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Abstract

Two transgenic mouse lines, expressing low or high amounts of
human apo A-IV were created. In low and high expressor
HuAIVTg mice on a chow diet, serum human apo A-IV levels
were 6 and 25 times the normal human level and on a high fat
diet, they were 12 and 77 times higher. Humanapo A-IV was
equally distributed between lipoprotein (mainly HDL) and
lipid-free fractions. Intestinal absorption of radiolabeled choles-
terol and triglycerides was unaffected in HuAIVTg mice. Vita-
min A, carried exclusively in chylomicrons and their remnants,
was catabolized normally. When an intragastric vitamin E
bolus is given to the HuAIVTg mice, the initial absorption and
appearance in triglyceride-rich lipoproteins was similar to that
observed in normal mice. However, elevated amounts of vita-
min E were subsequently observed in the VLDL of the
HuAIVTg mice. Furthermore, in the fed state, serum VLDL
triglycerides were markedly elevated in HuAIVTg mice. This
effect was greater in high expressor mice. Serum total choles-
terol was not elevated, but the distribution was altered in the
HuAIVTg mice; VLDL-C was increased at the expense of
HDL-C. Kinetic studies suggested a delayed clearance of
VLDLin HuAIVTg mice. Apo A-IV has been suggested to be a
satiety factor, but no effect on feeding behavior or weight gain
was observed in these HuAIVTg mice. In summary, our studies
with HuAIVTg mice show that additional apo A-IV does not
effect intestinal absorption of fat and fat-soluble vitamins, and
at least chronic elevation of plasma apo A-IV does not effect
feeding behavior in this model system. (J. Clin. Invest. 1994.
93:1776-1786.) Key words: apolipoprotein A-IV * lipoproteins
* very low density lipoprotein kinetics * vitamin A * vitamin E

Introduction

Apo A-IV is a 46-kD, 376-amino acid glycoprotein found prin-
cipally in HDLand the lipoprotein-free fraction of plasma ( 1-
10). The apo A-IV gene is expressed mainly in the intestine
with varying degrees of liver expression in different species
(1 1-12). The apo A-IV gene is located in a complex with the
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apo A-I and apo CIII genes ( 13-14). Apo A-I and apo A-IV
genes are transcribed in the same direction, whereas the apo
CIII gene located between them is transcribed in the opposite
direction ( 1 ). Studies in transgenic mice have suggested that an
intestinal control region for the entire gene complex resides
between the apo CIII and apo A-IV genes ( 15).

A number of physiological functions for apo A-IV have
been postulated, including a role in fat and fat-soluble vitamin
absorption. Apo A-IV levels are increased in plasma after a
fat-containing meal and a chronically fed high fat diet elevates
plasma levels (3, 6, 16-22). Patients receiving total parenteral
nutrition without lipids have low or undetectable apo A-IV
levels (20). A single patient with genetic deficiency of apo A-I,
CIII, and A-IV had low plasma levels of vitamin A, vitamin E,
and essential fatty acids (23), whereas patients with apo A-I
and CIII, but not A-IV deficiency had normal levels (24-27).
These associations plus almost exclusive intestinal expression
of this protein in humans plausibly suggest that apo A-IV is
involved in fat and fat-soluble vitamin absorption.

Apo A-IV has also been suggested to play an important role
in feeding behavior. Fujimoto and his co-workers (28) found
that apo A-IV-rich lymph or purified apo A-IV functioned as a
satiety factor in rats, and that this function was not shared by
apo A-I. Later, they demonstrated that this anorexic effect was
mediated through the central nervous system (29).

Other functions for apo A-IV have also been postulated.
Steinmetz and Utermann (30) have shown that apo A-IV can
activate lecithin:cholesterol acyltransferase (LCAT) in vitro,
but this function can also be carried out by other apolipopro-
teins. DeLamatre (31 ) and Bisgaier (9) have shown that in
vitro incubation of plasma with apo A-IV during the
lecithin:cholesterol acyltransferase reaction causes a depletion
of HDL surface lipids and increased HDL-associated apo A-
IV. These studies suggest a structural role for apo A-IV in stabi-
lizing HDLas the LCAT reaction proceeds. Other studies (32)
have suggested apo A-IV may function in the removal of cellu-
lar cholesterol from extrahepatic tissues. Again, this is not a
unique function for this apolipoprotein. However, since lipid-
free apo A-IV is present in high concentrations in interstitial
compartments, it is an ideal candidate to perform this func-
tion. Other studies have suggested apo A-IV functions in HDL
clearance via a specific hepatic receptor (33). However, the
theory of whether apo A-IV functions as a ligand for clearance
of whole HDL has been challenged (34). Finally, it has also
been suggested by Goldberg et al. (35) that apo A-IV modu-
lates lipoprotein lipase activity by regulating the distribution of
its activator apo C-IT between HDL and lipolysis susceptible
substrates such as chylomicrons. It is possible that this protein
serves a variety of functions.
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To gain further insights into the role of apo A-IV in lipid
metabolism, transgenic mice expressing human apo A-IV
(HuAIVTg)' were created. In the current study, we mainly
focused on the role this apolipoprotein might play in intestinal
lipid absorption and feeding behavior. Lipid absorption was
measured using a variety of metabolic tracers, including the
fat-soluble vitamins A and E and radiolabeled cholesterol and
triglycerides. The intestinal absorption of these lipids was nor-
mal despite > 20 times higher apo A-IV levels than normally
found in human plasma. Wealso failed to detect any effect of
chronically elevated plasma apo A-IV levels on appetite or
weight gain. In addition, these mice displayed feeding behavior
and consumed amounts of food that were indistinguishable
from control mice.

