, we averaged values from all 8 

time points for each mouse and reported the overall average of 5 mice per genotype 

group.  Chylomicron size was measured by dynamic light-scattering using the Zetasizer 

Nano (Malvern Instruments), following manufacturerʼs instructions.  Chylomicron 

particles from the 3rd and 4th hour collections were measured, since these fractions made 
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up the peak of the percent cholesterol absorption curve during the 8 hr time course.  

Each sample was measured in duplicate to derive the average chylomicron diameter for 

each animal (n=5/genotype). 

 Chylomicron Apolipoprotein Profile.  In order to quantify the relative abundance of 

each apolipoprotein class, trichloroacetic acid (TCA) precipitated chylomicron proteins 

from the 3rd hour lymph collection (n=3/genotype) was separated on 4-20% Tris-Glycine 

SDS-PAGE gel (Lonza).  The gel was stained with Coomassie blue as previous 

described (34).  Quantification of the apolipoprotein bands was performed using the 

Alpha-Innotech Gel Imager according to manufacturerʼs instructions.   

 Statistical Analyses.  Using GraphPad Prism statistical software (v 4. GraphPad 

Software Inc.), data were analyzed by 1-way ANOVA with Tukey post-hoc tests or 2-way 

ANOVA with Bonferroni post-hoc tests.  Differences were considered statistically 

significant at p<0.05 and are indicated by different letters.  
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RESULTS: 

Total plasma cholesterol (TPC) and plasma TG concentrations were measured in 

ACAT2+/+, ACAT2+/-, ACAT2-/- mice at baseline (chow diet) and after 2 weeks of sat. diet 

feeding to determine if Acat2 gene dosage altered plasma lipid concentrations in a gene 

dose-dependent manner (Fig. 1).  All mice entered the study with similar TPC of ~100 

mg/dl on chow.  However after 2 weeks on diet, both the ACAT2+/+ and ACAT2+/- mice 

exhibited a ~100% increase in TPC whereas ACAT2-/- mice had only a ~30% increase 

(Fig. 1A).  VLDL-c concentration did not change significantly (data not shown).  Most of 

the increase occurred in concentrations of LDL-c (Fig. 1B) and HDL-c  (Fig. 1C).  On the 

other hand, as seen in Fig. 1D, plasma TG concentration decreased on the sat. diet 

among all genotypes but were generally higher in ACAT2-/- mice than in mice with 

functional ACAT2 – a well-documented phenotype observed in ACAT2-deficient mice 

(35-37).  Overall, ACAT2-/- mice displayed a blunted diet-induced elevation in plasma 

cholesterol concentration relative to that observed in ACAT2+/+ and ACAT2+/- mice.  

Microsomal ACAT assays were used to measure expression of ACAT2 enzyme 

activity in each section of small intestine (SI) and compared to that of the liver.  Fig. 2A 

shows relative ACAT2 enzyme activity expressed in nmol CE formed per mg microsomal 

protein per min.  The data shows that higher levels of ACAT2 enzyme activity existed in 

the proximal portion of the intestine and this activity was relatively higher in these 

segments of the SI than in the liver.  Relative to ACAT2, ACAT1 enzyme activity was 

less than one tenth that of ACAT2 activity in both the SI and in the liver (data not shown).  

Moreover, ACAT1 activity was similar in ACAT2-/- mice as in ACAT2+/+ and ACAT2+/- 

mice.  ACAT2+/- mice had ~50% less ACAT2 activity than ACAT2+/+ mice in all segments 

of the SI and liver, while no activity was detected in any sample from ACAT2-/- mice.  
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ACAT2 mRNA expression also exhibited the same gene dose-dependent 

reduction as ACAT2 activity (Fig. 2B).  Acat2 gene expression was 50% less in ACAT2+/- 

than ACAT2+/+ mice and was undetectable in ACAT2-/- mice. Interestingly, the pattern of 

ACAT2 mRNA abundance down the length of the small intestine was different than the 

pattern of enzyme activity with SI segments 3-5 having higher levels of mRNA than 

enzyme activity. 

Gene expression was also measured for Npc1l1 and Abcg5. mRNA expression 

of Npc1l1 (Fig. 2C) was highest in segments 2 through 4, not unlike Acat2.  Npc1l1 

expression was significantly lower in all SI segments of ACAT2-/- mice when compared to 

those with functional ACAT2, although the gene dosage effect was not apparent since 

no differences were observed between ACAT2+/+ and ACAT2-/- mice.  The pattern of 

Abcg5 expression in SI segments was also similar to that of Acat2 and Npc1l1, being 

higher in proximal segments of the small intestine.  However, Abcg5 expression was 

significantly higher in the proximal segments of the SI in ACAT2-/- mice.  These data 

were in general agreement with previously published data (38). 

Fig. 3 shows data on intestinal cholesterol absorption measured by two methods: 

FDI and TLDC.  Both methods yielded comparable values for cholesterol absorption 

efficiency across all three genotypes of mice.  Cholesterol absorption percentages in 

ACAT2+/+ (42.9±8.25% for FDI vs. 46.08±5.73% for TLDC) and ACAT2+/- (42.01±5.10% 

for FDI vs. 47.12±4.51% for TLDC) mice were equivalent between methods; however 

ACAT2-/- mice had significantly lower percentages of cholesterol absorption 

(12.00±2.61% for FDI vs. 15.61±2.64% for TLDC).  Figure 3B compares values among 

individual animals for each method used and shows at differing methods of estimating 

cholesterol absorption were comparable for all mice. 
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Figure 4 shows the cumulative percent of [14C]-cholesterol and [3H]-sitosterol 

dose recovered in thoracic duct lymph of all three genotypes after TLDC.  A distinct 

effect of the ACAT2 genotype was apparent in [14C]-cholesterol accumulation in lymph.  

From the 2nd through 8th hours of lymph collection, significantly less [14C]-cholesterol 

appeared in lymph of the ACAT2-/- mice as compared to ACAT2+/+ and ACAT2+/- mice. 

The fact that this difference was seen at throughout the experiment demonstrates that 

this trend represents the physiologic behavior of newly absorbed cholesterol. Moreover, 

the fact that no difference was seen between the ACAT2+/+ and ACAT2+/- mice shows 

that decreasing ACAT2 availability by 50% did not change the efficiency of cholesterol 

absorption.   

Fig. 4 also shows very little  [3H]-sitosterol absorption with only 2-3% of the dose 

accumulating in the lymph over the eight-hour experiment, and no effect of ACAT2 gene 

dosage was found. 

Supplemental Fig. 1 shows the percentages of total [14C]-cholesterol and [3H]-

sitosterol recovered in lymph per hourly collection over the eight-hour time course.  

While the chylomicron TG mass in lymph appeared to be fairly constant in all mice 

throughout the experiment (Supplemental Fig. 1C), the percent of [14C]-cholesterol and 

[3H]-sitosterol appearance in lymph peaked at 4 hours and by the end of 8 hours 

cholesterol absorption efficiency dramatically decreased to 3.87±1.08%, 3.47±0.29%, 

and 1.99±0.74% in ACAT2+/+, ACAT2+/-, and ACAT2-/- mice, respectively, and percent 

sitosterol absorption decreased to ~0.2% in all genotypes of mice (Supplemental Fig. 1A 

and B). No statistically significant differences were found among all genotypes at the 8th 

hour time point.  Given this pattern, all experiments were conducted over an eight-hour 

time course.  
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At the end of lymph collection, less than 1% of the total radioactive dose 

administered was found in the plasma and liver of these animals (data not shown), 

strongly indicating that our cannula remained in place throughout the experiment and 

provided a quantitative collection of newly absorbed cholesterol.  This finding also 

suggests that intestine-derived HDL particles did not contribute significantly to 

cholesterol absorption as has been suggested by other researchers (27, 39, 40).  

 Performing TLDC provided an opportunity in which the enterocyte was isolated to 

study the characteristics of chylomicrons that are transporting newly absorbed 

cholesterol. To further evaluate ACAT2 enzyme function, percent distribution of 

chylomicron radioactivity into free sterols versus sterol esters was examined (Fig. 5). We 

found 85.5±1.3% and 80.5±1.4% of [14C]-cholesterol in ACAT2+/+ and ACAT2+/- 

chylomicrons, respectively, in the ester form, while ACAT2-/- chylomicrons carried 

84.0±4.1% in the unesterified form (Fig. 5A).  The percent of [3H]-sitosterol esterified was 

20.7±1.3% and 17.6±2.5% in ACAT2+/+ and ACAT2+/- chylomicrons, respectively, while 

the esterified form was almost undetectable in ACAT2-/- chylomicrons (Fig. 5B).  These 

data strongly support the concept that ACAT2 prefers to esterify cholesterol over 

phytosterols, as previously suggested by in vitro studies (41).  

No differences were observed in the appearance rates of chylomicron protein, FC 

or TG mass (Fig. 6A, 6C, 6D, respectively) across all three genotypes.  Although PL 

mass secretion appeared to be slightly lower in ACAT2-/- mice than their counterparts 

(Fig. 6B), PL made up about 11% of the total particle mass in chylomicrons isolated from 

each genotype (Table 1). The striking difference was that ACAT2-/- mice secreted 18-fold 

less CE into chylomicrons; while ACAT2+/+ and ACAT2+/- mice secreted CE at similar 

rates (Fig. 6E).   This data provides novel evidence demonstrating that intestine-derived 

CE in chylomicrons originates from ACAT2-specific cholesterol esterification. 
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Chylomicron particle size (~150 nm) (Fig. 7) and chylomicron surface:core ratios 

(Table 1) were similar across all three groups, even though particle core composition 

was significantly altered in the absence of ACAT2.  The percent of chylomicron particle 

mass as CE was reduced from 12.3±1.9% and 11.1±2.9% in ACAT2+/+ and ACAT2+/-, 

respectively, to only 1.0±0.4% in ACAT2-/- chylomicrons; this reduction was 

compensated for by an increase in TG as the percent of total mass.  

In addition to particle mass composition, apolipoprotein profiles were also 

examined in each mouse genotype (Fig. 8).  The relative percent composition of each 

apolipoprotein is shown in Table 2.  There was variability but no statistically significant 

differences were found in apolipoprotein profiles among individual animals. Statistically 

significant differences in the average percent composition of apolipoproteins from 

individual animals throughout the 8 hour time course were also not found (data not 

shown). Interestingly, the apolipoprotein patterns in mouse chylomicrons appeared 

similar to those isolated from nonhuman primates (21) and rats (13) with the following 

order of abundance: ApoCʼs > ApoA-IV > ApoA-I > ApoB.  
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DISCUSSION: 

 This study provides new evidence demonstrating the importance of ACAT2 in 

intestinal cholesterol absorption and transport in chylomicrons. The use of thoracic duct 

lymph collection during absorption of a meal shows, in mice, that efficient cholesterol 

absorption requires CE incorporation into chylomicrons, and that the movement of newly 

absorbed cholesterol through the enterocyte into HDL particles is minimal.  As evidenced 

from administering a single bolus meal, the role of ACAT2 extends across the entire time 

course of cholesterol absorption.  Radioactive tracer data and chylomicron sterol mass 

analyses agree that the lack of cholesterol esterification is associated with inefficient 

cholesterol absorption and that CE formation utilizes chylomicron particles for cholesterol 

transport out of the enterocyte into lymph.  Collectively our results demonstrate that, in 

the enterocyte, ACAT2 is the major enzyme for cholesterol esterification, which is in turn 

required for efficient cholesterol absorption. Further, we hypothesized that if ACAT2 

cholesterol esterification increases cholesterol absorption efficiency, the extent of 

absorption efficiency would be proportional to Acat2 gene dosage.  We suspected that 

as the copy number of ACAT2 allele decreases, we would see a concomitant decrease 

in cholesterol absorption efficiency.  However, this was not found, and the ACAT2+/- mice 

showed the same efficiency as the ACAT2+/+ mice. Intestinal ACAT2 is apparently 

present in excess in wild type C57Bl6 mice. 

At the end of eight hour lymph collections, the mice were sacrificed and less than 

1% of the total radioactive dose was found in the plasma and the liver of all mice, 

strongly indicating that significant amounts of newly absorbed cholesterol from the 

intestinal lumen did not directly enter the circulation via intestine-derived HDL particles 

as others have suggested (27, 39, 42).  Instead, our data show that efficient cholesterol 

absorption requires CE incorporation into chylomicron particles, which are then 
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transported via the lymphatic system before entering the blood circulation at the 

subclavian vein.   

Brunham and colleagues compared plasma HDL concentrations in intestinal-

specific ABCA1 knockout mice to their wildtype counterparts and estimated that the 

intestine contributed approximately 30% of the plasma HDL pool (39).  In the same 

publication, they also concluded that intestine-derived HDL particles are secreted directly 

into the circulation but not into the lymphatic system, because their mesenteric lymph 

duct cannulation experiments revealed almost undetectable amount of [14C]-cholesterol 

in HDL-sized particles isolated from lymph.  Our data would agree with the Brunham, et 

al. suggestion that newly absorbed cholesterol is not preferentially packaged into HDL 

particles for secretion into lymph.  However, our data argue that HDL synthesis by 

ABCA1 on the basolateral membrane of enterocytes is not a significant pathway for 

dietary cholesterol absorption, as we found negligible amounts of radioactivity present in 

the plasma and the liver of our mice after eight hours of thoracic lymph duct cannulation.   

