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Abstract Apolipoprotein A-IV (apoA-IV) is synthesized by
intestinal enterocytes during lipid absorption and secreted
into lymph on the surface of nascent chylomicrons. A com-
pelling body of evidence supports a central role of apoA-IV
in facilitating intestinal lipid absorption and in regulating
satiety, yet a longstanding conundrum is that no abnormalities
in fat absorption, feeding behavior, or weight gain were ob-
served in chow-fed apoA-IV knockout (A4KO) mice. Herein
we reevaluated the impact of apoA-IV expression in C57BL6
and A4KO mice fed a high-fat diet. Fat balance and lymph
cannulation studies found no effect of intestinal apoA-IV
gene expression on the efficiency of fatty acid absorption,
but gut sac transport studies revealed that apoA-IV differen-
tially modulates lipid transport and the number and size of
secreted triglyceride-rich lipoproteins in different anatomic
regions of the small bowel. ApoA-IV gene deletion increased
expression of other genes involved in chylomicron assem-
bly, impaired the ability of A4KO mice to gain weight and
increase adipose tissue mass, and increased the distal gut
hormone response to a high-fat diet.Bll Together these find-
ings suggest that apoA-IV may play a unique role in integrat-
ing feeding behavior, intestinal lipid absorption, and energy
storage.—Simon, T., V. R. Cook, A. Rao, and R. B. Weinberg.
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Apolipoprotein A-IV (apoA-IV), the largest member of
the exchangeable apolipoprotein family (1), is synthesized
by intestinal enterocytes during lipid absorption and se-
creted into mesenteric lymph on the surface of nascent
chylomicrons (2, 3). Since its first description in 1974 (4),
a broad spectrum of physiologic functions has been
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proposed for apoA-IV (5, 6). Some of these, such as acti-
vating lecithin-cholesterol acyltransferase (7), lipoprotein
lipase (8), and cholesterol-ester transfer protein (9) and
mediating tissue cholesterol efflux and reverse cholesterol
transport (10), are not unique to apoA-IV and are likely
the consequence of structural features shared with the
other exchangeable apolipoproteins (1). Other functions,
such as serving as a lipid antioxidant (11) and suppressing
inflammation (12), are novel. Nonetheless, evolutionary,
biophysical, and physiological considerations together
suggest that the primary biological role of apoA-IV is the
regulation of dietary lipid absorption.

Comparative sequence analysis suggests that apoA-IV
originated by duplication of the apoA-I gene ~300 million
years ago (1), coincident with the divergence of mammals
from their reptile/avian ancestors (13). Thus, apoA-IV
may have evolved as part of the mammalian lipid absorp-
tion paradigm, in which large chylomicrons are secreted
into lymph, rather than directly into plasma (14). Indeed,
considerable evidence supports a role of apoA-IV in chylo-
micron assembly: ¢) intestinal apoA-IV synthesis increases
up to b-fold during absorption of long-chain fatty acids
(15, 16), which requires chylomicron assembly, but not
during absorption of short-chain fatty acids (17), which
does not; i) intestinal apoA-IV synthesis is simultaneously
inhibited when chylomicron secretion is blocked by the
surfactant PL-81 (18); #i) within the enterocyte, apoA-IV
colocalizes with apoB in pre-Golgi secretory transport ves-
icles (19); i) the dynamic interfacial properties of apoA-
IVare ideally suited to stabilizing expanding lipid interfaces
(20); v) plasma apoA-IV levels rise after a fatty meal (2)
and are depressed in intestinal disorders in which lipid
absorption is impaired (21); and vi) tetracycline (TET)-
regulated apoA-IV expression in IPEC-1 intestinal cells

Abbreviations:  A4KO, apoA-IV knockout; BA, behenic acid; DGATZ,
diacylglycerol-acyltransferase-2; FABP2, fatty acid binding protein-2;
GLP-1, glucagon-like peptide-1; MTP, microsomal triglyceride transfer
protein; PYY, peptide YY; TET, tetracycline; TG, triglyceride.

' To whom correspondence should be addressed.

e-mail: weinberg@wfubmc.edu

Copyright © 2011 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org



increases transcellular lipid transport by enabling secre-
tion of larger triglyceride (TG)-rich lipoproteins (22).

As the investigation of the function of apoA-IV in lipid
absorption has proceeded, Tso et al. have generated a sig-
nificant body of work establishing that apoA-IV also plays a
role in the complex neuroendocrine system that regulates
satiety and appetite (23). In an elegant series of studies,
they showed that apoA-IV acts both peripherally via the
cholecystokinin (CCK) receptor and vagal afferents (24)
and centrally in the hypothalamus (25) to modulate short-
term feeding behavior and gastric emptying. Interestingly,
intestinal apoA-IV synthesis is inhibited by the potent
satiety adipokine leptin (26) but is upregulated by the
distal gut satiety hormone peptide YY (PYY) (27). Together
these findings suggest that apoA-IV may play a unique
role in integrating feeding behavior and intestinal lipid
absorption.