Methods
Creation of HuAI VTg. A 10-kb DNAfragment containing the human
apo A-IV gene was constructed from three overlapping genomic frag-
ments extending from the PvuII site in the most 5' region of the apo
CIII gene to the HindIII site I kb to the 3' of the apo A-IV gene (Fig.
I ). Transgenic mice were created by microinjecting the 10-kb construc-
tion into male pronuclei of fertilized mouse eggs as described by Walsh
et al. (36).

Tail tip DNA from 3-wk-old mice was screened for human apo
A-IV by the polymerase chain reaction (37). Primers were chosen to
identify the intergenic region adjacent to the human apo CIII gene
(38). No amplification could be detected in DNAobtained from non-
transgenic mice.

Two transgenic mouse lines (C57BI6xCBA) expressing human apo
A-IV were created; low and high expressor lines. Nontransgenic litter
mates or Fl mice were used as controls. Mice were housed in a tempera-
ture-controlled room with an alternating light (7 a.m.-7 p.m.) and dark
period (7 p.m.-7 a.m.). Mice were fed either mouse chow (Purina
Mills, St. Louis, MO)or high fat (Adjusted Calories Western-type Diet
no. 88137, Teklab Premier Laboratory Diets, Madison, WI) diets and
had access to water, ad libitum. This sodium cholate-free high fat diet
contained by weight, 21% fat (polyunsaturated/saturated= 0.07),
0. 15% cholesterol, and 19.5% casein. Male and female mice, 3-4 moof
age weighing 20-30 g were used for experiments. Experiments were
performed between 8 a.m. and 11 a.m. with ad libitum-fed mice (fed
state), unless otherwise indicated. In some studies, food was removed
from the cages at 9 a.m., and blood samples were collected from the
mice 8 h later (fasted state). Mice were anesthetized with methoxyflu-
rane before retroorbital plexus blood sampling or intragastric bolus
administration of lipid. For femoral vein injections, mice were anesthe-
tized with pentobarbital.

Humanand mouse apo A-IV quantitation. Humanand mouse apo
A-IV was quantitated by immunoelectrophoresis (39) with antibodies
raised in rabbits against human (6) and rat apo A-IV (40), respectively.
The latter cross-reacts with mouse apo A-IV. The antibody to human
apo A-IV did not recognize mouse apo A-IV and vice versa. Apo A-IV
levels in pooled plasma from four normolipidemic human subjects was
19 mg/dl. This was quantitated using purified human apo A-IV kindly
provided by Dr. Marian C. Chung (Washington University, Seattle,
WA) and it was set to be one arbitrary unit. The amounts found in
HuAIVTg mice were expressed relative to this amount as arbitrary
units. Quantitation of mouse apo A-IV in control and HuAIVTg mice
was also expressed in arbitrary units relative to a standard prepared
from a mouse plasma pool ( 100 ml) obtained commercially (Pel-Freez
Biologicals, Rogers, AR). Serum samples or gel-filtration column frac-
tions (FPLC Superose 6; Pharmacia LKB Biotechnology, Piscataway,
NJ) were diluted in 4 Murea, 12 mMTricine, 40 mMTris, 0.6 mM
calcium lactate, and 0.0 1%NaN3, pH 8.2, and incubated for 30 min at

1. Abbreviations used in this paper: HuAIVTg, human apolipoprotein
A-IV transgenic; LCAT, lecithin:cholesterol acyltransferase.
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370C before immunoelectrophoresis. Appropriate dilutions of
HuAIVTg and control mouse serum or column fractions were made to
determine apo A-IV in the linear range of the assay. Overnight immu-
noelectrophoresis was carried out on GelBond film (Category no.
53748, FMCCorp. BioProducts, Rockland, ME) containing either 6%
rabbit anti-human or 9%rabbit anti-rat apoA-IV serum in 1 %agarose,
2%polyethylene glycol 6000 in 24 mMTricine, 81 mMTris, 1.2 mM
calcium lactate, and 0.02% NaN3, pH 8.2, at 1 mA/cm. Rocket height
was determined on amido black-stained gels.

