Cholesterol esterification by ACAT2 is essential for
efficient intestinal cholesterol absorption: evidence from
thoracic lymph duct cannulation®

Tam M. Nguyen,1 Janet K. Sawyer, Kathryn L. Kelley, Matthew A. Davis, and Lawrence L. Rudel’

Department of Pathology, Wake Forest University School of Medicine, Winston-Salem, NC

Abstract The hypothesis tested in this study was that cho-
lesterol esterification by ACAT2 would increase cholesterol
absorption efficiency by providing cholesteryl ester (CE)
for incorporation into chylomicrons. The assumption was
that absorption would be pro Portlonal to AcatZ gene dos-
age. 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 thorac1c lymph duct
cannulation (TLDC) methods using [ H]51tosterol and
['“Clcholesterol tracers. Excellent agreement among indi-
vidual mice was found for cholesterol absorption measured
by both technlques. Cholesterol absorption efficiency in
ACAT2™/” mice was 16% compared with 46-47% in
ACAT2"* and ACAT2”” mice. Chylomicrons from
ACAT2"* and ACAT2"~ mice carried ~80% of total sterol
mass as CE, whereas ACAT2 ™/~ chylomicrons carried >90%
of sterol mass in the unesterified form. The total percent-
age of chylomicron mass as CE was reduced from 12% in
the presence of ACAT2 to ~1% in ACAT2 ™/~ mice. Alto-
gether, the data demonstrate that ACAT2 increases choles-
terol 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.—Nguyen,
T. M., J. K. Sawyer, K. L. Kelley, M. A. Davis, and L. L.
Rudel. Cholesterol esterification by ACAT?2 is essential for
efficient intestinal cholesterol absorption: evidence from
thoracic lymph duct cannulation. J. Lipid Res. 2012. 53:
95-104.
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Elevated plasma cholesterol concentration is widely ac-
cepted as a risk factor for accelerated atherosclerosis and
coronary heart disease (CHD) (1, 2). Because there are
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positive correlations among cholesterol absorption,
plasma cholesterol concentrations, and CHD risk, under-
standing the physiology of intestinal sterol transport can
provide new therapeutic strategies for preventing cardio-
vascular disease (CVD) (3-6). Whole-body cholesterol ho-
meostasis is achieved by the balance among de novo
synthesis, intestinal excretion, and absorption from diet
(7). While the molecular mechanisms of cholesterol syn-
thesis are well described, our understanding of the mech-
anisms governing cholesterol absorption and excretion
still remains incomplete.

Early studies in humans as well as various animal spe-
cies, 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 dif-
ferent isoforms, designated as ACAT1 and ACAT2 (14,
15), with different tissue distributions and apparently dis-
tinct functions (16). In African green monkeys, ACAT1 is
ubiquitously expressed in many tissues, whereas ACATZ is
exclusively expressed in the liver and small intestine (17),
a finding similar to what is seen in mice (15). Relevant to
humans is the observation that dietary cholesterol or satu-
rated 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
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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 ACAT?2 plays a crucial role in chylomicron cholesterol
transport.

The objective of this study is to directly investigate the
mechanistic role of ACAT2 in regulating intestinal choles-
terol absorption efficiency and cholesterol transport by
chylomicrons. We hypothesized that, by catalyzing CE for-
mation in the enterocyte, ACAT2 increases cholesterol ab-
sorption proportionally to Acat2 gene dosage. The role of
ACAT?2 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) mem-
brane. FCis also a component of the surface phospholipid
monolayer of a lipoprotein, where it can undergo diffu-
sional exchange in chyle and in blood (23). By contrast,
CE is mostly insoluble in membranes and must be pack-
aged into lipid droplets or incorporated into the core of
lipoprotein particles for export out of the cell. We hypoth-
esized that interruptions in intestinal CE formation in
ACAT2” ™ or ACAT2™/~ mice will be associated with de-
creased cholesterol absorption efficiency, and we sus-
pected that as the copy number of ACATZ allele decreased,
a stair-step decrease in cholesterol absorption efficiency
would occur.