Notwithstanding this compelling body of evidence sup-
porting a central role of apoA-IV in intestinal lipid absorp-
tion and appetite regulation, a longstanding conundrum
is that no abnormalities in fat absorption, feeding behavior,
or weight gain were observed in chow-fed human apoA-IV
transgenic (28) or apoA-IV knockout (A4KO) mice (29).
The failure to observe a phenotype in these animals could
be simply methodological; a consequence of the functional
redundancy of the small intestine that masks subtle effects
of apoA-IV gene deletion or overexpression on TG absorp-
tion; or due to compensatory changes in the systems regu-
lating these important metabolic processes. Alternatively,
the physiological impact of apoA-IV might be manifested
only under specific dietary conditions.

Herein we have revaluated the impact of murine apoA-
IV expression on intestinal lipid absorption, in both intact
animals and at the suborgan level, and its effect on food
consumption and weight gain in the setting of a high-fat
diet. Our findings reveal that although intestinal apoA-IV
expression has no impact on total dietary fat absorption
when measured by fat balance methods, it does differen-
tially modulate TG transport and the number and size of
secreted TGrich lipoproteins when examined regionally
along the length of the small bowel. Moreover, we ob-
served that deletion of the apoA-IV gene increases the ex-
pression of other key genes involved in chylomicron
assembly and dietary lipid absorption, and impairs the
ability of A4KO mice to gain weight and increase adipose
tissue mass on a high-fat diet.

EXPERIMENTAL PROCEDURES

Lipids

Egg phosphatidylcholine (EPC), monoolein, oleic acid (Sigma
Aldrich, St. Louis, MO), and [*H]oleic acid and ["*C]carboxy in-
ulin (PerkinElmer, Boston, MA) were stored under nitrogen
at —20°C. For the gut sac experiments, mixtures of oleic acid,
monoolein, [SH]oleic acid, EPC, sodium taurocholate, and sodium
taurodeoxycholate (30) (Sigma Aldrich) in DMEM media (Invit-
rogen, Grand Island, NY) were sonicated for 3 min at high power
with 15 s pauses to yield mixed micelles with the following final
concentrations: 0.45 mM oleic acid, 0.26 mM monoolein, 0.40 mM

sodium taurocholate, and 0.54 mM sodium taurodeoxycholate,
with a fatty acid /bile salt ratio similar to that of human postpran-
dial mixed micelles (31). Mean specific activity of the labeled mi-
celles was 2.31 + 0.04 nCi/umol oleate (n = 35). For lymph
cannulation experiments, mixtures of oleic acid, EPC, and so-
dium taurocholate in PBS buffer were sonicated for 5 min at high
power with 30 s pauses to yield mixed micelles with final con-
centrations of 16 mM oleic acid, 3 mM EPC, and 54 mM
taurocholate.

Animals

ApoA-IV knockout mice (29) were extensively backcrossed
onto a C57BL6 background. C57BL6 mice were obtained com-
mercially (Charles River, Wilmington, MA). Unless otherwise
noted, mice were housed in groups, maintained on a 12 h light-
dark cycle, and provided ad libitum access to water and commer-
cial rodent chow (ProLLab RMH 3000, PMI Nutrition, Richmond,
IN) that provided 26% of calories from protein, 60% from carbo-
hydrate, 14% from fat, and 3.2 Kcal/g. Animal welfare was con-
tinuously monitored by an on-site veterinarian. All animal
protocols were reviewed and approved by the Wake Forest Uni-
versity School of Medicine Institutional Animal Care and Use
Committee.

Dietary fatty acid absorption

Dietary fatty acid (FA) absorption was measured using the
Olestra® method (32), in which sucrose polybehenate serves as a
nonabsorbable marker, thereby obviating the need to measure
total daily dietary intake or fecal output. For these studies,
C57BL6 and A4KO mice (n =5 for each group) were housed in-
dividually in cages with wire mesh floors and fed a custom-made
synthetic diet that provided 15% of calories from protein, pro-
vided by casein; 35% of calories from carbohydrate, provided by
sucrose (17.5% by weight) and dextrin (22.8% by weight); 50%
of calories from fat (14.5% saturated, 9.7% monounsaturated,
and 25.8% polyunsaturated), provided by a mixture of flaxseed,
borage, fish, and DHASCO (Martek, Columbia, MD) oils; and
4% sucrose polybehenic acid (Procter and Gamble, Cincinnati,
OH). After the animals had been on the diet for two days, fecal
pellets from each animal were collected every morning for the
next three days, weighed, lyophilized, and stored at —70°C until
batch analysis. Weighed samples of the synthetic diet and feces
were saponified with methanolic NaOH, extracted with hexane,
converted to methyl esters, and analyzed by gas chromatography
(33) to quantitate behenic acid (BA, C22:0) and saturated (14:0,
16:0, 18:0), monounsaturated (C18:1), and polyunsaturated
(18:1, 18:2, 18:3w3, 20:5w3, 22:6w3) fatty acids. The coefficient of
absorption for each FA was computed as {1 — (FA/BA)g /
(FA/BA) g 100