Apo A-IV mRNAanalysis. Liver, small intestine, spleen, heart, kid-
ney, stomach, adipose tissue, and muscle total RNAwere extracted
from control and HuAIVTg mice (41) and Northern blotted (20 ,g
total RNA/lane) on nylon filters. Blots were prehybridized at 650C
with 300 tg/ml salmon sperm DNA, 5 X SSPE (1 X SSPE = 0.15 M
NaCl, 10 mMEDTA, 10 mMsodium phosphate, pH 7.4), 0.5% SDS,
0.2% Blotto, 50% formamide, and hybridized in the same solution us-
ing either human or mouse apo A-IV specific riboprobes. Filters were
washed with 2 x SSPE, 0.2% SDSand 0.2 X SSPE, 0.2% SDSat 65°C.
The specific riboprobes represented basepairs 500-552 of the mouse
(42) and the corresponding area in human apo A-IV gene, which were
the least homologous regions between the two species. The probe for
human apo A-IV did not react with mouse apo A-IV mRNAsand vice
versa.

Vitamin A-fat tolerance test. Four control and four high expressor
HuAIVTg mice with serum triglyceride levels of 144±33 and 201±92
mg/dl, respectively, were given an intragastric bolus of retinyl palmi-
tate (3,000 U) in corn oil (100 jl). Mice were bled (60 ,l) before and 1,
2, 4, and 12 h after the challenge. Retinyl acetate internal standard was
added to serum samples before lipid extraction (43). Samples were
reconstituted with toluene and analyzed by reverse-phase HPLC
(Beckman Instruments, Inc., Fullerton, CA), using 2 ml/min metha-
nol as the mobile phase (44). Peak area of retinyl palmitate was normal-
ized to that of retinyl acetate.

Intestinal trigvyceride production. To determine intestinal triglycer-
ide production, three control and three high expressor HuAIVTg mice
normally maintained on a chow diet were fasted overnight and treated
with Triton WR1339 (500 mg/kg i.v.) to block lipolysis (45). Mice
were given an intragastric bolus of glycerol [3H]trioleate (50 ACi) in
corn oil (100 gl). Blood samples were drawn 30, 45, 60, and 90 min
thereafter. [ 4C] trioleate internal standard was added to serum sample,
and lipids were extracted according to the method described by Folch
et al. (46). Triglycerides were separated by thin-layer chromatography
on silica gel G (Analtech Inc., Newark, DE) in hexane-diethyl ether-
acetic acid (82:16:1 vol / vol / vol), and radioactivity was determined by
liquid scintillation counting.

Cholesterol absorption. Cholesterol absorption was determined in
five control and five high expressor HuAIVTg mice maintained on a
chow diet by the double-label technique described by Zilversmit (47).
Mice received [3H] cholesterol (5 ,uCi) intravenously (2.5% ethanol in
0.9% NaCl) and [ '4C ] cholesterol (5 ,uCi) in skim milk as an intragas-
tric bolus. The ratio of [ '4C ] cholesterol to that of [3H I cholesterol was
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measured 43, 53, 61, and 77 h after radiolabeled cholesterol administra-
tion to determine the percent of cholesterol absorbed.

Vitamin E assay. Vitamin E absorption was determined in eight
control and seven high expressor HuAIVTg mice maintained on a
chow diet. [3,4 '4C] all-racemic-a-tocopherol ( 122 iiCi/mg) dissolved
in toluene, a gift from Dr. W. Cohn, Hoffman-La. Roche Inc. (Basel,
Switzerland), was taken to dryness under nitrogen in the dark and then
was resuspended in corn oil. Mice were given an intragastric bolus of
['4C]vitamin E (10 ttCi) in corn oil (100 tsl). Animals were bled (30
Al) at 1, 2, 3, 4, 5, 6, 9, 24, 48, and 72 h after the bolus, and serum
radioactivity was determined by liquid scintillation counting.

In vivo production and clearance oflabeled VLDL. To determine
hepatic triglyceride production, three control and three high expressor
HuAIVTg mice were anesthetized and treated with Triton WR1339
(500 mg/kg i.v.) to block lipolysis (45). Mice were then injected with
[3H]glycerol (100,uCi i.v.), and blood samples were obtained at 20, 30,
60, 90, and 120 min after the glycerol injection. The appearance of
radioactivity in triglycerides was determined as described above (see
"Intestinal triglyceride production").

For clearance studies, VLDL was labeled in vivo in control mice.
Mice were injected intravenously with [3H] glycerol (100 MCi) and bled
30-45 min later. VLDL(d < 1.006 g/ml) was isolated by ultracentrifu-
gation. About 90% of the radiolabeled material was associated with
triglycerides as assessed by lipid extraction, thin-layer chromatography,
and liquid scintillation counting.