The cumulative appearance rates of [14C]-cholesterol in lymph were similar in 

ACAT2+/+ and ACAT2+/- mice.  Despite possessing half the amount of ACAT2 mRNA and 

enzyme activity as ACAT2+/+ mice (Fig. 2A and 2B), ACAT2+/- mice actually absorbed 

cholesterol with the same efficiency as ACAT2+/+ mice (42-46%, Fig. 3A and 4).  In 

contrast, ACAT2-/- mice displayed a major reduction in percent cholesterol absorption to 

about 16% (Fig. 3A and 4).  The graphs for cumulative percent [14C]-cholesterol 

appearance in lymph (Fig. 4) and cumulative chylomicron CE mass (Fig. 6E) indicate 

that a role for ACAT2 exists throughout the time course of cholesterol absorption. The 

accumulation rates for radioactive [14C]-cholesterol appearance in lymph and CE mass in 

chylomicrons are practically the same in both ACAT2+/+ and ACAT2+/- mice, suggesting 

that ACAT2 exists in excess in ACAT2 wild type mice.  Nevertheless the findings in 
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ACAT2-/- mice that the percent cholesterol absorption into lymph is significantly lower at 

all time points (Fig. 4) and chylomicron CE mass accumulation is virtually undetectable 

(Fig. 6E) indicate a crucial role for ACAT2 in efficient cholesterol absorption. 

Many have speculated that lack of CE synthesis would result in reduced 

cholesterol absorption, but this study is the first to show that CE formation by ACAT2 

selectively utilizes chylomicron particles for quantitative transport out of the enterocyte 

into the lymphatic system. 

In this study, the TLDC technique yielded cholesterol absorption values that were 

comparable to values derived from the more commonly used FDI method, which 

indirectly estimates fractional cholesterol absorption by measuring radioactive sterol 

excretion into feces. The advantage of TLDC is that newly absorbed sterols in the lymph 

can be sampled over a time course and lipoproteins synthesized by the enterocyte – 

primarily chylomicrons – can be characterized in detail as in this study. 

Instead of collecting lymph from the mesenteric lymph duct as done by Wang et 

al. (43), the technique used in this study allows one to collection of lymph from the 

thoracic lymph duct, which is the collecting point for all lymph vessels draining the GI 

tract and should give a more quantitative lymph collection.  Great care was undertaken 

to conduct these experiments in a physiologically relevant manner, and they can be 

contrasted to the studies conducted by Wang and colleagues (28, 44).  For example, it is 

well documented that surgical stress and various anesthetics and analgesics can cause 

postoperative ileus in humans and rodents (45-48).   Therefore, we used a short-acting 

isoflurane for anesthesia and ketoprofen for analgesia.  Immediately post surgery, mice 

were awake and allowed to move on an exercise wheel with pain management provided 

by ketoprofen, which is in the family of non-steroidal anti-inflammatory drug that should 

not interfere with bowel motility (46).  By contrast, Wangʼs studies used pentobarbital to 
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induce anesthesia and mice were completely sedated for the duration of lymph 

collections (37-39).  Pentobarbital, a member of the barbiturate drug family, can 

contribute to postoperative ileus in humans and rodents (45, 46), which undoubtedly 

could alter gut function and intestinal fat absorption.   

To minimize the risk for post-operative ileus, the duodenum of mice were 

cannulated with soft, flexible silicone tubing through the stomach and the pyloric 

sphincter to minimize trauma to the intestine wall.  By contrast, Wang et al. directly 

punctured the duodenum to insert a relatively inflexible PE-10 polyethylene cannula, 

sutured the intestinal wall closed, and glued the tubing in place.  In our experience the 

inflexibility of PE-10 tubing can cause severe damage to the fragile intestine wall of mice 

and diminish intestinal lipid absorption.   

Among the many differences in the two experimental systems, perhaps the most 

important item was our choice to use a mixed micelle solution (consisting of lecithin, 

oleic acid, bile salt and sterols) to deliver our radioactive bolus dose instead of medium-

chain triglycerides as used by Wang et al. (28, 43).  Medium-chain triglycerides consist 

of six to ten carbon fatty acids, which upon digestion are shunted directly into the portal 

circulation without entering the lymph, and therefore are not involved in efficient 

chylomicron formation.  Further, we used a micelle solution with oleic acid in a complete 

PBS as a constant infusion into the gut so that the mice did not require additional 

intravenous infusions of saline to maintain hydration. The intestine remained functional 

throughout the entire time course of the experiment as evidenced by the fact that lymph 

flow rates did not decrease (Supplemental Fig. 2), and chylomicron secretion remained 

reasonably constant (Figure 6).  Finally, we performed studies in the morning after mice 

had eaten a meal containing 20% of energy as fat and 0.2% cholesterol, a diet setting in 

which we have documented a role for ACAT2 in atherosclerosis (49).  It is not clear what 
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the difficulties are in studying cholesterol absorption in a situation where chylomicron 

particles are few as in the Wang studies, but we suspect the higher percentage of 

cholesterol absorption in our studies (~46% vs. 33% for Wang, et al.) could be an 

indication of the improved efficiency with our system.  

Despite a proportional 50% decrease in ACAT2 mRNA and enzyme activity from 

ACAT2+/+ to ACAT2+/- (Fig. 2), there was no apparent gene dosage effect on cholesterol 

absorption efficiency (Fig. 3 & 4).  A 65% decrease in cholesterol absorption was found 

only in ACAT2-/- mice, suggesting that ACAT2 exists in excess in the enterocyte of 

wildtype mice.  Half the amount of ACAT2 in the small intestine appeared to be sufficient 

for efficient cholesterol esterification and absorption.  Based on our mRNA data, the 

absence of ACAT2 in the intestine appeared to be associated with a down-regulation of 

NPC1L1 expression in all segments of the SI (Fig. 2C). This could have contributed to 

the decrease in cholesterol absorption efficiency in ACAT2-/- mice by reducing the uptake 

of cholesterol into the enterocyte, but it is not clear whether this is decrease in NPC1L1 

expression is the primary or secondary contributor to the overall cholesterol absorption 

phenotype.  ACAT2-/- mice exhibited a slight up-regulation of ABCG5 mRNA expression 

(Fig. 2D), perhaps via an LXR-mediated response that might promote excretion of 

excess FC out of the cell back into the lumen of the gut.   

Supplemental Table 1 shows mRNA expression of various lipid metabolism 

genes in pooled samples (n=5/genotype). In the absence of ACAT2, chylomicron 

assembly appeared to be intact, since Mtp and ApoB gene expression along the length 

of the SI were comparable across all genotypes. In agreement with previous reports (27, 

40), ABCA1 mRNA expression appeared to be slightly higher in ACAT2-/- mice compared 

to mice with intact ACAT2.  However, this modest increase was only present in 

segments 1 and 2.  Further, ABCA1 mRNA appeared to be higher in segments 2 and 3 
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of the ACAT2+/- mice, a response that was not observed in any other measurement in 

ACAT2+/- mice.  However, the finding that <1% of radiolabeled sterols were detected in 

the plasma and in the liver after thoracic duct lymph collection suggests that efflux of 

unesterified cholesterol via ABCA1 on the basolaterol side of the enterocyte is not a 

major factor determining cholesterol absorption efficiency. The mRNA levels of other 

cholesterol metabolism genes, such as HmgCoAs, HmgCoAr, and Srebp-1c, were very 

low and not different among each genotype.  The low values may indicate an adaptation 

to the dietary cholesterol enrichment. 

We determined the characteristics of chylomicron particles by measuring particle 

size as well as analyzing lipid and apolipoprotein compositions.  Percent distribution of 

[14C]-cholesterol and [3H]-sitosterol into free sterols versus sterol esters (Fig. 5) strongly 

support the idea that ACAT2 preferentially esterifies cholesterol over phytosterols, which 

was also described in previous in vitro studies (41).  Of note, ACAT2-/- mice secreted 

almost undetectable amounts of CE in chylomicrons; while ACAT2+/+ and ACAT2+/- mice 

secreted CE at similar rates (Fig. 6E).  Although the average chylomicron particle size 

(~150 nm, Fig. 7) and the surface:core ratios (Table 1) were the same across all three 

genotypes, chylomicron particle core was depleted of CE when ACAT2 was absent; 

whereas, chylomicrons made by ACAT2+/+ and ACAT2+/- mice contained TG and CE.  

We suspect that in the absence of ACAT2, most of the cholesterol molecules come into 

the body as FC that is primarily partitioned on the surface of the chylomicron particle 

amongst PL molecules or, to a much lesser extent, are dissolved in the TG-rich particle 

core. 

Altogether, these studies provide a strong line of evidence to support the 

hypothesis that the presence of ACAT2 increases cholesterol absorption efficiency by 

providing CE for incorporation into chylomicron particles.  However, this increase in 
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absorption efficiency is not related to Acat2 gene dosage. In conclusion, we believe that 

cholesterol esterification is essential for efficient cholesterol absorption, but ACAT2 does 

not appear to be rate limiting. Thus, the prospect of reducing intestinal cholesterol 

absorption by inhibiting ACAT2 to reduce chylomicron-derived cholesterol from entering 

the circulation and ultimately preventing atherosclerosis does exist.  Unfortunately, it will 

most likely require a rather complete inhibition of ACAT2 activity to result in appreciable 

reduction of TPC concentration.  Further studies are required to tease out other 

molecular mechanisms or protein functions that may play critical roles in intestinal 

cholesterol absorption, perhaps by interacting with ACAT2.  
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Figure 1. Diet effects on plasma cholesterol and triglyceride concentrations in 

male ACAT2+/+, ACAT2+/-, and ACAT2-/- mice. Plasma was collected after 

centrifugation of blood from mice fed rodent chow and two weeks of sat. diet (20% of 

energy as palm oil and 0.2% (w/w) cholesterol). (A) Total plasma cholesterol 

concentrations measured using the Cholesterol/HP enzymatic reagents from Roche 

Diagnostics.  (B) Plasma LDL and (C) HDL cholesterol concentrations determined by 

gel filtration chromatography. (D) Plasma Triglyceride concentrations measured using 

reagents from Wake Chemicals. Data represent mean ± SEM (n=8-13/genotype). Data 

were analyzed by Two-Way ANOVA with Bonferroni post-hoc tests.  Different letters 

designate statistically significant differences (p<0.05). 
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Figure 2. Impact of Acat2 gene dosage on ACAT2 enzyme activity and 

Acat2, Npc1l1 and Abcg5 mRNA expression in five segments of small 

intestine (SI) compared to liver.  (A) Microsomal ACAT2 activity of tissue pools 

(n=5/genotype). (B) Acat2, (C) Npc1l1 and (D) Abcg5 mRNA expression from 

individual samples are expressed as mean ± SEM (n=5/genotype).  All values for 

mRNA expressions are arbitrary units (AU) derived from real-time-PCR data 

normalized to cyclophilin mRNA expression within the same sample.  Different 

letters designate statistically significant differences (p<0.05) within the same 

tissue as measured by Two-Way ANOVA and Bonferroni post-hoc tests.   

.   
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Figure 3. Measurement of cholesterol absorption efficiency by fecal dual-

isotope method (FDI) and thoracic lymph duct cannulation (TLDC). (A) 

Estimation of percent cholesterol absorption by FDI method was derived from 

extraction of crushed feces collected for three days; direct measurement of percent 

cholesterol absorption by TLDC was reported as the percent of total [14C]-

cholesterol dose recovered in lymph after 8 hours collection.  See method section 

for details. Data are expressed as mean ± SEM (n=7-9/genotype). Different letters 

designate statistically significant differences (p<0.05) as measured by Two-Way 

ANOVA and Bonferroni post-hoc tests. (B) Percent cholesterol absorption values 

derived from FDI and TLDC methods for 24 individual animals. 
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Figure 4. Cumulative radioactive sterol appearance in thoracic duct lymph. 

Using a dual-channel isotope scintillation spectrometer, [14C]-cholesterol and [3H]-

sitosterol disintegrations per minute were measured in aliquots of whole lymph from 

hourly collections.  Data are expressed as percent of accumulated radioactive sterol 

dose recovered in collected lymph for each animal and represent mean ± SEM (n=7-

9/genotype). Different letters denote statistically significant differences (p<0.05) at the 

8th hour as measured by Two-Way ANOVA and Bonferroni post-hoc tests.   
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Figure 5. Relative percent radioactivity in chylomicron free sterols and sterol 

esters.  Total lipid extracts of isolated chylomicrons were separated by thin-layer 

chromatography into free sterols and sterol esters.  (A) Relative percent of [14C]-

cholesterol in free cholesterol and cholesterol esters. (B) Relative percent of [3H]-

sitosterol in free sitosterol and sitosterol esters. Data represent mean ± SEM 

(n=5/genotype). 

 



 53 

 

 

 
 
Figure 6. Cumulative chylomicron particle mass appearance over 8 hours.  

Isolated chylomicrons were assayed for micrograms of (A) protein, (B) 

phospholipids, (C) free cholesterol, (D) triglyceride, and (E) cholesteryl ester per 

hourly collection of lymph.  Data are expressed as mean ± SEM (n=5/genotype). 

Different letters denote statistically significant differences (p<0.05) as measured by 

Two-Way ANOVA and Bonferroni post-hoc tests.  