Lymph duct cannulation

Animals were maintained on chow and fasted for 12 h. At 1 h
before surgery, the animals were gavaged with 25 pl of sunflower
oil to facilitate identification of the thoracic duct. General anes-
thesia was induced with ketoprofen and isoflurane, and the
cysterna chyli was exposed via a left posterior-lateral incision
(34). A 0.64 mm ID silastic cannula was inserted into the thoracic
duct through a small incision, a second silastic cannula was
threaded through the pylorus into the duodenum via an incision
in the fundus of the stomach, and the cannulas were fixed in
place with tissue glue and exteriorized to the back. The abdomen
was closed with 4-0 silk suture and tissue glue, and surgical tape
was wrapped around the animal’s trunk. After awakening from
anesthesia, animals were allowed to walk on an exercise wheel,
core temperature was maintained at 27-30°C with a heat lamp.
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Mixed micelles were then infused at 5 pl/min through the duo-
denal cannula, and lymph samples were collected hourly. Ali-
quots of lymph (150 wl) were diluted to 2.0 ml with saline and
centrifuged at 50,000 rpm for 4 h at 15°C in a Beckman TLA
120.2 rotor to float d < 1.006 g/ml chylomicrons. Chylomicrons
were aspirated from the top of the tubes, rediluted to 500 pl, and
assayed for TG concentration in duplicate using a colorimetric
enzymatic assay (L-Type Triglyceride M, Wako Diagnostics, Rich-
mond, VA).

Segmental lipid transport

Segmental intestinal lipid transport was examined using
everted gut sacs (35), which measure transmucosal TG transport
by the appearance of radioactivity in sac fluid. Animals main-
tained on chow were fasted for 12 h, anesthetized with ketamine
and xylazine, and then euthanized. The entire small intestine
from the pylorus to the cecum was excised and divided into four
equal segments (hereafter identified as duodenum, jejunum I,
jejunum II, and ileum). A 7 cm piece was cut from the middle of
each segment, everted over a blunt 18 gauge needle, tied at one
end with 4-0 silk suture, filled with 200 w1l of DMEM butffer, care-
fully sealed with a second suture, and weighed. Sacs were then
incubated at 37°C in 15 ml plastic tubes filled with 4.5 ml of an
oxygenated solution of mixed micelles containing 0.1 wCi of
[14C]carboxy inulin. At timed intervals, sacs were removed,
weighed, and opened, and the volume of fluid was measured.
Empty sacs were flushed with DMEM, then weighed again and
homogenized by incubation with 1 ml of 1M NaOH at 37°C for
2.5 h. Radioactivity in sac fluids and tissue homogenates was as-
sayed by scintillation counting. [SH]oleic acid uptake into tissue
and secretion into sac fluid was calculated as nmol/g tissue. Sac
viability and the presence of leaks were assessed by calculating
bath/sac fluid ["'C] ratios, which were 9.6 + 0.4 at 30 min, 7.6 +
0.2 at 60 min, and 6.5 + 0.4 at 90 min. Sacs in which the ratio was
one standard deviation below the mean were rejected and ex-
cluded from analysis.

Characterization of secreted lipoproteins

Lipoproteins secreted into sac fluids at 60 min were isolated by
centrifugation at 1.25 g/ml in a 51.3Ti rotor at 40,000 rpm for
12 h without braking. The floating top lipid layers (~150-200 pl)
were collected and made 0.01% with sodium azide. Lipoproteins
were analyzed with a Zetasizer” Nano-S Particle Analyzer at 633 nm
(Malvern, Worcestershire, United Kingdom) to determine the
intensity-weighted mean diameter and particle size distribu-
tion. Analysis of 1:0, 2:1, and 1:1 dilutions of sac fluids from the
initial experiment revealed a minimal effect on the calculated
particle size distribution; thus, samples were analyzed in tripli-
cate without dilution thereafter. ApoB concentration at 60 min
was measured by slot blotting, using a 1:1000 dilution of rabbit
anti-mouse IgG apolipoprotein B (Meridian Life Science, Saco,
ME) in PBS with 0.1% Tween and 2.5% nonfat dry milk as the
primary antibody, and a 1:6000 dilution of horseradish peroxi-
dase conjugated goat anti-rabbit IgG (Sigma-Aldrich) as the sec-
ondary antibody. ApoB band intensity was determined by
chemiluminescence using SuperSignal® West Pico Chemilumi-
nescent Substrate (Pierce, Rockford, IL) and a Fujifilm LAS 3000
Luminescent Image Analyzer. A series of dilutions of LDL recep-
tor knockout mouse plasma containing a known concentration
of apoB (545 pg/ml) served as standards. The apoB standard
curve regression equation was y = 3290x, R= 0.982.