Radiolabeled VLDL (3 X105 dpm/mouse) clearance was deter-
mined in 11 control and 11 high expressor HuAIVTg mice. Recipient
mice received an intravenous bolus of3H-VLDL, and were bled (50,ul)
at 2, 5, 10, 20, 40, 75, and 120 min for determination of serum radioac-
tivity. VLDL triglyceride kinetics were analyzed using a single- or two-
pool model based on a main VLDL pool with the assumption that the
remnant pool is derived entirely from the main pool. For each animal,
the fitted curve was extrapolated back to time 0 to obtain the initial
radioactivity.

Plasma lipid analysis. Blood was obtained from mice in the morn-
ing having had normal access to food (fed samples) and in the evening
after they had fasted 8 h during the day (fasted samples). In some
studies, serum (200 ILI) was separated by gel-filtration chromatography
(Superose 6 FPLC; Pharmacia) and 1 -ml fractions were analyzed as
described below under apolipoprotein analysis. Total plasma triglycer-
ides and cholesterol were determined enzymatically using commercial
kits (no. 236691 and no. 126012, respectively; Boehringer Mannheim
Corp., Indianapolis, IN). Lipoprotein triglyceride and cholesterol con-
tent were determined by on-line post-column analysis of Superose 6
gel-filtered 10-20 ,l plasma (48). For triglyceride analysis, blood was
collected in the presence 0.8 mMdiethyl p-nitrophenyl phosphate
(E600) (Sigma Chemical Co., St. Louis, MO) to inhibit circulating
hepatic lipase.

Apolipoprotein analysis. Superose 6 gel-filtration chromatography
fractions were concentrated, chemically reduced, and subject to 4-15%
gradient SDS-PAGE (49). Gels were stained with Coomassie blue
R-250.

Electronmicroscopy. To determine the size of VLDL particles, nega-
tive staining was performed with 2%potassium phosphotungstate (pH
7.6) followed by electron microscopy (50). VLDL was obtained from
two control and two HuAIVTg mice. Both fasted and fed samples were
studied. The average size of 150 particles in a given area was measured
in each case.

Weight gain, food intake, and feeding behavior. Three groups of
control (n = 5, 20, and 16) and high expressor HuAIVTg (n = 4, 17,
and 7) female mice on chow diets were monitored for body weight once
or twice a week between ages 12-20 wk.

Two approaches were used in the study of feeding behavior: in one,
we examined the amount of chow eaten after a fast; in the other, we
electronically monitored the circadian patterns of spontaneous feeding
and drinking. In the first food intake experiment, six female control
and six high expressor HuAIVTg mice were individually caged 2 wk
before the initiation of the study. After an 18-h fast, the amount of

chow eaten during the first hour was measured. This procedure was
repeated on three separate occasions during a 4-wk period.

In another study, several weeks of spontaneous feeding behavior of
six control and six high expressor HuAIVTg female mice was electronic-
ally monitored in 6-min intervals across the 12-12-h light-dark cycle.
Licks of water and counts from a food hopper that could be triggered
once a second by active gnawing at pelleted chow were used, in con-
junction with amounts of water and chow consumed to calculate meal
patterns (51, 52). For each mouse, data from three 24-h periods were
analyzed in terms of total food intake, number of meals (with a 12-min
interval without ingestion defined as the end of meal), percent of feed-
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Figure 2. Apo A-IV levels in HuAIVTg mice. Human apo A-IV in
mouse serum was quantitated by immunoelectrophoresis. Shown (A)
is a typical analysis of 4-40 nl of HuAIVTg mouse serum from ani-
mals maintained on either a high fat (n = 3) or chow (n = 2) diet
(diluted serum from high expressor mice). A normalization standard
(0.25-2 ALI) prepared from pooled human plasma (n = 4) having an
apo A-IV level of 19 mg/dl was included on all plates. Mouse serum
apo A-IV was also quantitated by immunoelectrophoresis (not
shown). Human (B) and mouse (C) apo A-IV levels±SE for control,
low and high expressor mice are shown relative to the human plasma
or a mouse plasma standard, respectively.

1778 Aalto-Setdld et al.



ing and drinking in the light and dark portions of the light-dark cycle,
and circadian patterns of feeding and drinking.

In an additional experiment, both food consumption by weight and
electronically monitored feeding and drinking behavior were deter-
mined in another six control and six high expressor HuAIVTg mice
during the first 30 min after a 24-h fast. This procedure was repeated
once.

Statistical analysis. Statistical examination of intestinal fat absorp-
tions, as well as intestinal and hepatic triglyceride production were
calculated using t test for nonpaired samples. For VLDL turnover stud-
ies, statistical analysis was done by two-way ANOVA. Logarithms of
triglycerides and fractional catabolic rate were used in statistical analy-
ses to achieve similar variances in the groups. Statistical analysis was
done with Statistical Analysis System (SAS Institute, Cary, NC).