To directly document metabolic aspects of cholesterol
absorption, a surgical technique of thoracic lymph duct
cannulation (TLDC) was used in mice to directly investi-
gate the physiological mechanisms of how newly absorbed
cholesterol is transported and delivered into the circula-
tion via intestine-derived lipoproteins, primarily chylomi-
crons. 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 di-
etary 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, then
flows along the aorta up the thoracic duct and joins the
venous system at the subclavian vein. Now almost ninety
years later, we have been able to quantitatively collect tho-
racic duct lymph during active lipid absorption in geneti-
cally engineered mice to better define the physiological
mechanisms of a specific protein of interest-ACAT2-in
intestinal cholesterol absorption and transport. The
ACAT?2-deficient mouse model used in this study was
originally described by Buhman et al. (25), who found
that ACAT2 ™/~ mice possessed complete resistance to
diet-induced hypercholesterolemia and cholesterol gall-
stone formation, whereas ACAT2"* and ACAT2" ™ mice
developed severe and intermediate levels of gallstones,
respectively. These findings suggest that there may be a
gene-dosage effect of Acat2 on cholesterol absorption
and metabolism.
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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 accred-
ited) at Wake Forest School of Medicine (WFSM), and the WFSM
Institutional Animal Care and Use Committee approved all pro-
tocols prior to execution. Male ACAT2" ’ ACAT2" -, and
ACAT2 /™ mice were colony bred on a pure C57Bl/6 back-
ground and maintained on rodent chow before entering the
studies at 10-15 weeks of age. During both studies, mice were fed
a semisynthetic saturated fat diet containing 20% of energy as
palm oil and 0.2% cholesterol (w/w) (26) for five 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 two weeks of saturated fat 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 absorp-
tion, followed by euthanasia. In a second age-matched study,
mice (n =5/genotype) were fed the saturated fat diet for 5 weeks,
followed by euthanasia for tissue collection.

Plasma lipid concentrations

Plasma cholesterol concentrations were analyzed at baseline
(rodent chow) and after two weeks of saturated fat diet feeding.
Prior to blood sampling, mice were fasted for 4 h. Blood was ob-
tained from the superficial submandibular vein, and plasma was
collected after centrifugation of blood at 1700 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 (Wako Chemicals) enzymatic
kits, respectively, according to the manufacturers’ instructions. Per-
centage plasma cholesterol distribution among lipoprotein classes
was determined after separation by gel filtration chromatography
by a method similar to that described previously (27). By multi-
plying the percentages of lipoprotein cholesterol distribution by
the TPC concentration, cholesterol concentrations were deter-
mined for VLDL, LDL, and HDL.

Liver and intestine collection

After a 4 h fast, mice (n = 5/genotype) were anesthetized by
intramuscular injection with 2 pg/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 0.9% NaCl. Livers were removed, minced, and snap-
frozen in liquid nitrogen. The small intestine was cut into 5
equal-length segments, flushed clean with 0.9% NaCl, and snap-
frozen in liquid nitrogen. All tissues were stored at —80°C until
processing.

Microsomal ACAT?2 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,
1 mM EDTA, 0.1 M K,HPO,, pH 7.4) in the presence of protease
inhibitor cocktail (20 pl for SI, 10 pl for liver, Sigma). Microsomes
were isolated and ACAT assays were performed by a similar
method to that described previously (28). Relative ACAT enzyme
activity was expressed as nanomole CE synthesized per milligram
microsomal protein per minute (nmol/mg/min). Duplicate as-
says 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; ACAT1 activity was determined
as the difference between total ACAT and ACAT?2 activities.

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 (In-
vitrogen) using the manufacturer’s instructions. With the excep-
tions of Acat2, Npclll, and Abcg5 genes that were analyzed as
individual samples (n = 5/genotype), assays for other lipid me-
tabolism genes in supplementary Table I were performed with
equal amounts of cDNA pooled from five mice of each genotype.
Real-time polymerase chain reaction (RT-PCR) was used to ana-
lyze two pools per tissue for each genotype as described previ-
ously (29). Ct values were calculated based on fluorescence
measurements and entered into an equation (arbitrary unit =
1 x 107 x 0931~ G‘)) to determine arbitrary units (AU). All results
were normalized by mRNA expression of cyclophilin, a house-
keeping gene, within the same tissue sample or sample pool.

Cholesterol absorption analysis by fecal
dual-isotope method

Because the fecal dual-isotope (FDI) method is well accepted
in the literature as an indirect method for estimating cholesterol
absorption efficiency (30), it was used to validate the direct evalu-
ation of cholesterol absorption by TLDC. After two weeks of satu-
rated fat diet feeding, mice (n = 7-9/genotype) were gavaged
with 25 pl soybean oil mixture containing 0.034 wCi 4—[14C]ch0—
lesterol (American Radiolabeled Chemicals) and as a nonabsorb-
able marker, 0.088 nCi 22,23-[?’H]sitosterol (New England
Nuclear). A very low dose of radioactive sterols was used to avoid
confounding readings in the subsequent TLDC experiments per-
formed two weeks later. Feces were collected for three 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 5a-cholestane (internal standard) were sa-
ponifed and extracted with hexane as described (29). To esti-
mate percent cholesterol absorption, the radioactivity in the total
lipid extract was quantified in a liquid scintillation spectrometer
(Beckman Coulter LS 6500) and the disintegrations per minute
(dpm) were entered into the following equation: [(14C/ *H dose —
14C/SH feces) / 14C/3H dose] x 100 = % cholesterol absorption
efficiency.