 

 



 54 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7. Chylomicron particle size. Mean diameter of chylomicrons isolated 

from the 3rd and 4th hour lymph collections measured by dynamic light 

scattering (Zetasizer). Data represent mean ± SEM (n=5-8/genotype).  No 

statistically significant difference (p<0.05) was found by One-Way ANOVA. 
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Figure 8. Apolipoprotein of isolated chylomicron particles. Representative 

gel of apolipoproteins on chylomicrons isolated from the 3rd hour lymph 

collection (n=2/genotype). TCA precipitated chylomicron proteins were 

separated on 4-20% SDS-PAGE gel and Coomassie stained for visualization.  

 



 56 

 

 % Particle Mass Composition 
 Protein PL FC TG CE Surface 

to Core 
ACAT2+/+ 5.0 ± 0.7 11.7 ± 1.4 1.1 ± 0.2a 69.9 ± 3.5a 12.3 ± 1.9a 0.2  

ACAT2+/- 4.1 ± 0.6 11.6 ± 0.9 1.2 ± 0.1a 72.0 ± 3.5a 11.1 ± 2.9a 0.2  
ACAT2-/- 5.6 ± 1.2 10.8 ± 1.0 1.9 ± 0.1b 80.6 ± 2.1b 1.0 ± 0.4b 0.2  

 

Table 1. Percent composition of chylomicron particle mass.  Mass (µg) of 

protein, phospholipid (PL), free cholesterol (FC), triglyceride (TG) and 

cholesterol ester (CE) was measured in chylomicrons isolated from eight 

hourly collections. The percent composition was calculated by dividing each 

component mass by the sum of all masses for each chylomicron sample from 

every time point.  The mean percentage of all eight time points from each 

animal was calculated for each particle component.  The data expressed are 

the overall mean ± SEM for each genotype (n=5/genotype).  The surface to 

core ratio was calculated by dividing the sum of protein, PL and FC by the 

sum of TG and CE.  Different letters denote statistically significant difference 

(p<0.05) within the same column as measured by One-Way ANOVA and 

Tukey post-hoc tests.  

.  
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Chylomicron Apolipoprotein Profile (% of Total Protein) 

 
    

 ACAT2+/+ 

 
  ACAT2+/- 

 
  ACAT2-/- 

 
B-48 10.7 ± 3.0          10.4 ± 2.3 11.7 ± 1.5 
Unknown-1   2.5 ± 0.5    2.4 ± 0.2   1.7 ± 1.4 
Unknown-2    6.6 ± 3.0    6.3 ± 3.8   5.6 ± 6.2 
Albumin   4.8 ± 1.3    4.2 ± 0.4   5.3 ± 1.0 
A-IV 17.0 ± 8.7  26.4 ± 4.1   15.7 ± 11.0 
E   5.6 ± 0.8    3.1 ± 0.3   4.7 ± 2.8 
A-I 18.8 ± 0.9  14.1 ± 4.5 14.5 ± 0.8 
C-II, C-III, A-II 22.6 ± 3.8  23.3 ± 2.3 28.4 ± 7.8 
 
Table 2. Apolipoprotein profile of isolated chylomicron particles. TCA 

precipitated chylomicron proteins were separated on 4-20% SDS-PAGE gel and 

Coomassie stained for visualization.  Percentages of apolipoprotein composition 

were determined by densitometry (Alpha Innotech gel imager).  Data shown are 

mean ± SD, (n=3/genotype).  
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Supplemental Figure 1. 

Hourly appearance of 

radioactive sterols in 

lymph and isolated 

chylomicron triglyceride 

mass throughout 8 

hours.  Percent of (A) 

[14C]-cholesterol and (B) 

[3H]-sitosterol dose 

appearance in whole 

lymph at hourly 

collections. (C) 

Triglyceride (TG) mass 

(μg) was measured in 

isolated chylomicron 

samples for every hourly 

collection. The data are 

expressed as mean ± 

SEM, (n=5/genotype). 
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Supplemental Figure 2. Lymph flow rate during 8 hours of thoracic duct 

lymph collection. Lymph was collected into tubes with 5% EDTA plus 

protease inhibitor cocktail at one-hour intervals for 8 continuous hours after 

thoracic lymph duct cannulation. Data are expressed as percent of radioactive 

sterol dose recovered in lymph for each animal and represent mean ± SEM 

(n=7-9/genotype). No statistically significant difference (p<0.05) was found by 

Two-Way ANOVA the 8th hour. 
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  Supplemental Table 1:  mRNA Expression of Lipid Metabolism Genes in 
Pooled Tissue Samples (n=5/genotype) 

  Arbitrary Units (normalized to cyclophilin) 

Gene Genotype SI-1 SI-2 SI-3 SI-4 SI-5 Liver 
+/+ 1162 1285 998 860 454 144 
+/- 1268 1393 1074 872 460 106 Mtp 
-/- 1398 1167 952 773 407 101 
+/+ 1709 2223 1952 2194 1427 2193 
+/- 1795 2268 2493 1876 1313 1668 Apob 
-/- 1776 1545 1336 1119 1135 1422 
+/+ 58 98 107 95 69 149 
+/- 67 126 154 105 65 113 Abca1 
-/- 99 142 106 87 75 97 
+/+ 5287 6421 5687 5746 3358 4310 
+/- 5474 7144 6534 5707 3586 3255 Apoa1 
-/- 5038 6011 4900 3911 2985 3676 
+/+ 26 31 31 41 68 21 
+/- 28 36 37 37 78 12 HmgCoAs 
-/- 26 24 22 24 43 9 
+/+ 18 22 24 33 38 10 
+/- 17 24 28 31 39 9 HmgCoAr 
-/- 19 17 20 21 26 7 
+/+ 6 6 6 5 4 2 
+/- 6 6 6 4 4 1 Srebp-1c 
-/- 6 4 4 3 3 1 
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Supplemental Table 1. mRNA expression of genes involved in lipid 

metabolism.  Mice were fed the sat. diet for 5 weeks and fasted for 4 hours prior to 

necropsy.  Liver and five equidistant segments of the small intestinal (SI-1 to 5) were 

collected.  Pools (n=5/genotype) of each tissue were used to quantify mRNA 

expression by real-time PCR.  Data are in arbitrary units normalized by cyclophilin 

mRNA expression in the same sample pool.  Mtp, microsomal transfer protein; Apob, 

apolipoprotein B; Abca1, ATP-binding cassette type A1; Apoa1, apolipoprotein A1; 

HmgCoAs; 3-hydroxy-3-methylglytaryl coenzyme A synthase; HmgCoAr, 3-hydroxy-

3-methylglytaryl coenzyme A reductase; Lxr, liver X receptor; Srebp-1c; sterol 

regulatory element-binding protein 1c; Ppar; peroxisome proliferator-activated 

receptor; Acc, acetyl-CoA carboxylase. 
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ABSTRACT: 

The metabolic fate of newly absorbed cholesterol and phytosterols is 

orchestrated through adenosine triphosphate-binding cassette transporter G5/G8 

heterodimer (G5/G8), and acyl coenzyme A:cholesterol acyltransferase 2 (ACAT2). We 

hypothesized that intestinal G5/G8 limits sterol absorption by reducing substrate 

availability for ACAT2 esterification and attempted to define their roles using gene 

deletion studies in mice.  Male ACAT2-/-, G5G8-/-, ACAT2-/-G5G8-/- (DKO) and wildtype 

(WT) control mice were fed a diet with 20% of energy as palm oil and 0.2% (w/w) 

cholesterol. Sterol absorption efficiency was directly measured by monitoring the 

appearance of [3H]-sitosterol and [14C]-cholesterol tracers in lymph after thoracic lymph 

duct cannulation.  The average percent (± SEM) absorption of [14C]-cholesterol at 8 

hours lymph collection was 40.55±0.76%, 19.41±1.52%, 32.13±1.60%, and 

21.27±1.35% for WT, ACAT2-/-, G5G8-/-, and DKO mice, respectively. [3H]-sitosterol 

absorption was <2% in WT and ACAT2-/- mice, while it was up to 6.8% in G5G8-/- and 

DKO mice. G5G8-/- mice also produced chylomicrons with ~70% less cholesterol ester 

mass than WT mice. The data demonstrate the absence of G5/G8 decreased intestinal 

cholesterol esterification by ACAT2, leading to reduced cholesterol absorption efficiency.  

Intestinal G5/G8 appeared to limit the absorption of phytosterols, while ACAT2 preferred 

cholesterol to phytosterols for esterification and transport. 

 

KEYWORDS: thoracic lymp duct cannulation; cholesterol esterification; cholesterol 

absorption; phytosterol absorption, sitoserolemia 
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INTRODUCTION: 
 
 Beginning in 1974, the identification of sitosterolemia – a rare but detrimental 

autosomal recessive disorder of sterol metabolism – has focused attention on the basic 

molecular processes that govern how the body normally absorbs dietary cholesterol 

while excluding all other similarly structured plant-derived sterols, or phytosterols.  

Phytosterols, including mostly campesterol, stigmasterol and sitosterol, differ from the 

animal-derived cholesterol mainly in having only one or two additional carbon sidechains 

at carbon 24.  The North American diet generally contains about equal amounts of 

cholesterol and phytosterols (~150-400 mg/day) (1-4); however, <5% of phytosterols are 

absorbed compared to ~50% of cholesterol (3, 5).  Thus in healthy individuals, there 

exist sensitive mechanisms that allow the body to distinguish among slightly different 

sterol structures.   

In general, different species of sterols have different absorption efficiencies; the 

closer the structural similarity to the cholesterol molecule, the higher the percentage 

absorption (3, 6). Even mildly hypercholesterolemic patients have serum concentrations 

of phytosterols that are 500 (campesterol) to 20,000 (sitosterol) times lower than that of 

cholesterol.  In contrast, patients with sitosterolemia have increased fractional sterol 

absorption rates and impaired biliary secretion of neutral sterols, resulting in 

accumulations of these sterols in the blood and tissues (7, 8), premature atherosclerosis, 

and tendon/skin xanthomatosis (8, 9).   The cause of sitosterolemia has been linked to 

mutations in either adenosine triphosphate-binding cassette transporter G5 or G8 

(ABCG5 or ABCG8).  It has been reported that ABCG5 and ABCG8 are expressed 

almost exclusively in hepatocytes and enterocytes, where they form a heterodimer 

(G5/G8) typically localizing to the plasma membrane (10, 11).  Another protein that is 

expressed exclusively in the same two cell types is acyl coenzyme A:cholesterol 
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acyltransferase type 2 (ACAT2) – a cholesterol esterifying enzyme residing in the 

endoplasmic reticulum (ER) membrane.   

In the enterocyte, the esterification of a free cholesterol (FC) molecule with a fatty 

acid from acyl-CoA to synthesize a cholesterol ester (CE) molecule changes the 

physicochemical state of cholesterol from a relatively membrane-soluble lipid into an 

insoluble CE molecule that must be packaged into the neutral lipid core of chylomicron 

particles.  The large chylomicrons are secreted directly into the lymphatic system where 

they pool in the cisternae chyli, travel up the thoracic lymph duct, and enter the blood at 

the subclavian vein.  While the cross-talk between G5/G8 and ACAT2 is unknown, it is 

possible that the relative functions of G5/G8 and ACAT2 in the enterocyte dictate the 

fate of newly absorbed cholesterol and phytosterols as they traverse the enterocyte from 

the gut lumen. 

 Yu, et al. (12, 13) reported that mice lacking G5/G8 have phenotypes resembling 

patients with sitosterolemia, including increased fractional non-cholesterol absorption, 

marked accumulation of sitosterol and campesterol in the blood and liver, reduced levels 

of biliary cholesterol, and various hemolytic disorders.  Their findings suggested that the 

physiological role of G5/G8 is to limit sterol accumulation in the body by limiting sterol 

absorption in the intestine and promoting sterol secretion from the liver. Because 

sitosterolemic patients and G5/G8 knockout (G5G8-/-) mice can still maintain the same 

rank order of absorption efficiency (cholesterol > campesterol > sitosterol), it has been 

suggested that other proteins independent of G5/G8 are responsible for the selectivity of 

cholesterol over phytosterol absorption (14, 15).   

The early work of Mueller in 1915 and more detailed reports by other researchers 

later revealed that the majority (70-92%) of the sterols exported into thoracic duct lymph 

of various animals, including rats, rabbits, monkeys and humans, are in the form of 
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cholesterol esters (15-19).  More particularly, the percent esterification of absorbed 

cholesterol was constant regardless of the extent of absorption (19).  Recent 

developments in molecular biology methods have allowed researchers to show that 

ACAT2, but not ACAT1, is exclusively expressed in hepatocytes and enterocytes (20). 

Buhman, et al. (21) reported that the loss of ACAT2 activity in the intestine led to a 

decrease in cholesterol absorption efficiency despite unchanged cholesterol synthesis 

and that ACAT2-deficient mice were resistant to diet-induced hypercholesterolemia and 

gallstone formation.  To date, there remains the controversy of whether ACAT2 exhibits 

differential handling of cholesterol versus phytosterol. Some in vitro studies have 

attempted to tackle this issue. Using CaCo-2 cells and rabbit intestinal microsomes, 

Field and colleagues (22, 23) concluded that membrane sitosterol does not interfere nor 

compete with cholesterol esterification and does not alter intracellular cholesterol 

trafficking nor CE secretion. More recent work done on microsomes isolated from 

Chinese hamster ovary (CHO) cells overexpressing either ACAT1 or ACAT2 showed 

that ACAT2 displayed a greater capacity to differentiate cholesterol from sitosterol.  In 

addition, ACAT2 seemed to prefer esterifying cholesterol to sitosterol (24).  These 

conflicting reports led us to question what would happen in in vivo models. 