For serum parameters (i.e., total and lipoprotein triglyceride and
cholesterol and mouse and human apo A-IV levels), least squares
means analysis (Superanova Version 1.11; Abacus Concepts, Inc.,
Berkeley, CA) was performed to determine significant differences be-
tween control, low, or high expressor HuAIVTg mice in either the fed
or fasted state maintained on either chow or high fat diets.

Weight gain and various parameters of feeding behavior were exam-
ined by two-way repeated measures analysis of variance, where appro-
priate, or simple t test between groups.

Results

Creation of human A-IVtransgenic mice. A human DNAfrag-
ment was constructed that extended from the PvuII site in the
5' portion of the apo CIII gene to the HindIII site 3' to the apo
A-IV gene. This included the intergenic region between the apo
CIII and apo A-IV genes and the entire apo A-IV gene (Fig. 1 ).
The DNAwas microinjected into fertilized eggs. Two founder
mice were born, which gave birth to healthy offspring express-
ing the human apo A-IV gene.

Plasma human and mouse apo A-IV levels. Human(Fig. 2
A) and mouse (not shown) apo A-IV levels were monitored by
immunoelectrophoresis. When HuAIVTg mice derived from
the two founders were maintained on a chow diet, their human
apo A-IV levels were - 6 and 25 times the normal human
level. These two HuAIVTg mouse lines were designated low
and high expressors, respectively (Fig. 2 B). A high fat diet

A Liver Intestire

00

-Mouse apo ANV

- 28S

increased human apoA-IV serum levels to - 12 and 80 times
the normal human level in the low and high expressor line,
respectively (Fig. 2 B). Gender did not significantly alter the
human apo A-IV serum level (data not shown). Despite high
human apo A-IV serum levels in the HuAIVTg mice main-
tained on a chow diet, mouse apo A-IV levels were not signifi-
cantly different from those of control mice (Fig. 2 C). Like
human apo A-IV, about a threefold increase in mouse apo
A-IV levels was observed when mice were maintained on the
high fat diet. Mouse apo A-IV levels were significantly in-
creased in fed compared to fasting conditions on chow and
high fat diet in control mice (P < 0.03 and 0.0001, respec-
tively) (Fig. 2 C). In HuAIVTg mice, a similar but nonsignifi-
cant trend was observed in human apo A-IV levels (Fig. 2 B).

Tissue expression of human and mouse apo A-IV. Mouse
apoA-IV mRNAwas expressed in the intestine, while human
apoA-IV mRNAwas found both in the intestine and, to a
smaller extent, in the liver (Fig. 3). No expression of human or
mouse apo A-IV mRNAin other tissues was detected (data not
shown). High fat diet did not increase mouse or human apo
A-IV mRNA.

Distribution of human apo A-IV in HuAIVTg mouse
plasma. Pooled serum samples from control or high expressor
HuAIVTg mice that were either fed or fasted, and on either
chow or high fat diet, were separated by Superose 6 gel-filtra-
tion chromatography. Fractions were analyzed by SDS-PAGE
(Fig. 4), and in some cases, human apo A-IV content by immu-
noelectrophoresis. By SDS-PAGE, we observed no major dif-
ference in the protein staining pattern across the profile, ex-
cept, a 46-kD protein was markedly increased at the elution
volume of HDL and the lipoprotein-free fractions in the
HuAIVTg profile. Immunoelectrophoresis of profile fractions
demonstrated 55%of the human apo A-IV coeluted with HDL,
while the remainder eluted in the lipoprotein-free fractions.

Intestinal lipid absorption. Intestinal lipid absorption was
studied using a variety of models. First, we used a vitamin
A-fat tolerance test, in which the serum concentrations with
time of retinyl palmitate was determined after dosing of retinol
in corn oil. Retinol is esterified in the intestine and secreted
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Figure 3. Northern blot analysis of liver and intestinal
apo A-IV mRNA.RNAprepared from liver and in-
testine of control or HuAIVTg mice on chow or high
fat diets was hybridized to mouse (A) or human (B)
apo A-IV specific riboprobes. Lower panels show the
respective ethidium bromide-stained gels.
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Figure 5. Vitamin A tolerance in HuAIVTg mice. Intestinal absorp-
tion of retinyl palmitate (3,000 U administered as an intragastric
bolus in 100 ,d corn oil) was assessed in four control (o) and four
high expression HuAIVTg (.) as described in Methods. At intervals
up to 10 h, mice were bled, and serum retinyl palmitate content rela-
tive to a retinyl acetate internal standard was determined. Data rep-
resent mean±SD.

poration of glycerol into triglycerides between the control and
transgenic mice (Fig. 6).