Cholesterol absorption analysis by thoracic
lymph duct cannulation

Subsequent to fecal collection for FDI measurements, mice
were returned to regular cages and saturated fat diet feeding con-
tinued for an additional two weeks. A modified version of the
thoracic lymph duct cannulation (TLDC) procedure previously
described by Ionac (31) was used. Thirty minutes prior to sur-
gery, mice were gavaged with 25 pl soybean oil to facilitate visual-
ization 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 postoperative ileus and
drowsiness.

The thoracic lymph duct cannula consisted of two tubes: a 5
cm long RenasSil 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 heat-
ing 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 can-
nula at a rate of 300 pl/hr using a syringe pump (Harvard Ap-
paratus) for the remainder of the 8 h study. The micelle solution
contained 3 mM egg lecithin, 16 mM oleic acid, and 54 mM
NaTC in a complete PBS (6.75 mM Na,HPO, 16.5 mM NaH,PO,,
115 mM NaCl, 15 mM KCl, 10 mM Glc, 1 mM CaCly, pH 6.4)
(Sigma). After cannulating the duodenum, a bolus dose of radio-
active micelle solution (4.4 nCi 22,23-[3H]sitosterol and 2.2 nCi
4—[14C]cholesterol as tracers, 3.8 mM cold cholesterol, 0.7 mM
cold sitosterol, 35.2 mM egg lecithin, 200 mM NaTC in 120 pl
PBS, pH 7.5) was injected directly into the duodenum just below
the pyloric sphincter, and the injection site was glued with Hexa-
bond tissue adhesive to ensure that no leakage occurred.

Abdominal organs were carefully retracted and connective tis-
sue 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 tis-
sue to the cannula to tightly secure the tubing in place. The can-
nulation 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 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 can-
nula into an Eppendorf tube, containing 5 ul protease inhibitor
cocktail (Sigma) plus 5% EDTA and 5% sodium azide, for 8 h
with tubes changed hourly.

Percentage sterol absorption was quantitatively measured in
each animal by quantifying the dpm of [14C]cholesterol and [SH]
sitosterol in whole lymph from each hourly collection and divid-
ing the values by the total dpm in the bolus dose injected into the
duodenum. Cholesterol absorption was directly quantified by
sampling lymph produced during active lipid absorption, and
the cumulative percentage of the radioactive dose in thoracic
duct lymph by the end of 8 h was calculated as the cholesterol
absorption efficiency of each individual animal. Experiments
were stopped after 8 h, because trial experiments of up to 12 h of
lymph collection did not yield more appreciable amounts of ra-
dioactivity 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 ultracen-
trifugation of whole lymph under a layer of saline (0.9% NaCl,
0.05% EDTA, 0.05% Na azide) at 43,600 g for 4 h 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. Chylomi-
crons 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. Chylo-
micron protein concentrations were quantified using a modified
Lowry assay (32). Because the chylomicron solution was very
cloudy, absorbance could not be measured accurately, so chloro-
form was added with vortexing to extract lipids. The tubes were
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then centrifuged at 1,871 gfor 30 min at room temperature, and
the absorbance of the clarified blue colored top phase was mea-
sured at 595 nm wavelength in a spectrophotometer.

Chylomicron lipids were extracted using the Bligh-Dyer
method (33). Phospholipid mass was measured by a colorimetric
inorganic phosphorous assay (34). For chylomicron TG mass, the
total lipid extract was dissolved in 1% Triton-CHCl, the solvent
was evaporated, the dissolved lipids were resuspended in deion-
ized water, and the TG concentration was measured by an enzy-
matic kit (Wako) according to the manufacturer’s instructions.
Chylomicron sterol composition was analyzed by GC with a simi-
lar method to that described previously (26). The differences
between total cholesterol (TC) mass and FC mass were multi-
plied by 1.67 to calculate CE mass. The percentages of radioactiv-
ity in free sterols and sterol esters were quantified by a liquid
scintillation spectrometer after lipid class separation by thin-layer
chromatography. Because the FC/TC values did not vary from
hour to hour during the entire experiment, 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 manufacturer’s instructions.
Chylomicron particles from lymph collections at hour 3 and hour 4
were measured, as these fractions made up the peak of the per-
centage cholesterol absorption curve during the 8 h time course.
Each sample was measured in duplicate to derive the average chy-
lomicron diameter for each animal (n = 5/genotype).