Intestinal gene expression

Intestines were harvested from separate groups of chow-fed
animals after an overnight fast. Animals were anesthetized with
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ketamine and xylazine and then euthanized. The entire small in-
testine was excised and divided into four equal segments as de-
scribed above. Segments were rinsed with PBS and snap frozen in
liquid nitrogen. Frozen tissues were powdered using a metal mor-
tar and pestle cooled by liquid nitrogen, and then sonicated in
TRIzol (Invitrogen) using a Polytron PT 1200E (Kinematica, Bo-
hemia, NY) at the highest power level for 30-60 s. Total RNA was
extracted using TRIzol, chloroform, and isopropanol; quanti-
tated by spectrophotometry; examined for integrity by 1% aga-
rose gel electrophoresis; and converted into cDNA using
Omniscript RT kits (Qiagen, Valencia, CA). RT-PCR was performed
on a 7500 Fast Real Time PCR System (Applied Biosystems, Fos-
ter City, CA). A typical PCR reaction (20 pl) contained 10 pl 2x
Fast SYBR Green Master Mix (Applied Biosystems), 1 ul each of
5 pM forward and reverse primers, and a 1:10 dilution of cDNA.
Copy numbers were normalized to GAPDH or cyclophilin. The
following primers were used: apoA-IV, forward TTC CTG AAG
GCT GCG GTG CTG, reverse CTG CTG AGT GAC ATC CGT
CTT CTG; apoB, forward CGT GGG CTC CAG CAT TCT A, re-
verse TCA CCA GTC ATT TCT GCC TTT G; microsomal triglyc-
eride transfer protein (MTP), forward CCT ACC AGG CCC AAC
AAG AC, reverse CGC TCA ATT TTG CAT GTA TCC; diacylglyc-
erol acyltransferase-2 (DGAT2), forward CCG CAA AGG CTT
TGT GAA G, reverse GGA ATA AGT GGG AAC CAG ATC A; in-
testinal fatty acid binding protein (FABP2), AGT CTA GCA GAC
GGA ACG GA forward, AGA AAC CTC TCG GAC AGC AA re-
verse; CD36, CCA AGC TAT TGC GAC ATG ATT forward, TCT
CAA TGT CCG AGA CTT TTC A reverse.

Weight gain, adiposity, and food consumption

To examine the effect of apoA-IV expression on weight gain,
groups of male C57BL56 and A4KO mice, 3 to 4 months old,
were fed either rodent chow (ProLab RMH 3000, PMI Nutri-
tion), which provided 26% of calories from protein, 60% from
carbohydrate, 14% from fat, and 3.2 Kcal/g, or a high-fat diet
(TD88137, Harlan Teklad, Indianapolis, IN), which provided
15.2% of calories from protein (casein), 42.7% of calories from
carbohydrate (sucrose and corn starch), 42% of calories from
anhydrous milk fat, and 4.5 Kcal/g, for 12 weeks. A single lot of
each was used throughout the study to minimize lot-to-lot vari-
ability. Animals were given ad libitum access to both food and
water, and they were weighed weekly. At the end of the feeding
period, animals were anesthetized with ketamine and xylazine
and euthanized. Epidydimal fat pads, livers, and intestines were
removed and weighed. To assess daily food consumption, sepa-
rate groups (n = 4) of male C57BL56 and A4KO mice, 3 to 4
months old, were housed in individual cages with wire mesh
floors and provided weighed amounts of food in small cups
nightly for one week. Uneaten food in the cups and food col-
lected from the cage bottoms were combined and weighed each
morning. Daily food consumption for each animal was calculated
as the difference between the weight of the nightly ration and
total uneaten food.

Plasma gut hormone levels

Separate groups (n = 3) of C57BL6 and A4KO mice were fed
chow or a high-fat diet for one week. Postprandial plasma ob-
tained in the morning was assayed for glucagon-like peptide-1
(GLP-1) and PYY levels using enzyme immunoassay kits and stan-
dards from Phoenix Pharmaceuticals (Burlingame, CA).

Statistical analysis

Statistical analysis was performed using Sigma Stat 3.00
(Systat Software, San Jose, CA). Data are expressed as mean +
SEM. Differences in values among groups were analyzed by



one-way ANOVA (ANOVA) with Holm-Sidak multiple com-
parison post hoc testing. Differences were considered signifi-
cant at P< 0.05.

RESULTS

Dietary fatty acid absorption

Reasoning that the effect of apoA-IV on intestinal fat
absorption might become evident under conditions of a
high dietary fat intake, we measured the efficiency of di-
etary FA absorption in C57BL6 and A4KO mice using the
Olestra® method (32). As previously observed (36), vari-
ous dietary fatty acids were absorbed with different effi-
ciencies in both strains (Fig. 1). Myristic (14:0), linoleic
(18:3), eicosapentaenoic (20:5), and docosahexaenoic
(22:6) acids were absorbed with near 100% efficiency, but
other fatty acids were absorbed less efficiently in the fol-
lowing order: stearic acid (C18:0) < linoleic acid (18:2) <
palmitic (16:0) and oleic acids (18:1). However, there was
no significant difference in the absorption efficiency of
any fatty acid between the C57BL6 and A4KO mice with
the exception of oleic acid, for which the absorption effi-
ciency was slightly higher in the A4KO mice. Total dietary
TG absorption, calculated by summing all fatty acids for
each animal, was 98.3% + 0.04% for C57BL6 mice and
98.3% = 0.12% for A4KO mice. These data establish that
apoA-IV gene expression has a negligible impact on the
intestinal absorption of dietary fatty acids and total fat in
mice fed a synthetic high-fat diet.