Next, we assessed intestinal cholesterol absorption using
the double isotope method (47). Animals were dosed intragas-
trically with ['4C]cholesterol and intravenously with [3H]-

60-
Alb -

AIV

Al -

C's -

Figure 4. Fractionation of mouse plasma by Superose 6 chromatog-
raphy. Pooled serum from fed control (A) or high expressor
HuAIVTg (B) mice on chow diets was chromatographed on Superose
6 by FPLC. Upper panels show OD280 profile and indicate elution
volumes of VLDL, LDL, and HDL. Aliquots of fractions were as-
sessed for apo A-IV content (see Results) and protein by 4-15%
SDS-PAGE.

with chylomicrons. Once these particles are cleared, serum reti-
nol, which is derived from the liver, is only found unesterified
and bound to retinol binding protein (53). The appearance of
retinyl palmitate in serum and its disappearance from chylomi-
cron remnants was essentially identical in control and
HuAIVTg mice (Fig. 5).

Second, triglyceride absorption in Triton WR1339-treated
mice was determined. Mice were given an intragastric bolus of
glycerol-[3H]trioleate in corn oil, and the appearance rate of
radiolabeled triglycerides in serum was determined. Again, we
found no difference in the lipid absorption rates nor the incor-
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Figure 6. Intestinal triglyceride production in HuAIVTg mice. Intes-
tinal triglyceride production was assessed in three control (o) and
three high expression HuAIVTg (e) as described in Methods. Mice
were initially treated with Triton WR1339 (to block lipolysis) and
then given an intragatric bolus of glycerol [3H]trioleate (50 ACi) in

corn oil ( 100 id). At intervals of < 2 h, mice were bled and radioac-

tivity associated with plasma triglycerides determined as described in

Methods. Data represent mean±SD.
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cholesterol. At - 24 h, both isotopes were cleared from serum
at the same rate (data not shown). The isotope ratio ('4C/3H)
was therefore determined at four time points after 24 h to assess
cholesterol absorption. The average of these determinations
was regarded as the amount of cholesterol absorbed for each
animal. Based on the '4C/3H ratio, the amount cholesterol ab-
sorbed was essentially identical in control and HuAIVTg mice
(67.7±4.0 and 68.5±4.7%, respectively).

Last, we assessed intestinal ['4C I a-tocopherol (vitamin E)
absorption. Although both vitamins A and E passing through
the intestine are absorbed and secreted in chylomicrons, he-
patic vitamin E, unlike vitamin A, is transported in lipopro-
teins. Further, a-tocopherol is specifically incorporated into
VLDL for secretion by the liver into the plasma (reviewed in
reference 54). After an intragastric bolus, radioactive enrich-
ment of chylomicrons was observed during 2-6 h in both con-
trol and HuAIVTg mice (Fig. 7). Chylomicron vitamin E was
not statistically different between the groups. A second peak,
corresponding to radiolabeled vitamin E carried in VLDL, was
detected - 24 h after the animals received the label. This peak
was significantly higher (P < 0.05) in HuAIVTg mice than in
controls (Fig. 7). By 48 h, radiolabeled vitamin E in the serum
of control and HuAIVTg mice converged.

Overall, intestinal absorption of triglycerides, cholesterol,
or fat-soluble vitamins was the same in HuAIVTg and control
mice. Chylomicron metabolism, as assessed by retinyl palmi-
tate clearance, was normal. However, the vitamin E clearance
data suggest an altered VLDL metabolism in the HuAIVTg
mice.

VLDL metabolism in the HuAIVTg mice. Hepatic VLDL
triglyceride production was studied in Triton WR1339-
treated mice. No significant differences were observed in the
appearance of radiolabeled triglycerides in serum of control
and high expressor HuAIVTg mice (Fig. 8).

VLDL clearance was studied using VLDL radiolabeled in
vivo (from donor mice) as described in Methods. The major
VLDL metabolic difference between control and HuAIVTg
mice was that the disappearance of radiolabeled VLDL was
significantly diminished in the high expressor HuAIVTg com-
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Figure 7. Intestinal vitamin E absorption in HuAIVTg mice. Intes-
tinal absorption of vitamin E (10 yCi administered as an intragastric
bolus in 100 ,u corn oil) was assessed in eight control (o ) and seven
high expression HuAIVTg (.) as described in Methods. Serum vita-
min E radioactivity was determined at intervals of < 72 h. Data rep-
resent mean±SD.
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Figure 8. Hepatic triglyceride production in HuAIVTg mice. Hepatic
triglyceride production was assessed in three control (o) and three
high expression HuAIVTg (o) as described in Methods. Mice were
treated with Triton WR1339 (to block lipolysis) and then intrave-
nously injected with [3H ]glycerol ( 100 gCi). Serum triglyceride ra-
dioactivity was determined < 2 h after the [3H]glycerol injection.
Data represent mean±SD.

pared to controls ( 3.3 + 2.3 vs 10. 1 + 5.8 pools/h, respectively,
P < 0.0001) (Fig. 9, Table I). Clearance in control mice was
consistent with a two-pool model, and included a rapidly and
slowly removed VLDL pool. In contrast, VLDL clearance in 9
out of 11 HuAIVTg mice conformed to a single-pool model.