We hypothesized that sterols enter the enterocyte through the brush border 

membrane via a Neimann-Pick C1-Like 1 (NPC1L1)-mediated process but that G5/G8 

limits the substrate availability for ACAT2 esterification by excreting phytosterols and 

cholesterol out of the cell, in the process apparently decreasing the absorption efficiency 

of both sterols.  In addition, sterol esterification by ACAT2 may enhance absorption 

efficiency by generating sterol esters that must be packaged into chylomicron particles 

for secretion into lymph.  
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In this study, we investigated the relative contributions of G5/G8 and ACAT2 in 

intestinal cholesterol absorption as compared and contrasted to phytosterol absorption.  

Using the thoracic lymph duct cannulation (TDLC) technique, which allows for 

quantitative collection of newly absorbed sterols and characterization of chylomicron 

particles, this study directly addressed the following question: How does the absence of 

G5/G8 affect cholesterol esterification and absorption efficiency during sterol metabolism 

in enterocytes of physiologically intact mice? 
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MATERIALS & METHODS: 
 
Animals and Diets.  All mice used in these studies were housed in the animal facility at 

the Wake Forest School of Medicine (WFSM) that is approved by the American 

Association for Accreditation of Laboratory Animal Care; the Institutional Animal Care 

and Use Committee approved all protocols prior to execution.  Male wildtype (WT), 

ACAT2-/-, G5G8-/- and ACAT2-/-G5G8-/- (DKO) mice were colony-mates on a mixed 

background (81.5% C57BL/6, 12.5% 129SvJae, 6.25% 129SvEv). ACAT2-deficient mice 

were originally generated by Buhman, et al. (21) using targeted deletion of a portion of 

the Soat2 gene to remove the carboxy-terminus and 28% of the ACAT2 protein.  G5/G8-

deficient mice were generated as described by Yu, et al. (13).  Briefly, the murine Abcg5 

and Abcg8 genes, similar to the human genes, are located in a head-to-head position 

within 400 bp of each other.  In order to generate mice that were homozygous for 

disrupted Abgc5 and Abcg8 allele, the region spanning intron 2 of Abcg5 and intron 3 of 

Abcg8 was deleted, rendering dysfunctional proteins without the Walker A sequences at 

the ATP-binding site.  Mice used in this study were the offspring of matings between 

mice heterozygous for a disrupted Abgc5 and Abcg8 allele and mice heterozygous for a 

disrupted Soat2 allele.  Mice were maintained on a rodent chow diet until 11-12 weeks of 

age when they were fed a semi-synthetic saturated fat diet (sat. diet) containing 20% of 

energy as palm oil and 0.2% (w/w) cholesterol for 5 weeks.  This diet was chosen 

because it is representative of a human-like diet.   

In one study, mice (n=9-10 mice/genotype) underwent TLDC surgery for direct 

measurement of sterol absorption using radioactive tracers, followed by plasma and 

tissue collection.  In another study, a baseline blood sample was taken from mice (n=7-

11/genotype) prior to study initiation, the sat. diet was fed for 5 weeks, an additional 
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blood sample was then taken, a three-day fecal collection was taken for measurement of 

fecal neutral sterol excretion (25) and  finally, tissue harvest after euthanasia was done.   

Cholesterol Absorption Measurement by Thoracic Lymph Duct Cannulation (TLDC) 

Method.  Using a modified version of the surgical procedures previously described by 

Ionac (30, 31), the thoracic lymph ducts (TLD) of mice (9-10/genotype) were cannulated. 

The procedure was as described earlier (32).  

Chylomicron Isolation and Particle Composition Analyses.  Chylomicron particles were 

isolated by ultracentrifugation of whole lymph, and chylomicron particle analyses were 

performed as previously described (32).  The chylomicron diameter (n=9-10/genotype) 

was measured by dynamic light scattering using the Zetasizer Nano (Malvern 

Instruments), following the manufacturerʼs instructions.  Chylomirons isolated from the 

3rd and 4th hour collections were used, because these fractions corresponded with the 

peak of cholesterol absorption during the 8 hour time course.  Chylomicron size from the 

7th and 8th hour collections was also measured but no statistically significant differences 

were found from Z-averages of the 3rd and 4th hour measurements.  

Plasma Lipid Analyses. Plasma cholesterol concentrations were analyzed while the mice 

were on rodent chow and again after 5 weeks of sat. diet feeding.  After a four-hour 

fasting period, blood was collected by superficial submandibular vein puncture, and total 

plasma sterol concentrations were measured using colorimetric assay as described (25).  

Concentrations of plasma cholesterol and phytosterols (including campesterol, 

stigmasterol, and sitosterol) were measured using gas liquid chromatography (GLC) 

according to previously published methods (26).  

Hepatic and Jejunum mRNA Expression by Real-Time Polymerase Chain Reaction. A 

separate group of mice that were not cannulated were euathanized for tissue harvest.  

Mice (n=7-11/genotype) were fasted for 4 hr and anesthetized with 2 μg/g body weight of 



 70 

50 mg/mL ketamine:10 mg/mL xylazine solution by intramuscular injection. After the 

entire circulation system was flushed with ice cold saline, the small intestine (SI) was 

flattened on a cold glass plate, and cut into 5 equidistant segments (SI-1 to SI-5).  The 

lumen of each segment was then flushed clean with saline.  Segments 2 and 3 (the 

jejunum) and the liver were snap-frozen in liquid nitrogen. Liver and jejunum mRNA 

expression analyses were performed as described (25).  Ct values were calculated 

based on fluorescence measurements and entered into an equation (arbitrary unit = 1 x 

109 x e(0.6931 x Ct)) to determine arbitrary units (AU).  All results were normalized to mRNA 

expression of cyclophilin, as a the housekeeping gene within the same sample.   

Microsomal ACAT Enzyme Activity Assay for Intestine and Liver Tissues.  Frozen 

jejunum (combined segments 2 and 3) and about 200-300 mg of frozen liver 

(n=5/genotype) was crushed using a mortar and pestle chilled in liquid nitrogen to 

prevent tissue thawing. Crushed tissue was homogenized in ACAT homogenization 

buffer in the presence of protease inhibitor cocktail (20 μL for SI, 10 μL for liver, Sigma).  

The microsomes were isolated, and the ACAT assays were performed as described (29) 

in the absence and presence of pyripyropene A (PPPA), an ACAT2-specific inhibitor, so 

that ACAT2 activity could be calculated. Relative ACAT enzyme activity was expressed 

as nmol [14C]-CE synthesized per mg microsomal protein per minute (nmol/mg/min). 

Jejunum Mucosa and Hepatic Lipid Analyses.  Mice from each genotype were 

euthanized as described above.  The intestine mucosa of SI-2 and SI-3 were removed 

gently with glass slides and extracted immediately with chloroform:methanol (2:1). For 

liver lipid composition, about 60-100 mg of liver was processed as previously described 

(25, 27) with the final cholesterol and phytosterol concentrations being analyzed by GC 

(26). The differences in masses between total sterols and free sterols were multiplied by 

1.67 to calculate for masses of sterol esters. All sterol concentrations were normalized 
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by the protein concentration in the same tissue sample.  To measure tissue protein 

mass, the delipidated tissue was digested in NaOH and analyzed by Lowry assay (28). 

Statistical Analyses.  Using GraphPad Prism statistical software (v 4. GraphPad 

Software Inc.), the data were analyzed by One-Way ANOVA with Tukey post-hoc tests 

or Two-Way ANOVA with Bonferroni post-hoc tests.  Statistical significant differences 

were considered at p<0.05 and were indicated by different letters. 
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RESULTS: 
 

Thoracic lymph duct cannulation was used to directly measure [14C]-cholesterol 

absorption in the mice with ACAT2 and G5/G8 gene deletions.  The data in Fig. 1A show 

the outcomes.  The ACAT2 gene deletion was found to decrease the cumulative rate of 

[14C]-cholesterol absorption by about 50% at all time points throughout the study; a 

similar decrease was also seen when G5/G8 was deleted along with ACAT2 in the DKO 

mice.  Interestingly, the deletion of G5/G8 alone resulted in a smaller but statistically 

significant 21% decrease in [14C]-cholesterol absorption compared to that in WT mice, 

which was opposite of what was expected. Given that G5G8-/- mice have altered 

sitosterol absorption, fecal dual-isotope measurements (involving [3H]-sitosterol and 

[14C]-cholesterol to estimate fractional cholesterol absorption) were not attempted in this 

study.  Nevertheless, we have found excellent agreement between the percent of 

cholesterol absorption obtained by TLDC, as done here, and the values derived from 

fecal dual-isotope method in mice with intact G5/G8 with or without ACAT2 (32). 

Individual animal plots of cholesterol absorption efficiency for 9-10 animals per group at 

the 8th hour of the experiment show limited scatter among individual mice within each 

genotype (Fig. 1B); therefore, differences between wildtype and ACAT2-/-, G5G8-/-, or 

DKO mice are statistically significant.  The average values (± SEM) for the absorption of 

[14C]-cholesterol at 8 hour were 40.55 ± 0.76%, 19.41 ± 1.52%, 32.13 ± 1.60%, and 

21.27 ± 1.35% for WT, ACAT2-/-, G5G8-/-, and DKO mice, respectively.   

The recovery of cholesterol in the feces of ACAT2-/- mice was higher than in WT 

mice, as indicated in Fig. 1C, which shows fecal recovery of cholesterol mass in 

separate groups of mice (n=7-8/genotype) that had not been cannulated.  These data 

appeared to reflect the expected complimentary outcome to the decreased percent 

cholesterol absorption in ACAT2-/- mice as seen in Fig. 1A and 1B.  However, the 
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recovery of cholesterol in the feces of G5G8-/- and DKO mice was lower than would be 

predicted from the percentage absorption outcome.  This finding has been reproduced in 

a separate experiment and suggests that other factors in addition to the cholesterol 

absorption (measured directly in Fig. 1A and 1B) come into play, such as decreased 

biliary cholesterol secretion when G5/G8 is absent.  A clear explanation for this 

discrepancy is yet to be determined. 

The efficiency of phytosterol absorption was also documented in these studies as 

[3H]-sitosterol was also given in the bolus dose. The cumulative absorption of [3H]-

sitosterol was much lower than cholesterol in WT and ACAT2-/- mice (only reaching just 

over 2% at 8 hours), while G5G8-/- and DKO mice displayed significantly higher rates of 

[3H]-sitosterol accumulation reaching 6.8% (Fig. 1D).  The differences in cumulative 

appearance rates were present throughout the experiment and the data in Fig. 1E show 

the percentages of [3H]-sitosterol absorption for individual animals of the study at 8 hours 

of lymph collection.  The average (±SEM) percentages at 8 hr were 2.33±0.11%, 

2.25±0.16%, 6.54±0.37%, and 6.79±0.65% for WT, ACAT2-/-, G5G8-/-, and DKO mice, 

respectively.  The significantly higher percentage of sitosterol absorption in G5/G8-

deficient mice was consistent with outcomes predicted in the literature (6, 7, 12, 13). The 

data for fecal phytosterol excretion (Fig. 1F) did not indicate the anticipated decrease of 

phytosterol excretion in G5/G8-deficient mice.  This observation may have been related 

to the fact that phytosterols made up only a small portion of the total sterols in the gut 

lumen, because the sat. diet contained significantly less phytosterols than cholesterol 

(1:7 w/w ratio).   

After 8 hours of lymph collection, the mice were euthanized and the distributions 

of the remaining radioactive [14C]-cholesterol and [3H]-sitosterol were assessed in the 

intestinal wall plus luminal content of the stomach, 5 consecutive sections of the small 
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intestine, the cecum and the colon, as well as in the liver and plasma (Fig. 2). In data not 

shown, we observed a similar radioactive sterol distribution pattern when we analyzed 

data from the walls of SI segments 1-5 without the luminal content.  Less than 1% of the 

radioactive dose was found in the plasma in all mice (data not shown), confirming that 

the TLD cannulations provide quantitative lymph collections. Furthermore, very little 

[14C]-cholesterol (< 3%) was present in plasma and liver, suggesting that cholesterol 

entry into the blood via intestine-derived HDL particles is quite limited with the thoracic 

lymph duct fistula.   

 [14C]-cholesterol recovered in the wall and luminal content of the GI tract 

revealed a distinct pattern from that of [3H]-sitosterol (Fig. 2).  The bolus dose was 

injected intraduodenally below the pyloric sphincter, and no radioactive cholesterol was 

detected in the stomach.  [14C]-cholesterol was distributed throughout the SI. The highest 

proportion was found in SI-2 and SI-3, which includes the jejunum. Within each segment 

of the entire intestine, there appeared to be 2- to 3-fold more [14C]-cholesterol in ACAT2-/-

, G5G8-/-, and DKO mice compared to WT mice, with this difference reaching statistical 

significance in many cases.  The absence of G5/G8 in the proximal SI did not appear to 

cause more [14C]-cholesterol to accumulate in the SI beyond levels found in mice lacking 

ACAT2.  In all genotypes, very little [14C]-cholesterol was found in the cecum and colon, 

although somewhat more (up to ~10%) was found in these locations in ACAT2 KO mice.  