Lymph duct cannulation

With infusion of mixed micelles in saline into the duo-
denum, lymph flows of 206 + 25 wl/hr and 183 + 15 wl/hr
were obtained in C57BL6 and A4KO mice, respectively.
There was no significant difference between the strains in
cumulative chylomicron TG outputinto lymph (Fig. 2). As
the lymphatic system integrates lipid absorption from the
entire gut, these data corroborate the dietary fatty acid ab-
sorption study and suggest that total intestinal fat absorp-
tion is not impaired in A4KO mice.

Segmental lipid absorption

Regional intestinal lipid absorption and transport were
measured using everted gut sacs. There was no significant
difference between C57BL6 and A4KO mice in tissue [SH]
oleate uptake over time, with the exception of a transiently
higher uptake in the jejunum I segment in the A4KO mice
at 30 min (Fig. 3). In both C57BL6 and A4KO mice, oleate
secretion into sac fluid increased over time in all segments,
and was highest in jejunum I and lowest in the ileum at all
times (Fig. 4). At 30 and 60 min, there were no significant
differences between the two strains in regional lipid secre-
tion. However, at 90 min, lipid transport had become sig-
nificantly higher in the jejunum I segment in the C57BL6
mice. These data establish that although apoA-IV gene ex-
pression did not affect uptake of fatty acids from the lu-
men into intestinal mucosa, it facilitated TG secretion
from the mucosa into the basolateral medium in the prox-
imal jejunal sacs.

Characterization of secreted lipoproteins

As TG-rich lipoproteins contain only one apoB mole-
cule per particle (37), apoB concentration in gut sac fluids
was determined to provide a surrogate measure of the
number of secreted lipoprotein particles. In both C57BL6
and A4KO mice, apoB concentration was highest in sac
fluid from jejunum I and lowest in the ileum; however,
apoB concentration was significantly higher in both jeju-
num I and II in the C57BL6 mice (Table 1), indicating
that apoA-IV expression increased the number of particles
secreted by jejunal gut sacs. Laser light scattering analysis
of lipoproteins secreted into sac fluids revealed that the
intensity-weighted mean particle diameter in both C57BL6
and A4KO mice was largest in the duodenum (Table 1). In
C57BL6 mice, mean particle diameters were smaller, but
similar, in jejunum I, jejunum II, and ileal segments. How-
ever, in A4KO mice, lipoproteins secreted in the jejunum
IT and ileum segments were smaller than lipoproteins
secreted in the proximal segments, such that they were
significantly different from CH7BL6. Because intensity-
weighted mean diameter is calculated from light scatter-
ing intensity, which is a function of the sixth power of
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Fig. 1. Efficiency of intestinal fatty acid absorption
in C57BL6 (black bars) and A4KO (gray bars) mice
determined using sucrose polybehenate as a nonab-
sorbable marker. Bar heights are means + SEM, n =5
in each group. Bars for each strain marked with dif-
ferent superscripts (C57BL6, capital letters A-D;
A4KO, lowercase letters e~h) are different at P =
0.001 by ANOVA. Pairs of absorption values for indi-
vidual fatty acids marked with an asterisk are signifi-
cantly different between the two stains.
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Fig. 2. Cumulative chylomicron TG output into mesenteric lymph
in C57BL6 (O) and A4KO (V) mice during a constant duodenal
infusion of [SH]oleate labeled mixed micelles. Data points are
means + SEM, n = 4 in each group.

particle diameter, it is disproportionately affected by the
presence of larger particles. Therefore, we examined the
lipoprotein particle size distribution in sac fluids (Fig. 5).
Three broad particle size ranges were noted (38): small
VLDL particles with a peak centered at 25 nm; larger
VLDL particles with a peak centered at 44 nm; and chylo-
micron-sized particles with a peak centered at 295 nm.
ApoA-IV expression altered the particle size distribution in a
regionally specific manner. In the duodenum, chylomicron-
sized particles constituted the greatest volume percentage
in both C57BL6 and A4KO mice, although A4KO mice se-

2500

creted a smaller percentage in the large VLDL range. In
jejunum I, both C57BL6 and A4KO mice displayed mixed
populations of chylomicrons and large VLDL, although
the peak widths were much broader in the C57BL6 mice.
Both strains similarly displayed the largest percentage of
small VLDL in jejunum II and large VLDL in ileum; how-
ever, sac fluids from C57BL6 jejunum II and ileum con-
tained a higher percentage of the larger chylomicrons.
These data indicate that in the proximal gut, apoA-IV ex-
pression increases the number of secreted TG-rich lipo-
proteins particles, but in the distal gut, apoA-IV expression
is associated with secretion of a discrete population of
larger chylomicrons.