Serum lipids and lipoproteins. Serum lipid and lipoprotein
levels in control, low, and high expressor HuAIVTg mice are
presented in Table II. Apo A-IV overexpression did not signifi-
cantly change serum total cholesterol levels in the fasted condi-
tion when mice were maintained on either chow or high fat
diets (Table II). In the fed state on the chow diet, plasma choles-
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Figure 9. VLDL clearance in HuAIVTg mice. VLDL clearance in
mice was studied in 11 control (o) and 11 high expression HuAIVTg
(.) using 3H-triglyceride VLDL isolated from donor mice as de-
scribed in Methods. 3H-triglyceride VLDL (3 X 105 dpm/mouse) was
intravenously administered to mice, and serum radioactivity was de-
termined at intervals of c 2 h. Representative decay curves for labeled
VLDL triglycerides in a control and a HuAIVTg mouse is shown.
Data from all mice studied were used to determine triglyceride frac-
tional catabolic rate and production rate, and they are shown in Ta-
ble I.
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Table I. VLDL Triglycerides Fractional Catabolic Rates (FCR)
and Production Rates (PR) for Control
and High Expressor HuAI VTg Mice

n Weight Triglycerides FCR PR

g mg/dl pool/h mg/h/g

Control 11 24±2* 111±33 10.1±5.8 0.36±0.24
HuAIVTg 11 23±5 228±77 3.3±2.3 0.22±0.12
P NS 0.0001 0.0001 0.03

* Mean±SD.

terol levels did not differ significantly from each other; how-
ever, on the high fat diet in the high expressor mice, total choles-
terol was significantly elevated compared to the controls (P
< 0.0001 ) or the low expressor mice (P < 0.001 ) (Table II).
Further analysis of the plasma lipoproteins in high expressor
mice revealed this increase was largely caused by a marked
elevation of VLDL cholesterol (P < 0.0001 ) and diminution in
HDLcholesterol (P < 0.0001 ) (Fig. 10, Table II). Similar sig-
nificant changes in VLDL and HDL cholesterol levels were
also found when the mice were kept on chow diet (Fig. 10,
Table II). In the fed state, a similar trend for VLDL cholesterol
elevation was seen in some of the low expressor HuAIVTg
mice (data not shown). However, the variability between ani-
mals resulted in no significant differences for VLDL choles-
terol for mice maintained on chow (P = 0.09) or high fat (P
= 0.75) diets (Table II).

Plasma triglycerides in the fasted condition were not signifi-
cantly different between control, low expressor, or high expres-
sor HuAIVTg mice maintained on either diet regimen (Table
II). In contrast, in the fed condition on the chow diet, plasma
triglycerides were significantly elevated in both low (P < 0.001 )
and high expressor (P < 0.0001 ) HuAIVTg mice (Table II).
This effect was mainly caused by a marked elevation in VLDL
triglycerides in the HuAIVTg mice. In the fed state on the high
fat diet, a significant increase in plasma triglycerides was seen
only in high expressor HuAIVTg mice (P < 0.0001 ) (Table II).

VLDL size was determined by negative staining electron-
microscopy. Neither average diameter nor size distribution of
VLDL were significantly different between control and
HuAIVTg VLDL (data not shown).

Weight gain, food intake andfeeding behavior in HuAIVTg
mice. Weight gain was monitored in three separate groups of
control and high expressor HuAIVTg mice. No significant dif-
ference in the rate or amount of weight gain was observed be-
tween the control and HuAIVTg mice (Fig. 11). Food intake
was determined by the amount of chow consumed during the
first hour of dark in the light-dark cycle after an 18-h fast in six
control and six HuAIVTg females. The experiment was re-
peated for a total of four separate occasions during a 4-wk
period. Initial body weight of 8-wk-old control (26.0±3.0 g)
compared to high expressor HuAIVTg (26.6±1.2 g) mice used
in these experiments were not significantly different. Food
consumption was not significantly different in control
(0.781±0.237 g/h) when compared to HuAIVTg (0.808±0.280
g/h) mice. Electronically monitored gnawing and licking time
were also determined in six control and six HuAIVTg female
mice that had been acclimated to their cages. The feeding and
drinking pattern did not show any significant differences be-
tween the groups (Fig. 12). Also the diurnal feeding habits, as
determined by the size and number of meals in dark and in
light and the percentage of food eaten in light and dark, were
not significantly different between the groups (Table III). In
two separate experiments, food consumption (mean±SD) was
monitored during the first half hour after a 24-h fast in control
(27.0±1.8 g) and HuAIVTg (27.1±1.1 g) mice. Again, we
found no difference in the amount of food consumed by con-
trol (1.010±0.406 g/30 min) and HuAIVTg (0.893±0.249
g/30 min) mice.