Chylomicron apolipoprotein profile

To quantify the relative abundance of each apolipoprotein
class, trichloroacetic acid (TCA) precipitation of chylomicron
proteins from the hour 3 lymph collection (n = 3/genotype) was
used, then apolipoproteins were separated on 4-20% Tris-Gly-
cine SDS-PAGE gels (Lonza). The gels were stained with Coo-
massie blue as previously described (35). Quantification of the
apolipoprotein bands was performed using the Alpha-Innotech
Gel Imager according to manufacturer’s instructions.

Statistical analyses

Using GraphPad Prism statistical software v4 (GraphPad Soft-
ware Inc.), we analyzed data by one-way ANOVA with Tukey post-
hoc tests or two-way ANOVA with Bonferroni posthoc tests.
Differences were considered statistically significant at P < 0.05
and are indicated by different superscript letters.

RESULTS

Total plasma cholesterol (TPC) and plasma TG concen-
trations were measured in ACAT2"*, ACAT2" ~,ACAT2 /"~
mice at baseline (chow diet) and after two weeks of satu-
rated fat diet feeding to determine whether 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 a chow diet. However,
after two weeks on the saturated fat 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 con-
centrations of LDL-c (Fig. 1B) and HDL-c (Fig. 1C). On
the other hand, plasma TG concentration (Fig. 1D) de-
creased on the saturated fat diet among all genotypes, but
it was generally higher in ACAT2 ™/~ mice than in mice
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Fig. 1. Diet effects on plasma cholesterol and triglyceride con-
centrations in male ACAT2"", ACAT2"", and ACAT2 /" mice.
Plasma was collected after centrifugation of blood from mice fed
rodent chow and two weeks of saturated fat diet (20% of energy as
palm oil and 0.2% (w/w) cholesterol). (A) Total plasma choles-
terol concentrations measured using the cholesterol/HP enzymatic
reagents from Roche Diagnostics. (B) LDL cholesterol and (C)
HDL cholesterol concentrations determined by gel filtration chro-
matography. (D) Triglyceride concentrations measured using re-
agents from Wako Chemicals. Data represent mean + SEM (n =
8-13/genotypes). Data were analyzed by two-way ANOVA with Bon-
ferroni posthoc tests. Different letters designate statistically signifi-
cant differences (P < 0.05).

with functional ACAT2, a well-documented phenotype ob-
served in  ACAT2-deficient mice (36-38). Overall,
ACAT2™’~ mice displayed a blunted diet-induced eleva-
tion in plasma cholesterol concentration relative to that
observed in ACAT2"* and ACAT2" ™ mice.

Microsomal ACAT assays were used to measure relative
expression of ACAT2 enzyme activity in each section of
small intestine (SI) and compared with that of the liver
(Fig. 2A). The data show that higher levels of ACAT2 en-
zyme activity existed in the proximal portion of the intes-
tine and that 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
ACAT?2 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 ACAT?2 activity than ACAT2"* mice in all
segments of the SI and in the liver, whereas no activity was
detected in any sample from ACAT2™/™ mice.

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 it was undetectable in ACAT2 /™
mice. Interestingly, the pattern of ACAT2 mRNA abun-
dance down the length of the small intestine was different
from the pattern of enzyme activity, with SI segments 3-5
having apparently higher levels of mRNA than enzyme
activity.

Gene expression was also measured for Npclll and
Abcg5. Npclll mRNA expression (Fig. 2C) was highest in
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Fig. 2. Impact of Acat2 gene dosage on ACAT2 enzyme activity

and Acat2, Npclll, and Abcg5 mRNA expression in five segments of
small intestine (SI) compared with liver. (A) Microsomal ACAT2
activity of tissue pools (n =5/genotype). (B) Acat2, (C) Npclll, 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 normal-
ized to mRNA expression of cyclophilin, a housekeeping gene,
within the same sample. Different letters designate statistically sig-
nificant differences (P < 0.05) within the same tissue, as measured
by two-way ANOVA and Bonferroni posthoc tests.

segments 2—4, not unlike Acat2. Npclll expression was sig-
nificantly lower in all SI segments of ACAT2 ™/~ mice com-
pared with those with functional ACATZ2, although the
gene dosage effect was not apparent as no differences were
observed between ACAT2”* and ACAT2" ™ mice. The pat-
tern of Abcg5 expression in SI segments was also similar to
that of Acat2 and Npclll, being higher in proximal seg-
ments 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 (39).