Intestinal gene expression

ApoA-IV gene expression in C57BL6 mice was highest
in the duodenum and decreased in a proximal-to-distal
gradient along the small bowel; ileal expression was less
than 7% of that in the duodenum (Fig. 6A); as expected,
apoA-IV gene expression was undetectable in the A4KO
mice. In C57BL6 mice, apoB gene expression was constant
among all intestinal segments, whereas MTP was highest
in jejunum I, DGAT2 and CD36 were highest in the prox-
imal gut segments, and FABP2 was highest in jejunum II.
In A4KO mice, apoB, MTP, DGAT, FABP2, and CD36
gene expression was elevated 3.5-fold in each segment;
was highest in jejunum I; and declined progressively to-
ward the distal gut (Fig. 6B, C, E, F), except for FABP2,
which was highest in jejunum II. (Fig. 6D). These data
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Fig. 3. Time course of regional [3H]oleate uptake into gut sac tissue in C57BL6 (O) and A4KO (V) mice.
Data points are means = SEM, n = 3-10. Data points at each time marked with an asterisk are significantly
different at P < 0.001 between the two stains by ANOVA. Panel A, duodenum; panel B, jejunum I; panel C,

jejunum II; panel D, ileum.
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establish that inactivation of apoA-IV expression is associ-
ated with upregulation of the genes for key proteins in-
volved in chylomicron assembly.

Weight gain, adiposity, and food consumption

Over the course of 12 weeks on a chow diet, C57BL6
mice gained less weight than A4KO mice (Fig. 7), such
that mean daily weight gain over the 12-week study was
lower, 130.2 + 0.9 mg/day versus 147.5 + 0.9 mg/day (Ta-
ble 2). However, on the high-fat diet, C57BL6 mice gained
significantly more weight than A4KO mice, beginning at
week 5, such that the difference in mean daily weight gain,
219.8 + 2.5 versus 145.6 + 1.5, was highly significant (P <
0.001). Thus, whereas C57BL6 mice gained significantly
more weight on the high-fat diet compared with chow,
weight gain in the apoA-IV knockout mice was the same on

both diets. After 12 weeks on chow, there was no signifi-
cant difference in epidydimal fat pad weight between the
C57BL6 and A4KO mice; however, after 12 weeks on the
high-fat diet, the fat pad weight was almost 2-fold greater
in the C57BL6 mice (Fig. 8). There was no difference in
liver or intestinal weight between the C57BL6 and A4KO
mice on either diet, although intestinal weights were lower
in both strains on the high-fat diet.

As apoA-IV has been proposed to function as a satiety
factor (23), we measured food consumption on both diets
in separate cohorts of animals. We observed no significant
difference in daily food consumption among the four
treatment groups (Table 2, P = 0.434). These data are in
accord with findings in earlier studies that neither overex-
pression of a human apoA-IV transgene (28) nor deletion
of the murine apoA-IV gene (29) significantly altered food

TABLE 1. Gut sac fluid apoB concentration and intensity-weighted mean lipoprotein diameter
Duodenum Jejunum I Jejunum II Tleum

Apolipoprotein B

nug/ml/pg tissue

C57BL6 120.4 + 60.7°¢ 278.4 + 36.7° 164.0 + 76.9™ 4.8 +1.4°

A4KO 43.9 +7.5" 121.9 +12.9° 45.5 + 33.9"" 6.6 + 2.8
Particle diameter

nm

C57BL6 185.9 +5.1* 154.0 = 4.5 150.7 = 7.1% 142.7 = 7.2%

A4KO 188.8 + 3.8 166.4 + 5.9 126.4 + 5.8° 114.7 + 2.0°

Measurements were performed on sac fluids obtained at 60 min. Means + SEM, n = 3 for each group. Values
in each row with different superscripts are different at P=0.002 for sac fluid apoB concentration and P< 0.001 for
the intensity-weighted mean diameter of secreted lipoproteins by ANOVA. Pairs of values in each column marked

by # are significantly different between the two stains.
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Fig. 5. Size distributions of d < 1.21 g/ml lipoproteins secreted into gut sacs in C57BL6 (O) and A4KO (V)
mice determined by dynamic laser light scattering. Data points are means, n = 3. Panel A, duodenum; panel
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intake. Extrapolating the food consumption data to the
weight gain study enabled calculation of weight gained per
kilocalorie of food consumed, a measure of the efficiency
of food energy utilization and storage. This calculation re-
vealed that although there was no difference in food en-
ergy storage efficiency between the two strains on the chow
diet, the A4KO mice were less efficient in storing food en-
ergy when fed a high-fat diet (Table 2). These data suggest
that apoA-IV gene expression promotes positive energy
balance in the setting of a high-fat intake.

Plasma gut hormone levels

The secretion of the gut hormones GLP-1 and PYY is
stimulated by the presence of fatty acids in the lumen of
the distal gut (39-41). On a chow diet, plasma GLP-1 and
PYY levels were similar in C57BL6 and A4KO mice (Fig. 9).
However, after one week on a high-fat diet, plasma GLP-1
and PYY levels were significantly higher in the A4KO mice.
These data provide evidence for an effect of apoA-IV ex-
pression on the efficiency of proximal lipid absorption
in vivo.