The [3H]-sitosterol distribution pattern (Fig. 2B) along the length of the intestine 

was strikingly different from that observed for [14C]-cholesterol (Fig. 2A).  Less than 2% 

of the remaining [3H]-sitosterol dose was found in each SI segment of SI-1 through SI-4, 

while more of the [3H]-sitosterol was found in the distal portion of the GI tract in the 

terminal ileum (SI-5), cecum and colon with no statistically significant differences among 

all four genotypes.  The data clearly show that G5/G8-deficiency did not lead to the 
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accumulation of [3H]-sitosterol in the SI.  This pattern held true whether the data was 

analyzed for radioactive sitosterol in the whole SI segments, as shown here, or in only 

the SI wall alone (data not shown).  To our knowledge, this study is the first to 

demonstrate the dramatic differential handling of [14C]-cholesterol versus [3H]-sitosterol 

down the length of the GI tract, and the data strongly suggest that separate processing 

occurs for these two sterols. [14C]-cholesterol appeared to exchange between 

membranes and label the many pools of cholesterol in the gut, while [3H]-sitosterol did 

not participate in this behavior.  The possibility exists that during absorption, sitosterol 

never efficiently enters the intracellular membranes of the enterocyte even when G5/G8 

is absent, perhaps due to selection by NPC1L1.   

To further understand how the SI handles sterols, separate groups of mice that had 

not been cannulated were used to: firstly, analyze sterol concentrations in SI mucosa of 

the jejunum (Fig. 3); secondly, evaluate the expression of various genes in the jejunum 

(Fig. 4A and 4B, Supplemental Table 1); and thirdly, measure ACAT1 and ACAT2 

enzyme activity in the jejunum (Fig. 4C and 4D).    

Sterol concentrations were expressed as average (±SEM) μg sterol per mg protein 

in SI mucosa from SI-2 and SI-3 combined. FC was about 25% higher in ACAT2-/- and 

DKO mice (64.8±6.5 and 62.1±3.8 µg/mg, respectively) than in WT and G5G8-/- mice 

(51.3±2.8 and 45.2±2.7 µg/mg, respectively) (Fig. 3A).  ACAT2 deficiency with or without 

G5/G8 resulted in higher FC accumulations in the SI mucosa, while G5/G8 deficiency 

alone did not alter FC concentration.  On the other hand, CE concentrations were lower 

when both ACAT2 and G5/G8 were deleted (Fig. 3B).  Compared to WT mice (18.8±2.0 

µg/mg), there was about 40% less CE in SI mucosa from ACAT2-/-, G5G8-/-, and DKO 

mice (12.8±2.2, 11.5±1.1, and 11.1±2.5 µg/mg, respectively). Interestingly, FC existed in 

higher concentrations in the SI mucosa than CE even when ACAT2 was present, a 
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pattern quite different from that found in the liver (Supplemental Fig. 2A and B).  There 

were dramatically higher concentrations of CE in the liver (Supplemental Fig. 2B) than in 

the SI mucosa (Fig. 3B).  WT mice had about 10-fold higher CE in the liver than in the SI 

mucosa, and this value was about 30-fold higher in G5G8-/- liver than in G5G8-/- SI 

mucosa.  CE appeared to accumulate in the livers of G5G8-/- mice but did not 

accumulate in the SI mucosa, suggesting that the impact of G5/G8 on hepatic 

cholesterol metabolism is different from that in the SI.     

Phytosterol concentrations in the SI mucosa across all four genotypes (Fig. 3C 

and D) were also measured.  Phytosterols only accumulated in the SI mucosa of mice 

lacking G5/G8.  Free phytosterol (FP) concentrations were equivalently low (~1 μg/mg 

protein) in SI mucosa of mice with intact G5/G8 (Fig. 3C) but were almost 6-fold higher in 

G5G8-/- mice (5.7±0.4 μg/mg protein).  The deletion of ACAT2 in addition to G5/G8 in the 

DKO mice significantly attenuated this elevation to 3.9±0.2 μg/mg protein.  Even though 

phytosterol ester (PE) concentrations were >50% lower than FP, a similar trend by 

genotype existed. WT and ACAT2-/- mice had minimal PE (0.2±0.1 and 0.5±0.1 μg/mg 

protein, respectively) in the SI mucosa, but G5G8-/- mice had 2.5±0.5 μg/mg protein and 

DKO had significantly less (1.0 ± 0.3 μg/mg protein).  These mass data suggest that 

some phytosterol accumulates in the enterocyte in the absence of G5/G8 although it is 

difficult to know if this comes from the lumen of the intestine or from the liver.  The [3H]-

sitosterol data suggests in may be derived from the liver. 

The diminished ABCG5 mRNA expression in G5G8-/- and DKO mice is shown in 

Fig. 4B, where the small amount of ABCG5 message detected was most likely due to 

amplification of an un-spliced fragment of the ABCG5 mRNA. To evaluate G5/G8 

function, we measured plasma phytosterol concentrations in mice lacking G5/G8 

(Supplemental Fig. 1E and F).  While plasma cholesterol concentrations were 
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comparable among genotypes (Supplemental Fig. 1C and D), an highly significant 

enrichment of phytosterol concentrations in the plasma of G5/G8-deficient mice was 

found (Fig. Supplemental 1E and 1F), clearly indicating that G5/G8 was dysfunctional.  

Based on the significant enrichment of plasma phytosterol concentrations, we are 

confident that our G5G8-/- mouse model does not have functional G5/G8 protein as was 

earlier shown by Yu, et al. (6, 13) who originally generated this line of mice.   

ACAT2 protein function was assessed by measuring enzyme activity.  

Microsomal ACAT assays were done for intestinal segments 2 and 3 combined 

(jejunum), and the relative ACAT2 versus ACAT1 enzyme activities were measured (Fig. 

4C and D).  Despite having slightly elevated ACAT2 mRNA expression compared to WT 

mice (Fig. 4A), G5G8-/- mice had the same level of ACAT2 enzyme activity as WT mice 

(Fig. 4C).  Neither ACAT2 mRNA (Fig. 4A) nor ACAT2 enzyme activity (Fig. 4C) was 

detectable in ACAT2-deficient mice. ACAT1 activity was minimal in all four genotypes, 

and the relative ACAT1 enzyme activity was not higher in the absence of ACAT2 (Fig. 

4D).  Thus, ACAT2 provided the majority of total ACAT enzyme activity in the SI.  

Since the newly absorbed sterols are transported by chylomicrons as sterol 

esters, we also measured the percentage of radioactivity distributed into free versus 

esterified sterols in isolated chylomicron particles. The results showed a major decrease 

in chylomicron [14C]-CE when ACAT2 was deleted (Fig.5B). WT chylomicrons possessed 

82.9±2.0% of total [14C]-cholesterol as CE (Fig. 5A), while G5G8-/- chylomicrons had 

significantly less [14C]-cholesterol (70.2±4.7%) in the ester form (Fig. 5C). In contrast, 

about 85-88% of [14C]-cholesterol was incorporated onto chylomicron particles in the 

unesterified form when ACAT2 enzyme activity was absent (Fig. 5B and 5D).  Only 12-

15% of the [14C]-cholesterol in ACAT2-/- and DKO chylomicrons was found in the ester 
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form.  The source of this CE is currently unknown.  We suspect it was not derived from 

ACAT1, because ACAT1 is low and typically not expressed in the enterocyte (20). 

While ACAT2 efficiently esterified the majority of [14C]-cholesterol, the percent of 

[3H]-sitosterol esterification by ACAT2 was significantly lower.  Only 44.8±2.9% and 

30.5±2.9% of the [3H]-sitosterol was esterified in WT and G5G8-/- chylomicrons, 

respectively (Fig. 5A and 5C).  The majority of [3H]-sitosterol in WT and G5G8-/- mice was 

packaged into chylomicrons in the unesterified form.  When ACAT2 was deleted, about 

97% of the [3H]-sitosterol remained unesterified (Fig. 5B and 5D).   

Collectively, the data demonstrate that ACAT2 esterified significantly more [14C]-

cholesterol than [3H]-sitosterol regardless of presence or absence of G5/G8 in the 

enterocyte and that less ACAT2 esterification occurred for both sterols when G5/G8 was 

deleted. 

The data on percent radioactivity distribution into free sterols versus sterol esters 

(Fig. 5) was further supported by chylomicron sterol mass quantifications (Fig. 6), which 

expressed chylomicron particle mass composition (FC, CE, PL, TG, and protein) as 

cumulative μg per hourly collection (mean±SEM) throughout the 8 hour experiment.  FP 

and PE data were not shown here, because they were not detectable in WT or ACAT2-/- 

chylomicrons and constituted a negligible portion, 0.13-0.25%, of the total chylomicron 

mass when G5/G8 was deleted. 

 By the end of 8 hours, ACAT2-/- mice produced chylomicrons with more 

cumulative FC mass (563±39 μg) than WT mice (376±30 μg), while G5G8-/- mice 

produced less FC (213±7 μg) (Fig. 6A).   Despite this large reduction in FC mass 

secretion in G5G8-/- chylomicrons, the percent of chylomicron particle composition as FC 

was comparable between WT (1.7±0.1%) and G5G8-/- (1.3±0.0%) chylomicrons (Table 

1).  No statistically significant difference was seen between cumulative FC masses from 
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WT and DKO chylomicrons (363±98 μg), which made up ≤3% of the total particle mass 

in these two genotypes.  

The most contrasting data are shown in Fig. 6B.  Cumulative secretion of CE 

mass was minimal when ACAT2 was deleted, totaling only 25±11 μg and 33±11 μg in 

ACAT2-/- and DKO chylomicrons, respectively, at 8 hours. CE was secreted into 

chylomicrons of WT mice in an almost linear fashion, reaching 2089±238 μg CE after 8 

hours.  By contrast, G5G8-/- mice secreted 70% less CE mass (641±42 μg CE at 8 

hours) than WT mice (Fig. 6B), although ACAT2 mRNA expression and enzyme activity 

were comparable between WT and G5G8-/- mice (Fig. 4A and 4C).   In terms of percent 

particle mass composition, CE made up 10.0±1.0% of the total particle mass in WT 

chylomicrons, but this value decreased dramatically to only 3.9±0.3% in G5G8-/- 

chylomicrons (Table 1).  These results clearly confirm that chylomicron CE is derived 

from ACAT2 and that G5/G8 deficiency reduces cholesterol availability for chylomicron 

transport  so that transport of both FC and CE (the latter through reduced cholesterol 

esterification by ACAT2)  in chylomicron particles was reduced (Fig. 6).   

In addition to lowering CE secretion, G5/G8 deficiency also appeared to reduce 

chylomicron phospholipid, triglyceride and protein mass secretion as measured after 8 

hours (Fig. 6C-E).  However, light scatter measurements showed that chylomicron 

particle size was similar (~145 nm in diameter) across all four genotypes (data not 

shown). Although the mass transport values for phospholipid, triglyceride and protein 

appeared to be significantly lower in chylomicrons from G5G8-/- and DKO mice relative to 

WT mice, their percentages as part of the total particle composition remained relatively 

consistent across all four genotypes with 11.4-12.8% as phospholipids, 71.6-80.6% as 

triglycerides, and 4.9-6.0% as protein (Table 1). Taken together, these data suggest that 
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G5/G8-deficient mice produced fewer numbers of chylomicron particles of relatively 

normal composition.   

In order to evaluate the possibility of abnormal chylomicron assembly in G5/G8-

deficient mice, we measured gene expression of microsomal transfer protein (MTP) and 

apolipoprotein B but found no down regulation of either gene (Supplemental Table 1).  

Further, there was also no indication of ER-stress, evidenced by the fact that we found 

no perturbation in gene expressions of various ER-stress markers, such as X-box 

binding protein 1 (Xpb-1), X-box binding protein 1 spliced variant (Xbp-1p), activating 

transcription factor 6 (Atf-6), and DNA damage-inducible transcript 3 (Ddit-3), in the 

jejunum of G5G8-/- mice cpmpared to other genotype groups.  These data, together with 

the similar size and compositions of the chylomicron particles from all genotypes, seem 

to suggest that the G5/G8-deficient mice made normal but fewer chylomicron particles.  

The reason for this outcome remains unknown. 
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DISCUSSION: 

In previous studies on ABCG5 and/or ABCG8 (34, 35), fecal sterol excretion data 

suggested that G5/G8 functions as an inside-out sterol transporter, because G5/G8 

deficiency decreased sterol excretion and G5/G8 overexpression increased sterol 

excretion.  However, the decrease in fecal sterol excretion could be a result of reduced 

sterol secretion into bile when G5/G8 is deleted. In this study, we investigated how 

G5/G8 deficiency affects sterol absorption efficiency with a focus on cholesterol 

metabolism and chylomicron transport using thoracic lymph duct cannulation techniques.  

The absence of G5/G8 resulted in a statistically significant 21% decrease in cholesterol 

absorption efficiency of G5G8-/- mice relative to WT mice (Fig. 1A and B).  This decrease 

in percent cholesterol absorption was associated with reductions in CE accumulation in 

the SI mucosa (Fig. 3B), in the percentage of chylomicron [14C]-cholesterol ester (Fig. 

4C), in cumulative CE mass secretion into chylomicrons (Fig. 6B), and in the percentage 

of total chylomicron particle mass as CE (Table 1).  Altogether, the data strongly suggest 

that cholesterol esterification in the enterocyte, primarily from the activity of ACAT2, was 

dampened in the absence of G5/G8.  The intestine also appeared to exhibit differential 

handling of [14C]-cholesterol versus [3H]-sitosterol along the length of the GI tract (Fig. 2).  