Fig. 3 shows data on the percentage of intestinal choles-
terol absorption measured by two methods: FDI and
TLDC. Both methods yielded comparable values for cho-
lesterol absorption efficiency across all three genotypes of
mice. The average (£ SEM) cholesterol absorption per-
centages in ACAT2"" (42.9 + 8.25% for FDI versus 46.08 +
5.73% for TLDC) and ACAT2"~ (42.01 + 5.10% for FDI
versus 47.12 + 4.51% for TLDC) mice were similar between
methods; however, ACAT2 ™/~ mice had significantly lower
percentages of cholesterol absorption (12.00 + 2.61% for
FDI versus 15.61 + 2.64% for TLDC). Values among indi-
vidual animals for each method are presented in Fig. 3B to
show that both methods of estimating cholesterol absorp-
tion were, in general, comparable among individual mice.

Fig. 4 shows the cumulative percentages of ["*C]choles-
terol and [SH]sitosterol dose recovered in thoracic duct
lymph of all three genotypes after TLDC. A distinct effect
of the ACAT2 genotype was apparent in [MC]cholesterol
accumulation in lymph. From hours 2-8 of lymph collec-
tion, significantly less [MC]cholesterol appeared in lymph
of the ACAT2™/" mice compared with ACAT2"" and
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Fig. 3. Measurement of cholesterol absorption efficiency by FDI
and TLDC. (A) Estimation of percentage cholesterol absorption by
FDI method was derived from extraction of crushed feces collected
for three days; direct measurement of percentage cholesterol ab-
sorption by TLDC was reported as the percentage of total ["cl
cholesterol dose recovered in lymph after 8 h collection. See Mate-
rials and Methods 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 Bonfer-
roni posthoc tests. (B) Percent cholesterol absorption values de-
rived from FDI and TLDC methods for 24 individual animals.

ACAT2"™ mice. The fact that this difference was seen
throughout the experiment demonstrates that this trend
represents the physiologic behavior of newly absorbed
cholesterol. Moreover, no difference was seen between the
ACAT2"* and ACAT2” ™ mice, indicating that decreasing
ACAT? availability by 50% did not change the efficiency of
cholesterol absorption. Very little ["H]sitosterol absorp-
tion (only 2-3% of the dose) accumulated in lymph over
the 8 h experiment, and no effect of ACAT2 gene dosage
was seen.

All experiments were conducted over an 8 h time course,
because the percentages of [14C]cholester01 recovered in
lymph per hourly collection peaked between hours 2 and
4, and then dramatically decreased to only 3.87 + 1.08%,
8.47 + 0.29%, and 1.99 + 0.74% in ACAT2"", ACAT2"",
and ACAT2 /™ mice, respectively, at the end of 8 h
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Fig. 4. Cumulative radioactive sterol appearance in thoracic duct
Iymph. Using a dual-channel isotope scintillation spectrometer,
[14C]Cholesterol and [fiH]sitosterol disintegrations per minute
were measured in aliquots of whole lymph from hourly collections.
Data are expressed as percentage of accumulated radioactive sterol
dose recovered in collected lymph for each animal and represent
mean = SEM (n = 7-9/genotype). Different letters denote statisti-
cally significant differences (P<0.05) at 8 h as measured by two-way
ANOVA and Bonferroni posthoc tests.

ACAT?2 enhances cholesterol transport in lymph 99



(supplementary Fig. I-A). The percentage of [SH]sitos-
terol absorption decreased to ~0.2% in all genotypes of
mice (supplementary Fig. I-B). The experiments were ter-
minated after 8 h because longer lymph collections of up
to 12 h in some trial animals did not yield more apprecia-
ble amounts of radioactivity recovery in lymph (data not
shown). Chylomicron TG mass appeared to be fairly con-
stant in all genotypes throughout the experiment (supple-
mentary Fig. I-C). No statistically significant differences
were found among all genotypes at the hour 8 time point.
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 indi-
cating that the cannula had remained in place throughout
the experiment and that it provided a quantitative collec-
tion of newly absorbed cholesterol. This finding also sug-
gests that intestine-derived HDL particles did not
contribute significantly to cholesterol absorption as has
been suggested by other researchers (29, 40, 41).
Performing TLDC provided an opportunity in which
the enterocyte, as the only cell between the gut lumen and
the lymph collection, was effectively isolated to study the
characteristics of chylomicrons that are transporting newly
absorbed cholesterol. With this method, we directly sam-
pled what the enterocyte secreted into lymph during ac-
tive absorption of lipids from the gut lumen. To further
evaluate ACAT2 enzyme function, the average (+ SEM)
percentage 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, whereas ACAT2 ™/~ chylomicrons carried
84.0 £ 4.1% in the unesterified form (Fig. 5A). The enzy-
matic source of any sterol ester in the remaining ~15%
that could have been formed by the intestine of ACAT2 ™/~
mice is unknown. It could have come from ACATI, but
this seems unlikely as ACAT1 has not been found in the
enterocyte (16). Or, it could have come from some the
wax esterases described by Turkish et al. (42). We could
not identify the fatty acid species associated with this frac-
tion. The percentage of [3H] sitosterol esterified was much
lower at 20.7 + 1.3% and 17.6 = 2.5% in ACAT2"" and
ACAT2"~ chylomicrons, respectively, whereas esterified
sitoserol was almost undetectable in ACAT2 ™/~ chylomi-