DISCUSSION

Studies over the past three decades have consistently
supported a central role of apoA-IV in intestinal lipid ab-
sorption (13-22). Nonetheless, the conundrum has re-
mained that the seminal study in A4KO mice found no
impairment in intestinal lipid absorption (29). In an at-
tempt to reconcile these conflicting observations, we first

1990 Journal of Lipid Research Volume 52, 2011

considered that the use of postprandial plasma TG ap-
pearance curves and retinol ester ratios as measures of in-
testinal fat absorption efficiency in this study did not have
sufficient sensitivity to detect subtle effects of the apoA-IV
gene deletion. However, using the sensitive sucrose poly-
behenate fat balance method (32), we confirmed that
A4KO mice absorb dietary fatty acids with the same effi-
ciency as C57BL6 control mice, even when challenged
with a diet containing a high-fat content. Similarly, lymph
duct cannulation studies observed no difference between
C57BL6 and A4KO mice in the appearance of infused fatty
acids as mesenteric lymph chylomicron TG. Together
these data strongly suggest that the effects of apoA-IV ex-
pression on intestinal lipid absorption cannot be detected
by techniques that measure the integrated absorptive func-
tion of the entire small bowel.

The small bowel displays functional heterogeneity along
its length. Different dietary constituents are absorbed with
highest efficiency in different anatomic regions; for exam-
ple, iron is preferentially absorbed in the duodenum, vita-
min B12 is absorbed exclusively in the ileum, and lipids
are primarily absorbed in the proximal half of the gut with
very high efficiency (>95%) (42). Thus, we next consid-
ered the possibility that the ability of apoA-IV to facilitate
TG absorption at the cellular level might be manifest in
the intestine only at the suborgan level. By measuring TG
transport in everted gut sacs from different regions of the
small bowel, we found that apoA-IV expression increases
bulk TG transport only in the proximal jejunum. As
apoA-IV expression had little impact on mucosal fatty acid
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uptake, its ability to increase TG transport in the proximal
gut must be due to an effect on lipid export. The action of
apoA-IV on TG transport and apoB secretion, a biological
marker of the number of secreted apoB-containing lipo-
proteins, was greatest in the proximal jejunum, where
MTP gene expression was highest, not in the duodenum,
where apoA-IV gene expression was highest. As MTP plays

an essential role in the first step of apoB lipidation during
the assembly of TG-rich lipoproteins (37, 43), this suggests
that apoA-IV may have increased the efficiency of initial
apoB lipidation. In this regard, in studies in COS cells
cotransfected with a KDEL-modified apoA-IV, MTP, and a
series of apoB constructs, we showed that apoA-IV inter-
acts with some of the smallest apoB truncations capable of
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TG-rich lipoprotein assembly (44), suggesting that it might
facilitate apoB lipidation by acting as a molecular chaper-
one in the early stage of apoB endoplasmic reticulum (ER)
translocation. Moreover, we have observed in McRH-7777
rat hepatoma cells that apoA-IV delays apoB secretion
kinetics (44), suggesting that it could increase the effi-
ciency of apoB lipidation by prolonging the residence of
nascent lipoproteins in cellular compartments where lipi-
dation occurs.

Given the importance of interfacial phenomena in the
initiation of TG-rich particle assembly (45, 46) and the
finding that apoA-IV displays the highest dynamic interfa-
cial elasticity of any apolipoprotein (20), we have proposed
that apoA-IV might increase the efficiency of intestinal
lipid absorption by facilitating particle expansion during
the second step of TG-rich lipoprotein assembly (20). The
observation that apoA-IV expression in IPEC-1 intestinal
cells increases the size of secreted TG-rich lipoproteins
supports this hypothesis (22). However, in the present
study, the effect of apoA-IV on lipoprotein size was subtle
and confined to the distal jejunum and ileum. This dispar-
ity could be caused by differences between the expression
of genes involved in enterocyte lipid transport in cell cul-
ture and their regional expression in vivo, or it could be
because apoA-IV expression in the IPEC-1 cell studies was
under control of a TET-inducible promoter and not un-
der physiological regulation. In any case, if the effect of

TABLE 2. Weight gain, food intake, and food energy storage

Weight gain Food intake Energy intake Energy storage
mg/day g/day Kcal/day mg/Kcal

Chow diet

C57BL6  130.2+0.9" 3854+0.20 11.3+0.6° 11.6+1.2*"

A4KO 1475+ 0.9° 3.66+0.16 11.7+05% 125+1.0°
High-fat diet )

C57BL6  219.3+25° 391+0.27 17.6+1.2° 125+1.9"

A4KO 145.6 + 1.5° 4.01+0.23 18.0+1.0° 81+1.1°

Means = SEM, n = 4-11 animals per group. Values in each column
with different superscripts are P < 0.001 for weight gain and energy
intake; P=0.039 for energy storage by ANOVA.

1992 Journal of Lipid Research Volume 52, 2011

apoA-IV on lipid transport observed in gut sacs is main-
tained in vivo (i.e., apoA-IV expression facilitates secretion
of a greater number of lipoprotein particles in the proxi-
mal gut), the ultimate consequence would be to maintain
a proximal-to-distal gradient of lipid absorption efficiency
that prevents the majority of dietary lipids from reaching
the distal gut. The metabolic implications of this will be
discussed below.