In addition, the pattern of CE accumulation in the SI mucosa (Fig. 3B) was different 

compared to that in the liver (Supplemental Fig. 2B), suggesting that G5/G8 exerts 

different effects on cholesterol metabolism in the two different tissues.     

Our data on cholesterol absorption in G5G8-/- mice do not agree with reports from 

Wang and colleagues, who concluded that ABCG8-/- mice fed a hypocholesterolemic 

chow diet had increased cholesterol absorption into mesenteric lymph and significantly 

higher daily cholesterol mass absorption than WT mice (35).    Their study design was 

very different from our current study.  These researchers used medium-chain triglyceride 
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(MCT) as a vehicle to deliver radiolabeled sterols into the gut.  MCT is a non-

physiological lipid mixture containing C8:0 and C10:0 short-chain FFA, which do not 

facilitate chylomicron particle synthesis like the longer-chain C18:1 FFA used in our 

infusion micelle solution.  Upon digestion, MCT is shunted directly into the portal 

circulation without entering the lymph; therefore, it is not the most physiologic vehicle to 

use for evaluations of lymphatic transport of sterols.  In order to maintain mice under 

constant sedation, Wang, et al, used pentobarbital, which could have altered the 

absorption process by interfering with intestinal transit and function (36-39).  By contrast, 

we used isoflurane for short-term anesthesia during surgery and ketoprofen – a non-

steroidal anti-inflammatory drug – for analgesia.  Immediately post surgery, mice were 

allowed free movement on an exercise wheel throughout the experiment to simulate 

more physiological conditions.  Another key difference is that Wang and colleagues 

collected lymph from the mesenteric lymph duct, which did not provide a quantitative 

collection of all intestine-derived lymph.  These numerous differences in experimental 

procedures undoubtedly contributed to differences in results and could lead to different 

interpretations in the resulting data. 

This study also differed from other reports in the literature, which used fecal dual-

isotope method to estimate fractional cholesterol absorption in mice with altered G5/G8 

expression (13, 24).  Unfortunately, this method cannot provide meaningful data when 

used in mice lacking G5/G8 function, as it relies on the assumption that [3H]-sitosterol is 

a non-absorbable marker which does not apply in G5/G8-deficient mice; these mice 

absorbed 3-fold more [3H]-sitosterol than mice with intact G5/G8 (Fig. 1D and E).   

Our original hypothesis was that sterols enter the enterocyte through the brush 

border membrane via an NPC1L1-mediated process with G5/G8 subsequently limiting 

substrate availability for ACAT2-mediated sterol esterification by transporting 
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unesterified cholesterol and phytosterols back out of the cell before ACAT2 esterification 

could occur, in the process decreasing the absorption efficiency of both sterols.  Our 

results supported this hypothesis for phytosterols but not for cholesterol. 

While there was no surprise that the lack of sterol esterification in ACAT2-/- mice 

would reduce cholesterol absorption efficiency, we were surprised to also observe a 

decrease in percent cholesterol absorption when G5/G8 was deleted (Fig. 1A and B). 

Based on previous publications (34, 40) and the indirect finding that G5G8-/- mice 

displayed decreased fecal cholesterol excretion (Fig. 1C), we anticipated that disruptions 

in G5/G8 would be associated with more efficient cholesterol absorption.  However, this 

result was not seen when thoracic lymph duct cannulation was performed to directly 

measure percent cholesterol absorption.  G5G8-/- mice had a statistically significant 21% 

reduction in cholesterol absorption efficiency.  

A combination of factors may have led to the above outcome.  In the absence of 

G5/G8, phytosterols accumulated in SI mucosa (Fig. 3C and D).  It is possible that the 

enrichment of phytosterols in the cell membrane may have led to NPC1L1 dysfunction, 

thus reducing cholesterol uptake into the enterocyte (41-44).  Ge, et al. (45, 46) and 

Zhang, et al. (47) have shown that NPC1L1-mediated cholesterol uptake at the plasma 

membrane involve lipid raft proteins flotillins and that NPC1L1-flotillin-containing 

cholesterol-enriched membrane microdomains are internalized into the cell via a clathrin-

coated pit pathway.  These researchers found: 1) NPC1L1 selectively binds cholesterol 

but not phytosterols, and 2) phytsterols do not bind NPC1L1 N-terminal domain nor 

induce NPC1L1 endocytosis.  Furthermore, there is evidence that incorporation of 

phytosterols into a phospholipid membrane weakens the stability of the membrane (48). 

Thus, it is conceivable that increased phytosterol concentration in the enterocyte could 

potentially diminish the ability of NPC1L1 to shuttle cholesterol into the cell.  Taken 
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together, a possible consequence may be reduced cholesterol availability for ACAT2 

esterification, evidenced by the reduction in percent [14C]-cholesterol as esterified sterols 

(Fig. 5) and the decrease in chylomicron CE mass secretion (Fig. 6B).  Furthermore, a 

possible reduction in cholesterol uptake resulting from phytosterol membrane enrichment 

may have triggered up-regulation of NPC1L1 mRNA expression in G5G8-/- jejunum 

(Supplemental Table 1), in effect changing the capacity to handle increased cholesterol 

uptake into the enterocyte (47).   

Interestingly, there was obvious differential handling of [14C]-cholesterol and [3H]-

sitosterol throughout the length of GI tract (Figure 2).  Very little [3H]-sitosterol was 

present the SI wall, even in the absence of G5/G8. If NPC1L1 had facilitated efficient 

uptake of both cholesterol and phytosterols as previously suggested (13), one would 

suspect higher amounts of [3H]-sitosterol, would accumulate in the gut wall of mice 

particularly when G5/G8 was not available to act as the sterol excretion pump.  Instead, 

no appreciable amount of [3H]-sitosterol was detected in the proximal SI.  Most of the 

[3H]-sitosterol was found in the distal GI tract, and the amount of [3H]-sitosterol detected 

distally was similar among all four genotypes.  By contrast, [14C]-cholesterol was well 

incorporated throughout the proximal SI, and the levels found in G5/G8-deficient mice 

did not exceed those found in mice lacking ACAT2. Altogether, the data demonstrate 

that phytosterols are not efficiently taken up into the gut wall regardless of the presence 

or absence of G5/G8.  These results indicate that the primary discriminators between 

cholesterol versus phytosterol absorption may be present at the levels of NPC1L1-

mediated sterol uptake and ACAT2 sterol esterification, not necessarily at G5/G8-

mediated sterol excretion alone.  Perhaps in alignment with recent findings in in vitro 

studies (43, 45, 47, 49), NPC1L1 is the initial gatekeeper that facilitates cholesterol 

uptake into the enterocyte at the same time limiting phytosterol uptake. To the extent 
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that this system could be potentially leaky, G5/G8 may serve as a secondary “clean-up” 

mechanism for removing the few phytosterol molecules that had slip past NPC1L1.  

When this “clean-up” mechanism is lost with G5/G8 disruption, then even the small 6-7% 

of phytosterol absorption in sitosterolemic mice (Fig. 1D and E) and humans (7) can lead 

to significantly more accumulation of phytosterols over time, because without G5/G8, 

phytosterols cannot be efficiently excreted out of the enterocytes of the SI or the 

hepatocytes of the liver. 

We hypothesize that the preference for absorbing cholesterol, but not 

phytosterols, involves a multi-step process.  Our data support the notion that NPC1L1 at 

the brush border membrane discriminates against phytosterols and allows predominantly 

cholesterol into the enterocyte.  The phytosterols that escaped the primary screening by 

NPC1L1 may then be shuttled out of the cell by the secondary pathway involving G5/G8. 

The remaining sterols (mostly cholesterol and some phytosterols) enter the putative 

substrate pool for ACAT2 by either vesicular or non-vesicular transport (50-53).  In the 

ER, ACAT2 adds another layer of selectivity by preferentially esterifying cholesterol 

rather than phytosterol.  When G5/G8 is functional, any non-esterified phytosterol 

molecule returned to the plasma membrane can be excreted via G5/G8.  Without G5/G8, 

the residual phytosterols remain in the cell and can make their way into the substrate 

pool for ACAT2.  Once a sterol molecule is esterified by ACAT2, its physiochemical state 

favors incorporation into the neutral lipid core of a chylomicron particle, facilitating entry 

into the lymphatic system.  Without ACAT2, significantly less sterol mass can be 

transported into lymph, because unesterified sterols only coat the surface of 

chylomicrons limiting the abundance of cholesterol in these particles. Thus, ACAT2 

esterification is necessary for more efficient sterol absorption. 
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All chylomicrons must pool into the cisterna chyli, travel up the thoracic lymph 

duct, and enter the blood before arriving at the liver for final catabolism.  Although 

murine livers express G5/G8 but not NPC1L1, human livers express appreciable 

amounts of both (54, 55), which can again function as another layer of protection against 

any toxicity of phytosterols.  The data show that the G5G8-/- livers accumulated 

phytosterols in both the free and ester forms, while livers of mice with intact G5/G8 had 

almost undetectable concentrations of these sterols (Supplemental Fig. 2C and D). In 

vitro data from hepatoma cells also suggest that NPC1L1 can preferentially transport 

unesterified cholesterol over sitosterol into the cell (43, 45).  A publication on the 

structure of the N-terminal domain of NPC1L1 and its biochemical properties revealed a 

closed cholesterol binding pocket that possessed high selectivity for binding cholesterol 

but not sitosterol, because the ethyl group at carbon 24 on sitosterol would presumably 

cause an unfavorable steric hinderance (56). These researchers also found that 

sitosterol was not able to compete with cholesterol for binding to NPC1L1.  Based on the 

published data, we believe that in the liver G5/G8 excretes both cholesterol and 

phytosterols out of the hepatocytes into bile, and then NPC1L1 selectively reabsorbs 

primarily cholesterol back into the hepatocytes.  Once inside the cells, the sterols travel 

to the putative substrate pool for ACAT2, which then preferentially esterifies cholesterol 

to phytosterols (23).  

Our study demonstrates that similar mechanisms of complex sterol selectivity 

may also exist in the enterocytes of the intestine.  Together, NPC1L1, G5/G8, and 

ACAT2 all contribute to apparently orchestrate the first line of defense against dietary 

phytosterol absorption, in effect preferentially allowing cholesterol to enter the circulation 

via chylomicron transport through the lymphatic system.  Admittedly there is currently no 

direct evidence for the protein-protein interaction of NPC1L1 and G5/G8 in the regulation 
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of sterol influx-efflux pathways, but such a possibility seems consistent with the available 

data.  It would be interesting to investigate whether NPC1L1 and G5/G8 can physically 

interact with one another in the same membrane and/or intracellular compartment and 

whether, and perhaps also with ACAT2, to efficiently determine membrane sterol 

composition and substrate availability for ACAT2 esterification.  Significantly more work 

is necessary to further establish the roles of these crucial players in the enterocytes as 

have been done in the hepatocytes.  The data generated from this study is merely a 

preliminary glimpse into the complex and mysterious black box of intestinal sterol 

absorption. 
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Figure 1. Sterol absorption efficiency and fecal neutral sterol excretion.  
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Figure 1. Sterol absorption efficiency and fecal neutral sterol excretion.  

(A) Direct assessment of percent cholesterol absorption efficiency by thoracic 

lymph duct cannulation was reported as cumulative percent of [14C]-

cholesterol dose appearance in lymph over 8 hourly collections.  The data 

represent mean±SEM, n=9-10/genotype.  These data were analyzed by Two-

Way ANOVA with Bonferonni post-hoc test.  Unlike letters designate 

statistically significant differences of p<0.05 at the 8th hour time point. (B) 

Individual animal data for percent of total [14C]-cholesterol dose recovered in 

lymph after 8 hours lymph collection. Lines represent the means, n=9-

10/genotype. (C) Fecal cholesterol and cholesterol derivatives measured in 

lipid extracts of dried, crushed feces from three-day collection.  The data 

represent mean±SEM, n=7-8/genotype.  These data were analyzed by One-

Way ANOVA with Tukey post-hoc tests.  Unlike letters indicate statistically 

significant differences of p<0.05.  (D & E) Data were obtained and analyzed as 

described for panels A & B with the use of [3H]-sitosterol to represent 

phytosterol absorption.  (F) Fecal phytosterols and phytosterol derivatives 

analyzed as described in panel C. 
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Figure 2. Radioactivity recovery in the liver and gastrointestinal tract (tissue 

wall and lumen content) after thoracic lymph duct cannulation. After the 

eight-hour experiment, [14C]-cholesterol (A) and [3H]-sitosterol (B) were quantified 

in the liver (LIV), stomach (STOM), 5 equal length segments of the small intestine 

(SI-1 to SI-5), cecum (CEC) and colon (COL).  The data are expressed as percent 

of the radioactive dose administered during thoracic lymph duct cannulation 

surgery and represent mean±SEM, n=5/genotype. Unlike letters indicate 

statistically significant differences (p<0.05) within the same tissue as determined 

by Two-Way ANOVA analyses and Bonferroni post-hoc tests.   
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Figure 3. Sterol concentrations in the mucosa of small intestine jejunum Mice 

were fasted for 4 hours prior to euthanasia.  The small intestine was flushed clean 

with saline and divided into five equidistant sections.  The mucosa of the second and 

third segments was gently scraped with glass slides and extracted with 

chloroform:methanol (2:1).  The total lipid extract was subjected to GC analyses for 