A [14C]-Cholesterol B [3H]-Sitosterol
%‘ 10 100
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3 4 40
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ES 0 0
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[JFree Chol [EHChol Ester SSFree Sito @@ Sito Ester

Fig. 5. Relative percentage of radioactivity in chylomicron free
sterols and sterol esters. Total lipid extracts of isolated chylomi-
crons were separated by thin-layer chromatography into free ste-
rols and sterol esters. (A) Relative percentage of ["C]cholesterol
in free sterol and sterol esters. (B) Relative percentage of [SH]sito-
sterol in free sterol and sterol esters. Data represent mean + SEM
(n =5/genotype).
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crons (Fig. 5B). These data strongly support the concept
that ACAT2 preferentially esterifies cholesterol over phy-
tosterols, as previously suggested (43).

No differences were observed in the appearance rates of
chylomicron protein, FC, or TG mass (Fig. 6A, C, D, re-
spectively) across all three genotypes. Although phospho-
lipid (PL) mass secretion appeared to be slightly lower in
ACAT2 /™ mice than in their counterparts (Fig. 6B), PL
made up about 11% of the total particle mass in chylomi-
crons isolated from all three genotypes (Table 1). The
striking difference was that ACAT2 ' mice secreted 18-
fold less CE into chylomicrons than did ACAT2”" and
ACAT2"™ mice, which secreted CE at similar rates (Fig.
6E). This finding provides novel and persuasive evidence
demonstrating that intestine-derived CE in chylomicrons
originates from ACAT2-specific cholesterol esterification.

Chylomicron particle size (averaged ~150 nm) (Fig. 7)
and chylomicron surface:core ratios (Table 1) were simi-
lar across all three groups, even though particle core com-
position was significantly altered in the absence of ACAT2.
The percentage of chylomicron particle mass as CE was
reduced from 12.3 + 1.9% and 11.1 + 2.9% in ACAT2"*
and ACAT2" ", respectively, toonly1.0+£0.4% in ACAT2 '~
chylomicrons; this reduction was compensated for by an
increase in TG as the percentage of total mass.

In addition to particle mass composition, apolipopro-
tein profiles and the relative percentage composition of
each apolipoprotein were examined in each mouse geno-
type (Fig. 8, Table 2). There was variability, but no statisti-
cally significant differences were found in apolipoprotein
profiles among individual animals. Statistically significant
differences in the average percentage composition of apo-
lipoproteins from individual animals throughout the 8 h
time course were not found (data not shown). Interest-
ingly, the apolipoprotein patterns in mouse chylomicrons
appeared similar to those isolated from nonhuman pri-
mates (21) and rats (13), with the following order of abun-
dance: ApoC > ApoA-IV > ApoA-I > ApoB.

DISCUSSION

This study provides new evidence demonstrating a spe-
cific role for ACAT?2 in intestinal cholesterol absorption
and transport in chylomicrons. The use of thoracic duct
lymph collection during absorption of a meal shows that,
in mice, more efficient cholesterol absorption requires
CE incorporation into chylomicrons, whereas the move-
ment of newly absorbed cholesterol through the entero-
cyte into HDL particles is minimal. As evidenced from
administering a single bolus of radiolabeled cholesterol
during absorption of a meal, the role of ACAT2 extends
across the entire time course of cholesterol absorption.
Radioactive tracer data and chylomicron sterol mass
analyses agree that CE formation utilizes chylomicron
particles for cholesterol transport out of the enterocyte
into lymph and that the lack of cholesterol esterification
by ACAT?2 is associated with inefficient cholesterol ab-
sorption. Collectively, our results demonstrate that, in
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Fig. 6. Cumulative chylomicron particle mass appearance over 8 h. Isolated chylomicrons were assayed for
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the enterocyte, ACAT2 is the major enzyme for choles-
terol esterification. Further, we had hypothesized that if
cholesterol esterification by ACAT2 increased choles-
terol absorption efficiency, the extent of absorption
would be proportional to Acat2 gene dosage. However,
this was not found, as the ACAT2" ™ mice exhibited the
same absorption efficiency as the ACAT2”* mice. Intesti-
nal ACAT2 is apparently present in excess in wild-type
C57B1/6 mice, and half the amount of ACAT?2 in the
small intestine is apparently sufficient to provide for ef-
ficient cholesterol esterification and absorption.