In a recent review of the molecular mechanisms intesti-
nal lipid absorption, Black speculated that a possible ex-
planation for the absence of a malabsorption phenotype
in A4KO mice was compensatory upregulation of other
key genes involved in chylomicron assembly and secre-
tion (47). Assessment of apoB, MTP, DGAT2, FABP2, and
CD36 mRNA levels along the intestine by RT-PCR re-
vealed that expression of all of these was increased in
A4KO mice, albeit with regional differences in fold eleva-
tion. As these genes all reside on different chromosomes
from apoA-IV (apoA-1IV, chromosome 9; apoB, chromo-
some 12; MTP, chromosome 3; DGAT2, chromosome 7;
FABP2, chromosome 3; CD36, chromosome 5), these
changes are unlikely to be an artifact of the construction
of the A4KO mouse (29). On the other hand, as the pro-
moters for some of these genes contain regulatory ele-
ments for hepatocyte nuclear factor 4 alpha (HNF4a)
and peroxisome proliferator-activated receptors (PPAR)
(43, 48, 49), which can bind fatty acids, the altered secre-
tion kinetics of absorbed fatty acids, especially in the
proximal gut, may have increased transcription of these
genes. To the extent that apoA-IV plays a critical role in
lipid absorption, the upregulation of these genes in the
A4KO mouse intestine may have compensated for the ab-
sence of apoA-IV and prevented the appearance of gross
fat malabsorption. Studies in apoA-IV double-knockout
mice bearing mutations that impair the activity of genes
involved in chylomicron assembly will be necessary to
confirm this conjecture.

Recent data from animal and human studies have estab-
lished that the site of nutrient absorption along longitudi-
nal gut axis can have a profound impact on energy
utilization and storage (39). Thus, the ability of apoA-IV to
modulate regional TG absorption could have major meta-
bolic consequences. We observed that over the course of
12 weeks on a high-fat diet, but not on a chow diet with a
lower fat content, A4KO mice gained less weight and had
lower final adiposity than C57BL6 mice, despite consum-
ing and absorbing the same amount of dietary fat. More-
over, the calculated daily weight gained per kilocalorie
consumed on the high-fat diet was significantly lower for
A4KO mice than for C57BL6 mice. With the caveat that we
did not measure activity levels in these animals, these data
suggest that intestinal apoA-IV expression can modulate
energy balance. How could this be? The distal gut contains
populations of L-cells, which are specialized neuroendo-
crine cells that in the presence of luminal fatty acids se-
crete PYY and GLP-1, which are potent gastrointestinal
hormones that suppress appetite (39) and increase basal
metabolic rate (40, 41). In C57BL6 mice fed a high-fat
diet, meal-stimulated apoA-IV synthesis would both increase
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proximal TG transport and delay gastric emptying (50),
thus limiting the amount of dietary fatty acids reaching the
distal gut. However, in the A4KO mice, impaired proximal
TG transport and increased gastric emptying (51) could
enable dietary fatty acids to reach the ileum and stimulate
secretion of PYY and GLP-1, as suggested by the increased
levels of these hormones in A4KO mice fed a high-fat diet.
Not only would increased secretion of PYY and GLP-1 in-
crease basal energy expenditure and impede weight gain
but their central anorexic action could explain why A4KO
mice do not exhibit hyperphagia compared with C57BL6
mice, as might be expected if apoA-IV functioned as a clas-
sical meal-responsive satiety factor.

In conclusion, although fat balance, lymph duct cannula-
tion, and food intake studies confirmed that deletion of the
apoA-IV gene has no impact on total dietary fat absorption or
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Fig. 9. Plasma GLP-1 and PYY levels in C57BL6 (black bars) and
A4KO (gray bars) mice after one week on a chow or a high-fat diet.

Bar heights are means + SEM, n = 3 per group. Bars for each hor-

mone with different superscripts are different at P < 0.001 for
GLP-1 and P= 0.002 for PYY by ANOVA.

food intake, studies with intestinal gut sacs revealed that
intestinal apoA-IV gene expression facilitates TG transport
in the proximal gut by increasing the number of secreted
TG-rich lipoproteins. Feeding studies revealed that, in the
setting of a high dietary fat intake, apoA-IV facilitates
weight gain and adipose tissue lipid storage, possibly by
limiting the entry of dietary fatty acids into the distal gut,
thereby attenuating secretion of gut hormones that sup-
press appetite and increase basal energy expenditure.
Considering our observations in the light of past research
on apoA-IV, we propose that by functioning as a nutrient-
responsive modulator (15) of regional TG absorption and
foregut motility (50, 51), apoA-IV stands at the nexus of a
complex neuroendocrine system that integrates feeding
behavior, intestinal function, and energy utilization and
storage. The function of apoA-1V in this system could help
maintain positive energy balance during times of high
lipid loads (e.g., in neonates) or impaired intestinal func-
tion (e.g., poststarvation [52]). Future studies will explore
the unique metabolic effects of this fascinating apolipo-

protein Bl
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