(A) free cholesterol, (B) cholesterol ester, (C) free phytosterols, and (D) phytosterol 

esters. All values were normalized by protein concentration in the same sample. The 

data represent mean±SEM, n=8-10/genotype.  Unlike letters denote statistically 

significant differences (p<0.05) as determined by One-Way ANOVA analyses and 

Tukey post-hoc tests. 
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Figure 4. ACAT2 and ABCG5 mRNA expression and ACAT enzyme activity 

in the jejunum.  Real time-PCR analyses were done on SI-2 and SI-3, combined, 

to quantify relative gene expressions for ACAT2 (A) and ABCG5 (B) in the 

jejunum.  The data are presented as arbitrary units (AU) normalized to cyclophilin 

gene expression.  (C & D) In vitro ACAT assays were performed on microsomes 

isolated from the jejunum of mice.  Pyripyropene A, an ACAT2-specific inhibitor, 

was added to assess ACAT1 enzyme activity (D) in each sample, and ACAT2 

enzyme activity (C) was calculated by subtracting values of ACAT1 activity from 

the total ACAT activity in each sample. The data represent mean±SEM, 

n=5/genotype. Unlike letters indicate statistically significant differences (p<0.05) 

as determined by One-Way ANOVA analyses and Tukey post-hoc tests. 
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Figure 5. Percent radioactivity distribution into free sterols and sterol esters in 

isolated chylomicrons. Chylomicrons were isolated from lymph of wildtype (A), 

ACAT2-/- (B), G5G8-/- (C), and DKO (D) mice by ultracentrifugation and the total lipid 

extracts were separated into free sterols and sterol esters by thin layer 

chromatography.  [14C]-cholesterol dpm and [3H]-sitosterol dpm were measured in 

both sterol fractions, and the data are shown as percentages of total dpm distributed 

into free sterols and sterol esters. The data represent mean±SEM, n=5/genotype. 
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Figure 6. Chylomicron particle mass composition over 8 hours.  
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Figure 6. Chylomicron particle mass composition throughout 8 hours of 

lymph collection. Chylomicrons were isolated from lymph of WT, ACAT2-/-, 

G5G8-/- and DKO mice by ultracentrifugation. After Bligh-Dyer extraction, free 

cholesterol (A) and cholesterol ester (B) masses were quantified by gas 

chromatography.  Phospholipid mass (C) was measured by inorganic 

phosphorous colorimetric assay.  Triglyceride mass (D) was measured by an 

enzymatic triglyceride kit from Wako as instructed by the manufacturer.  Protein 

mass (E) was measured by a modified Lowry assay.  The data show the average 

cumulative mass (±SEM, n=5/genotype) of free cholesterol, cholesterol esters, 

phospholipids, triglycerides, and protein throughout the eight-hour experiment. 

The data were analyzed by Two-Way ANOVA with Bonferroni post-hoc tests.  

Unlike letters designate statistically significant differences of p<0.05 at the 8th hour 

time point.   
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 Table 1. Percent Composition of Chylomicron Particle=5/genotype) 
  

% Particle Mass  
 

  Protein        PL     FC TG      CE 
Surface 

to 
    Core 

WT 4.9 ± 0.3a 11.8 ± 0.3a 1.7 ± 0.1a 71.6 ± 1.7a  10 ± 1.0a 0.225 
ACAT2-/- 5.6 ± 0.2ab 11.4 ± 0.3b 2.4 ± 0.1ab 80.6 ± 0.5b 0.1 ± 0.0b 0.240 
G5G8-/- 5.3 ± 0.3a 12.8 ± 0.2c 1.3 ± 0.0c 76.5 ± 0.3c 3.9 ± 0.3c 0.243 
DKO 6.0 ± 0.5b 11.5 ± 0.2ab 3.0 ± 0.1b 78.8 ± 0.7b 0.3 ± 0.1b 0.260 

 
Table 1. Percent composition of chylomicron particle mass. Mass (μg) of protein, 

phospholipids (PL), free cholesterol (FC), triglycerides (TG) and cholesterol esters (CE) 

was measured in chylomicrons isolated from eight hourly collections for each animal. The 

percent composition was calculated by dividing each component mass by the sum of all 

masses for each chylomicron sample from each time point.  The mean percentages of all 

8 time points from one individual animal were calculated for each particle component.  

The data were expressed the overall mean±SEM for each genotype (n=5/genotype).  The 

surface to core ratio was calculated by dividing the sum of protein, PL and FC by the sum 

of TG and CE.  Unlike letters denote statically significant difference (p<0.05) within the 

same column as measured by One-Way ANOVA and Tukey post-hoc tests.  
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Supplemental Figure 1. Effects of ACAT2 and G5/G8 deletions on plasma 
sterol concentrations.   
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Supplemental Figure 1. Effects of ACAT2 and G5/G8 deletions on plasma sterol 

concentrations.  (A) Plasma was obtained from mice fed rodent chow and after 5 

weeks of the sat. diet, containing 20% of energy as palm oil and 0.2% cholesterol 

(w/w). Total plasma sterol concentration was measured using an enzymatic kit from 

Roche Diagnostics. (B) Percent composition of the plasma sterols as free cholesterol 

(FC), cholesterol esters (CE), free phytosterols (FP) and phytosterol esters (PE) was 

calculated by dividing the concentrations of the different sterols by the total sterol mass 

and multiplying by 100.  (C-F) Free cholesterol, cholesterol esters, free phytosterols 

and phytosterol esters concentrations are expressed as mg/dl (mean±SEM, 

n=5/genotype). Unlike letters denote statistically significant differences (p<0.05) as 

determined by One-Way ANOVA analyses and Tukey post-hoc tests. 
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Supplemental Figure 2. Effects of ACAT2 and G5/G8 deletions on hepatic sterol 

concentrations. Liver tissues were extracted by the Folch method and the total lipid 

extracts were subjected to GC for analyses of free cholesterol (A), cholesterol ester 

(B), free phytosterols (C), and phytosterol esters (D).  All values were normalized by 

protein concentration in the same sample. The data represent mean±SEM, 

n=5/genotype. Unlike letters denote statistically significant differences (p<0.05) as 

determined by One-Way ANOVA analyses and Tukey post-hoc tests. 
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Supplemental Table 1: Gene expressions in the jejunum of wildtype (WT), 
ACAT2-/-, G5G8-/-, and double knockout (DKO) mice (n=5/genotype)  

Arbitrary Units (normalized to cyclophilin expression) 
 

Gene Tissue WT ACAT2-/- G5G8-/- DKO 

Jejunum 588 ± 49 a 1 ± 0 b 704 ± 16 c 2 ± 1 b 

Acat2 
Liver 102 ± 9 a 0 ± 0 b 92 ± 7 a 0 ± 0 b 

Jejunum 2367 ± 74 a 2950 ± 74 b 427 ± 23 c 552 ± 47 c 

Abcg5 
Liver 955 ± 85 a 581 ± 49 b 144 ± 22 c 154 ± 29 c 

Jejunum 5300 ± 338 a 3769 ± 247 b 6944 ± 228 c 4997 ± 519 ab 

Npc1l1 
Liver -- -- -- -- 

Jejunum 881 ± 56 a 1350 ± 57 b 1000 ± 30 ab 1760 ± 157 c 

AbcA1 
Liver 905 ± 36 a 942 ± 32 a 1256 ± 127 b 1398 ± 137 b 

Jejunum 11978 ± 561 13139 ± 1488 13987 ± 740 13419 ± 850 
ApoB 

Liver 10217 ± 628 11340 ± 701 10055 ± 1038 9411 ± 477 

Jejunum 11343 ± 298 a 13918 ± 530 b 14807 ± 734 bc 16934 ± 610 c 

Mtp 
Liver 1498 ± 112 1531 ± 84 1294 ± 113 1343 ± 69 

Jejunum 1545 ± 94 1443 ± 40 1714 ± 66 1547 ± 47 
Xbp-1 

Liver 1258 ± 96 853 ± 19 1240 ± 118 1102 ± 118 

Jejunum 1226 ± 71 1160 ± 37 1439 ± 64 1244 ± 35 
Xbp-1p 

Liver 1068 ± 74 719 ± 12 1032 ± 112 894 ± 97 

Jejunum 312 ± 16 302 ± 6 378 ± 15 365 ± 22 
Atf-6 

Liver 299 ± 19 328 ± 12 311 ± 41 301 ± 12 

Ddit-3 
Jejunum 

Liver 

99 ± 7 

29 ± 4 

79 ± 14 

23 ± 4 

98 ± 15 

28 ± 5 

83 ± 11 

26 ± 5 
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 Supplemental Table 1: Gene expressions in the jejunum of wildtype (WT), 

ACAT2-/-, G5G8-/-, and double knockout (DKO) mice.  Mice were euthanized after a 

4-hour fasting period to collect the liver and jejunum.  The small intestine was flushed 

clean of luminal content and divided into five equidistant segments, of which the 

second and third segments were considered the jejunum.  RNA was extracted with 

Trizol reagent.  Quantification of mRNA message was determined by real time-PCR 

and expressed as arbitrary units (AU) normalized to cyclophilin expression within the 

same sample. The data were expressed as mean±STD, n=5/genotype.  Unlike letters 

denote statistically significant differences (p < 0.05) as determined by One-Way 

ANOVA analyses and Tukey post-hoc tests.  Acat2, acyl coenzyme A:cholesterol 

acyltransferase type 2; Abcg5, adenosine triphosphate-binding cassette transporter 

G5; Npc1l1, Niemann Pick C1-Like 1; AbcA1, adenosine triphosphate-binding 

cassette transporter A1; ApoB, apolipoprotein B; Mtp, microsomal triglyeride transfer 

protein; Xbp-1, X-box binding protein 1; Xbp-1p, X-box binding protein 1 spliced 

variant; Atf-6, activating transcription factor 6; Ddit-3, DNA damage-inducible 

transcript 3. 
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CHAPTER 4 

APPENDIX 

 
 
Figure 1. Chylomicron cholesteryl ester fatty acid composition.  Chylomicron 

total lipid extracts were pooled from ACAT2+/+, ACAT2+/-, and ACAT2-/- mice 

(n=5/genotype).  Lipids were separated by thin layer chromatography, and the fatty 

acids of isolated cholesteryl ester were transesterified in situ on the silica gel.  The 

resulting fatty acid methyl esters were analyzed by gas chromatography for percent 

composition of short chain fatty acids (A) and long chain (B) fatty acids. 
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Figure 2. Radioactivity recovery in down the length of the intestine wall after 

thoracic lymph duct cannulation. After the 8 hour experiment, [14C]-cholesterol (A) 

and [3H]-sitosterol (B) were quantified in 5 equal length segments of the small 

intestine (SI-1 to SI-5) wall alone.  The data are expressed as percent of the 

radioactive dose administered during thoracic lymph duct cannulation surgery and 

represent means ± SEM, n=5/genotype. Unlike letters denote statistically significant 

differences (p < 0.05) within the same tissue as determined by Two-Way ANOVA 

analysis and Bonferroni post-hoc tests.   
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Figure 3. Triglyceride concentrations in the mucosa of small intestine jejunum 

of wildtype (WT), ACAT2-/-, G5G8-/-, and double knockout (DKO) mice.   Mice 

were fasted for 4 hours prior to sacrifice.  The small intestine was flushed clean with 

saline before the mucosa was gently scraped with glass slides and extracted with 

chloroform:methanol (2:1).  The total lipid extract was dissolved in 1% Triton and 

deionized water for triglyceride measures by enzymatic assays (Wako kit). All values 

were normalized by protein concentration in the same sample. The data represent 

means ± SEM, n=5/genotype.  Unlike letters denote statistically significant differences 

(p< 0.05) within the same intestine segment as determined by One-Way ANOVA 

analyses and Tukey post-hoc tests. 

 



 113 

 

 
 
Figure 4. Sterol concentrations in the spleen of wildtype (WT), ACAT2-/-, G5G8-/-, 

and double knockout (DKO) mice. Mice were fasted for 4 hours prior to sacrifice 

and the spleens were snap-frozen into liquid nitrogen then extracted with 

chloroform:methanol (2:1).  The total lipid extract was subjected to GC analyses for 

(A) free cholesterol, (B) cholesterol ester, (C) free phytosterols, and (D) phytosterol 

esters.  All values were normalized by protein concentration in the same sample as 

measured by Lowry method. The data represent means ± SEM, n=5/genotype.  

Unlike letters denote statistically significant differences (p< 0.05) as determined by 

One-Way ANOVA analyses and Tukey post-hoc tests. 
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CHAPTER 5 

GENERAL DISCUSSION 

 

The studies reported in this dissertation provide new evidence demonstrating the 

importance of ACAT2 in selective cholesterol absorption and the contribution of G5/G8 in 

regulating the substrate availability for ACAT2 esterification. The use of thoracic duct 

lymph collection during absorption of a moderate saturated fat, high cholesterol diet 

shows, in mice, that efficient cholesterol absorption requires CE incorporation into 

chylomicrons. The studies also demonstrated that movement of newly absorbed 

cholesterol through the enterocyte into intestine-derived HDL particles was minimal.  