Based on our mRNA data, the absence of Acat2 in the
intestine appeared to be associated with a downregulation
of Npclll expression, a finding in agreement with previously
published data (29, 39, 41, 44). This decrease occurred in
all segments of the SI (Fig. 2C). Lower NPC1LI could have
contributed to the decrease in cholesterol absorption effi-
ciency in ACAT2 /™ mice by limiting the uptake of choles-
terol into the enterocyte, but it is not clear whether the
decrease in Npclll expression would be a primary versus a
secondary contributor to the overall cholesterol absorption
phenotype. By contrast, ACAT2 /™ mice exhibited a slight
upregulation of Abcg5 mRNA expression (Fig. 2D), perhaps

via an liver X receptor (LXR)-mediated response that might
promote excretion of excess FC out of the cell and back
into the lumen of the gut, which is also a factor that could
potentially decrease cholesterol absorption.

In the absence of ACAT2, chylomicron assembly ap-
peared to be intact, and Mtp and ApoB gene expression
along the length of the SI were comparable across all gen-
otypes (supplementary Table I). In agreement with previ-
ous reports (29, 41), Abcal mRNA expression appeared to
be somewhat higher in ACAT2™/~ mice compared with
mice with intact ACAT2. However, this increase was mod-
est and was only present in segments 1 and 2. Further,
Abcal mRNA appeared to be higher in segments 2 and 3 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 col-
lection suggests that efflux of unesterified cholesterol via
ABCALI on the basolateral side of the enterocyte was not a
major factor determining cholesterol absorption effi-
ciency. The mRNA levels of other cholesterol metabolism
genes, such as HmgCoAs, HmgCoAr, and Srebp-1c, were very
low and not different among genotypes. The low values

TABLE 1. Percentage composition of chylomicron particle mass
% Particle Mass
Genotype Protein PL FC TG CE Surface to Core
ACAT2"* 5.0+0.7 11.7+1.4 1.1+0.2° 69.9 + 3.5 12.3+1.9° 0.2
ACAT2"~ 4.1+0.6 11.6 £ 0.9 1.2+0.1 72.0 + 3.5 11.1 £2.9" 0.2
ACAT2 '~ 56=1.2 10.8+1.0 1.9:0.1" 80.6+2.1" 1.0+0.4' 0.2

Mass (jug) of protein, phospholipid (PL), free cholesterol (FC), triglyceride (TG), and cholesterol ester (CE)
was measured in chylomicrons isolated from 8 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 8 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 superscript letters denote
statistically significant difference (< 0.05) within the same column as measured by one-way ANOVA and Tukey

posthoc tests.
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Fig. 7. Chylomicron particle size. Mean diameter of chylomi-
crons isolated from hour 3 and hour 4 lymph collections measured
separately by dynamic light scattering (Zetasizer) and then aver-
aged together. Data represent mean + SEM (n = 5-8/genotype).
No statistically significant difference (P < 0.05) was found by one-
way ANOVA.

may indicate that an adaptation to the dietary cholesterol
enrichment has taken place.

In this study, the TDLC technique yielded cholesterol
absorption values that were comparable to values derived
from the more commonly used FDI method, which indi-
rectly estimates fractional cholesterol absorption by mea-
suring 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. This tech-
nique allows one to collect lymph from the thoracic lymph
duct, which is the collecting point for all lymph vessels
draining the GI tract, for a quantitative collection of intes-
tinal lymph. Our experiments were conducted to carefully
simulate physiologically relevant conditions. For example,
to minimize the risk for postoperative ileus, we cannulated
the duodenum with soft, flexible silicone tubing through
the stomach and pyloric sphincter to minimize trauma to
the intestine wall. We used a short-acting isoflurane for
anesthesia and ketoprofen for analgesia, and the mice
were allowed to move on an exercise wheel to coax lymph
flow. A readily absorbable mixed micelle solution was used
to deliver the bolus dose of radioactive sterols, and we used
an intraduodenal constant infusion to help keep lymph
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Fig. 8. Apolipoproteins of isolated chylomicron particles. Repre-
sentative gel image of apolipoproteins on chylomicrons isolated
from hour 3 lymph collection (n =2/genotype). TCA-precipitated
chylomicron proteins were separated on 4-20% SDS-PAGE gel and
Coomassie stained for visualization.
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flow constant. The intestine remained functional through-
out the entire time course of the experiment, as evidenced
by the fact that lymph flow rates did not decrease (supple-
mentary Fig. II) and chylomicron secretion remained rea-
sonably constant (Fig. 6). Finally, these studies were
performed 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
ACAT?2 in atherosclerosis (45).