Moreover, the role of ACAT2 extended across the entire time course of cholesterol 

absorption.  Radioactive tracer data and sterol mass analyses agreed that the lack of CE 

synthesis is associated with inefficient cholesterol absorption and that CE formation 

requires chylomicron particles for cholesterol transport out of the enterocyte into lymph.   

Collectively the results in Chapter 2 demonstrate that, in the enterocyte, ACAT2 

is the major enzyme for cholesterol esterification, which is in turn required for efficient 

cholesterol absorption.  We further hypothesized that if ACAT2 cholesterol esterification 

enhances cholesterol absorption efficiency, the extent of absorption efficiency would be 

proportional to Acat2 gene dosage.  We suspected that as the copy number of ACAT2 

allele decreased, we would see a concomitant decrease in cholesterol absorption 

efficiency.  However, this was not found and the ACAT2+/- mice showed the same 

efficiency as the ACAT2+/+ mice. Only ACAT2-/- mice exhibited a 65% decrease in 

cholesterol absorption efficiency. Intestinal ACAT2 is apparently present in excess in 

wild type C57Bl6 mice. 
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The studies presented in Chapter 3 attempted to determine the contribution of 

G5/G8 in intestinal cholesterol absorption.  In previous studies on ABCG5 and/or ABCG8 

1, 2, it was suggested that G5/G8 deficiency decreased sterol, particularly phytosterols, 

excretion and G5/G8 overexpression increased sterol excretion.  This chapter focused 

on the impact of G5/G8 deficiency on sterol absorption with a focus on cholesterol 

metabolism and chylomicron transport.  The absence of G5/G8 in mice on a mixed 

genetic background resulted in a statistically significant 21% decrease in cholesterol 

absorption efficiency in G5G8-/- relative to WT mice. This decrease in percent cholesterol 

absorption was associated with reductions in CE accumulation in the SI mucosa, in the 

percentage of chylomicron [14C]-cholesterol ester, in cumulative CE mass secretion into 

chylomicrons, and in the percentage of total chylomicron particle mass as CE.  

Altogether, the data clearly demonstrate that cholesterol esterification in the enterocyte, 

which is derived from ACAT2, was dampened in the absence of G5/G8.  The intestine 

also appeared to exhibit differential handling of [14C]-cholesterol versus [3H]-sitosterol 

down the length of the GI tract.  In addition, the pattern of CE accumulation in the SI 

mucosa was different compared to that in the liver, suggesting that G5/G8 may exert 

slightly different effects on cholesterol metabolism in the two different tissues.     

A total of 61 mice were successful cannulated during these two studies. We 

consistently found less than 1% of the total radioactive dose in the plasma and the liver 

of all mice at the end of eight hourly lymph collections, strongly indicating that significant 

amounts of newly absorbed cholesterol from the intestinal lumen did not directly enter 

the circulation via HDL particles, as others have suggested over the years 3-5.  Instead, 

the data show that efficient cholesterol absorption requires CE incorporation into 

chylomicron particles, which are transported via the lymphatic system before entering 

the blood circulation at the subclavian vein.   
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The cumulative appearance rates of [14C]-cholesterol in lymph were similar in 

ACAT2+/+ and ACAT2+/- mice.  Despite possessing half the amount of ACAT2 mRNA and 

enzyme activity as ACAT2+/+ mice, ACAT2+/- mice actually absorbed cholesterol at the 

same efficiency (42-46%) as ACAT2+/+ mice did. In contrast, ACAT2-/- mice displayed a 

major reduction in percent cholesterol absorption to about 16%.  Data on cumulative 

percent [14C]-cholesterol appearance in lymph and cumulative chylomicron CE mass 

indicate that ACAT2 plays an important role in regulating cholesterol absorption 

throughout the entire time course.  In both ACAT2+/+ and ACAT2+/- mice, the 

accumulation rates for radioactive [14C]-cholesterol appearance in lymph and CE mass in 

chylomicrons are practically the same, suggesting that ACAT2 exists in excess in control 

mice.  

Many have assumed that lack of CE synthesis would result in reduced 

cholesterol absorption, but these studies are the first to show that ACAT2 cholesterol 

esterification leads to incorporation of CE into chylomicron particles for quantitative sterol 

transport out of the enterocyte into the lymphatic system.  Despite a proportional 50% 

decrease in ACAT2 mRNA message and enzyme activity from ACAT2+/+ to ACAT2+/-, 

there was no apparent gene dosage effect on cholesterol absorption efficiency.  A 65% 

decrease in cholesterol absorption was found only in ACAT2-/- mice, suggesting that 

ACAT2 exists in excess in the enterocyte of wildtype mice.  Based on our mRNA data, 

the absence of ACAT2 in the intestine appeared to be associated with a down-regulation 

of NPC1L1 expression in all segments of the SI, which could have reduced the uptake of 

cholesterol into the enterocyte and may partially explain the reason for the reduced 

cholesterol absorption efficiency.  ACAT2-/- mice also exhibited a slight up-regulation of 

ABCG5 mRNA expression, perhaps via an LXR-mediated response that might have 

promoted excretion of excess FC out of the cell back into the lumen of the gut 6.   
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The characteristics of chylomicron particles were determined by measuring 

particle size as well as analyzing lipid and apolipoprotein compositions.  Percent 

distribution of [14C]-cholesterol and [3H]-sitosterol into free sterols versus sterol esters 

strongly support the idea that ACAT2 preferentially esterifies cholesterol over 

phytosterols, which was also described in previous in vitro studies 7. The source of the 

small amount of CE in ACAT2-/- chylomicrons could not be identified.  We believe that it 

was not formed by ACAT1, because ACAT1 is not expressed in the enterocyte 8. 

Appendix Fig. 1 shows the CE fatty acid profile for isolated chylomicron CE.  There were 

increases in numerous hydrophobic long chain fatty acids, indicative of a pattern 

possibly associated with some form of wax esters 9; however, we could identify the 

source of these fatty acids.   We suspect that in the absence of ACAT2, most of the 

cholesterol molecules come into the body as FC that is primarily partitioned on the 

surface of the chylomicron particle amongst PL molecules or, to a much lesser extent, 

was dissolved in the TG-rich particle core.  

To understand how G5/G8 regulate the putative substrate pool for ACAT2 

esterification, studies presented in Chapter 3 were performed, using ACAT2-/-, G5G8-/-, 

and DKO mice compared to WT control mice on a mixed genetic background.  We 

hypothesized that sterols enter the enterocyte through the brush border membrane via 

an NPC1L1-mediated process but that G5/G8 limits the substrate availability for ACAT2 

sterol esterification by excreting cholesterol and phytosterols out of the cell, thus 

decreasing the absorption efficiency of both sterols.  Our results supported part of this 

hypothesis. 

In Chapter 3, ACAT2-/- mice had a 50% reduction in cholesterol absorption 

efficiency compared to the 65% reduction shown in Chapter 2.  This difference in percent 

cholesterol absorption may have been a result of differences in genetic background 10, 11.  
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We were surprised to also observe a 21% decrease in percent cholesterol absorption 

when G5/G8 was deleted. Based on previous publications 12, 13 and our indirect finding 

that G5G8-/- mice displayed decreased fecal cholesterol excretion, we anticipated that 

disruptions in G5/G8 would be associated with increased cholesterol absorption.  

However, this was clearly not case when thoracic lymph duct cannulation was performed 

to directly measure percent cholesterol absorption.  This decrease most like resulted 

from a combination of contributing factors. 

In the absence of G5/G8, phytosterols accumulated in SI mucosa and 

consequently in the liver and in the spleen (Appendix Fig. 4) after the phytosterols have 

been absorbed from the gut lumen.  Our data indicate that a G5/G8 deletion did not lead 

to inhibition of ACAT2 enzyme activity or disruptions in chylomicron assembly by ER-

stress, as G5G8-/- possessed similar levels of ACAT2 enzyme activity and mRNA 

expression in MTP, ApoB, and various ER-stress markers as WT mice did.  It is possible 

that the enrichment of phytosterols in the cell membranes of enterocytes may have 

caused dysfunction in NPC1L1 and disrupting cholesterol uptake at the plasma 

membrane into the cells 14-17, thus reducing cholesterol availability for ACAT2 

esterification, as evident by the reduction in percent [14C]-cholesterol as esterified sterols 

(Fig. 5) and the decrease in chylomicron CE mass secretion.  Furthermore, the 

presumed reduction in cholesterol uptake caused by phytosterol membrane enrichment 

may have triggered the up-regulation of NPC1L1 mRNA expression in G5G8-/- jejunum to 

compensate for the lack of cholesterol uptake into the enterocyte.  Phytosterols have 

been shown to reduce membrane stability, perhaps due to the steric hindrance of the 

side chains at carbon 24 of the molecule 18, 19, and NPC1L1 function depends on proper 

formation of cholesterol-enriched microdomains associated with flotillin lipid raft proteins 

and internalization via clathrin-coated pits 20, 21.  It is conceivable that the enrichment of 
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phytosterols in the apical brush border membrane of the enterocyte could lead to 

reduced NPC1L1 endocytosis by disrupting the formation of lipid raft microdomains and 

the ability for the N-terminal domain of NPC1L1 to sense cholesterol, thus resulting in 

reduced cholesterol uptake into the enterocyte, limiting cholesterol availability for ACAT2 

cholesterol esterification, and decreasing cholesterol absorption efficiency. 

We suspect that the primary discriminators between cholesterol versus 

phytosterol absorption may exist at the levels of NPC1L1-mediated sterol uptake and 

ACAT2 sterol esterification, not necessarily at G5/G8-mediated sterol excretion alone as 

previously thought.   

We hypothesize that the preference for absorbing cholesterol, but not 

phytosterols, involves a multi-step process.  Our data strongly support the notion that 

NPC1L1 at the brush border membrane discriminates against phytosterols and allows 

predominantly cholesterol into the enterocyte.  The phytosterols that escaped the 

primary screening by NPC1L1 are then shuttled out of the cell by the secondary pathway 

involving G5/G8. The remaining sterols (mostly cholesterol and some phytosterols) enter 

the putative substrate pool for ACAT2 by either vesicular or non-vesicular transport 22-26.  

It is not clear how the sterols are transported to ACAT2 in the ER, but the possibilities 

may involve carrier proteins, such as StarD4 – which as been shown to enhance CE 

synthesis in vitro 22, 27.  In the ER, ACAT2 adds another layer of selectivity by esterifying 

mostly cholesterol rather than phytosterols.  When G5/G8 is functional, any non-

esterified phytosterol molecule can once again return to the plasma membrane for 

excretion via G5/G8 through unknown mechanisms.  Without G5/G8, the residual 

phytosterols can make their way into the substrate pool for ACAT2, although phytosterol 

esterification by ACAT2 occurs at a much lower efficiency than it can with cholesterol.  

Once a sterol molecule is esterified by ACAT2, its insoluble physiochemical state 
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requires it to be incorporated in the neutral lipid core of a chylomicron particle, forcing it 

to enter the lymphatic system.  Without ACAT2, sterol mass can be transported into 

lymph but at a significantly lower efficiency, because unesterified sterols can only coat 

the finite surface of a chylomicron particle. The core of the particle can hold more 

molecules of CE than the amount of FC molecules on the surface.  Moreover, free 

sterols can also freely exchange onto the surfaces of other lipoprotein particles and the 

membranes of surrounding tissues or cells.   

Altogether, the data support the hypothesis that the presence of ACAT2 

increases cholesterol absorption efficiency by providing CE for incorporation into 

chylomicron particles, and this increase in absorption efficiency is not related to Acat2 

gene dosage. We believe that the cholesterol esterification reaction is essential for 

efficient sterol absorption. 

This dissertation work contributed to the field of cholesterol absortion by 

demonstrating that mechanisms of complex sterol selectivity exist in the enterocytes of 

the intestine, just as it may exist in hepatocytes of the liver.  Together, NPC1L1, G5/G8, 

and ACAT2 appear to orchestrate the exquisite regulation against dietary phytosterol 

absorption while preferentially allowing cholesterol to enter the circulation via quantitative 

chylomicron transport through the lymphatic system.  Significantly more work is 

necessary to further establish the molecular mechanisms of these crucial players in 

cholesterol versus phytosterol absorption by the enterocyte.  It would be interesting to 

directly study the role of NPC1L1 in selective intestinal cholesterol absorption and 

chylomicron transport by performing similar TLDC experiments on mice that 

constitutively overexpress a transgene for human NPC1L1 while having mouse NPC1L1 

gene delete.  It would also be worthwhile to determine whether NPC1L1 and G5/G8 work 

together by protein-protein interactions or whether they traffic together through different 
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cellular membrane compartments to regulate the sterol substrate pool for ACAT2. The 

data generated from this work is merely a preliminary glimpse into the complex and 

mysterious black box of intestinal sterol absorption. 
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Figure 1. Proposed model for mechanisms of cholesterol absorption in the 

enterocyte. The primary discriminators between cholesterol versus phytosterol 

absorption may exist at the levels of NPC1L1-mediated sterol uptake and 

ACAT2 sterol esterification, not necessarily at G5/G8-mediated sterol 

excretion alone.  Perhaps, NPC1L1 is the initial gatekeeper that regulates 

selective cholesterol uptake into the enterocyte while excluding phytosterols, 

and G5/G8 to serves as the secondary “clean-up” mechanism for the 

remaining phytosterols that entered the cell.  In the ER, ACAT2 selectively 

esterifies cholesterol over phytosterols for incorporation into chylomicrons. 
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