At the end of the experiment, 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 (29, 40, 46). Instead, our
data indicate that cholesterol absorption requires CE in-
corporation into chylomicron particles, which are then
transported via the lymphatic system before entering the
blood circulation at the subclavian vein. Brunham et al.
(40) compared plasma HDL concentrations in intestinal-
specific ABCAI knockout mice to their wild-type counter-
parts and estimated that the intestine contributed ~30%
of the plasma HDL pool. They also concluded that intes-
tine-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 amounts of [14C]cholesterol in HDL-
sized particles isolated from lymph. Our data would agree
with the suggestion that newly absorbed cholesterol is not
preferentially packaged into HDL particles for secretion
into lymph. By contrast, our data argue that HDL synthesis
by the enterocyte is not a significant pathway for dietary
cholesterol absorption, as we found negligible amounts of
radioactive cholesterol present in the plasma and the liver
of our mice after 8 h of thoracic lymph duct cannulation.

We determined the characteristics of chylomicron parti-
cles by measuring particle size as well as by analyzing lipid
and apolipoprotein compositions. Percentage distribution
of [14C]cholesterol and [3H]sitosterol into free sterols ver-
sus sterol esters (Fig. 5) strongly supports the idea that
ACAT?2 preferentially esterifies cholesterol over phytoster-
ols, which has been suggested by previous studies (43, 47).
Although the average chylomicron particle sizes (~150
nm, Fig. 7) and the surface:core ratios (Table 1) were the
same across all three genotypes, the chylomicron particle
core was depleted of CE when ACAT2 was absent; by con-
trast, chylomicrons made by ACAT2"" and ACAT2”~ mice
contained both TG and CE. In the absence of ACAT2, most
of the exogenous cholesterol molecules come into the body
as FC that is primarily partitioned into the surface of the
chylomicron particle among PL molecules and, apparently
to a much lesser extent, dissolved in the TG-rich particle
core. It was of interest that the apolipoprotein composition
remained essentially unaffected in spite of this chemical
difference in chylomicron composition (Fig. 8, Table 2).

Our findings show that, in ACAT2 '~ mice, the percent-
age cholesterol absorption into lymph is consistently and
significantly lower at all time points (Fig. 4), with chylomi-
cron CE mass being virtually undetectable (Fig. 6E). Many



TABLE 2. Apolipoprotein profile of isolated chylomicron particles

Percentage of Total Protein (n = 3/genotype)

Apolipoproteins ACAT2"* ACAT2"~ ACAT2 ™/~
B-48 10.7 +3.0 10.4+2.3 11.7+15
Unknown-1 25+05 2.4+0.2 1.7+ 1.4
Unknown-2 6.6 + 3.0 6.3 +3.8 5.6 + 6.2
Albumin 48+13 4.2+04 5.3+ 1.0
ATV 17.0 +8.7 26.4 + 4.1 15.7+11.0
E 5.6 +0.8 3.1+0.3 47428
AT 18.8+0.9 14.1+4.5 145+0.8
C-I, G-I, AT 22.6 + 3.8 93.3+2.3 98.4+7.8

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.

have speculated that lack of CE formation would result in
reduced cholesterol absorption, but we believe this study
is the first to show that CE formation by ACAT?2 selectively
utilizes chylomicron particles for quantitative transport of
newly absorbed cholesterol out of the enterocyte into the
lymphatic system and subsequently into the body.
Altogether, these studies provide a strong line of evi-
dence to support the hypothesis that the presence of
ACAT2 maximizes cholesterol absorption efficiency by
providing CE for incorporation into chylomicron parti-
cles. However, the data in the heterozygous ACAT2"~
mice indicate that ACAT2 wild-type mice have an excess of
ACAT?2 enzyme to accomplish the needed esterification, be-
cause ACAT?2 wild-type and heterozygous mice both ester-
ifed and absorbed a similar amount of exogenous cholesterol.
This outcome indicates that the prospect of reducing intesti-
nal cholesterol absorption by inhibiting ACAT2 to reduce
chylomicron-derived cholesterol from entering the circula-
tion and ultimately preventing atherosclerosis does exist, but
unfortunately, it will most likely require a rather complete
inhibition of ACAT2 activity to result in an appreciable re-
duction of cholesterol absorption. Further studies are re-
quired to elucidate other molecular mechanisms or protein
functions that may play critical roles in intestinal cholesterol
absorption, perhaps by interacting with ACAT2 HE

The authors thank Dr. Martha D. Wilson and Mr. Ramesh Shah
for their technical insights. We also wish to acknowledge the
valuable guidance of Drs. Thomas L.. Smith and Paolo Parini on
our surgical approach, which was essential in moving this
project forward.
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