Discussion

In the present study, we have created mice that express human
apo A-IV to help understand apo A-IV function. In similar
types of studies, overexpression of other apolipoproteins has
provided new knowledge of their physiologic role (36, 45, 55-
60). In the case of apo A-IV, this approach is particularly
needed, since many functions of apo A-IV have been suggested
based on circumstantial evidence and in vitro studies, but none
of these have been proven to be unique and important in vivo.
Weanalyzed two transgenic lines, a low and a high expressor
line. These two lines express mainly intestinal but also some
hepatic human apo A-IV mRNA,and this results in circulating
levels - 6 and 25 times the normal human level, respectively,
on a chow diet. A high fat diet elevated human apo A-IV to

Table II. Serum Lipid and Lipoproteins Levels in Control and Low and High Expressor HuAIVTg Mice (mean ± SD)

Fast chow High fat Fed chow High fat

n C TG C TG C TG VLDL-C VLDL-TG HDL-C C TG VLDL-C VDL-TG HDL-C

Control 22 76±3 98±6 134±7 109±8 84±3 215±16 12±1 165±17* 59±3 170±6 212±16 17±2 164±19* 127±7

Low expressor
HuAIVTg 10 70±7 85±5 133±12 95±10 99±7 356±6 23±6 265±53 56±3 181±10 215±19 19±4 170±20 149±8

High expressor
HuAIVTg 12 74±5 133±15 146±1l 110±12t 91±6 496±54 52±6 538±82§ 34±2 224±18t 651107t 120±17 772±1821" 83±2

p
Control vs low NS NS NS NS NS 0.001 0.1 0.04 NS NS NS NS NS NS

Control vs high NS NS NS NS NS 0.0001 0.0001 0.0001 0.001 0.0001 0.0001 0.0001 0.0001 0.0001

Low vs high NS NS NS NS NS 0.003 0.0001 0.0001 0.01 0.0001 0.0001 0.0001 0.0001 0.0001

* n = 16, t n = 9, § n =6,I n = 4.
TC, total cholesterol; TG, triglycerides; C, cholesterol.
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Figure 10. Lipoprotein total cholesterol profile by
high pressure gel filtration chromatography in fed
control and high expressor HuAIVTg mice. Total li-
poprotein cholesterol profiles were determined by on-
line post-column analysis of Superose 6 gel-filtered
mouse serum (10-20 al). Plasma from fed control
(mice 1-6) and high expressor HuAIVTg (mice 7-12)
mice on chow diets and control (mice 13-18) and
high expresser HuAIVTg (mice 19-23) mice on high
fat diets were analyzed. Mice are identified by num-
bers 1-23 next to each serum profile. Gender (M or
F), and total cholesterol in milligrams per deciliter
are indicated (in parentheses). These analyses were
performed on a Beckman-Gold system (48). Lipo-
protein cholesterol distribution was determined from
percent area distribution in profiles and from inde-
pendent cholesterol determinations (in whole serum).

141) All the profiles are in the same scale. Serum triglycer-
ide distributions were determined by similar methods

-(285 (profiles not shown) and from independent triglycer-
IF (7282 ide determinations (in whole serum). Table III sum-
- marizes lipoprotein cholesterol and triglyceride data

40 from all mice.

- 12 and 80 times the normal human level, respectively.
Mouse apo A-IV levels were similar in control and HuAIVTg
mice, and rose if the mice were maintained on a high fat diet. In
HuAIVTg mice, human apo A-IV levels paralleled those of
mouse apo A-IV in response to lipid feeding. It thus seems that
mouse and human apo A-IV levels are controlled by the same
regulatory elements. Since neither mouse or human apo A-IV
mRNAwas increased by high fat diet, this regulation is post-
transcriptional and it does not distinguish between mouse and
human apo A-IV proteins. Despite the high circulating human

26-

24.-

0

m

01

.5

0

22-

20-

18
--o-- Control

HuAIVTg

+ 13+ 14+ 18+ 19+

Age (weeks)

Figure 11. Weight gain in control and high expressor HuAIVTg mice.
Weight gain was monitored in three separate groups of control (5,
20, and 16 mice/group) and high expresser HuAIVTg (4, 17, and 7
mice/group) mice once or twice a week between weeks 12 and 20
of age. The weight measurements for a mouse within a week were
pooled to give a single measure per week for each mouse; i.e., the
mean of the weight at 12 and 12.5 wk = 12+. The mice had free ac-
cess to chow diet. Curves represent pooled data from the three groups
of control and HuAIVTg mice. Data presented as mean±SE.

apo A-IV levels, we found approximately half of it associated
with lipoproteins (mainly HDL) with the remainder in the
lipoprotein-free fraction. This distribution is analogous to that
found in the plasma of rats (31 ).

Apo A-IV is thought to play a role in lipid absorption; thus
we assessed a number of parameters of lipid absorption in the
HuAIVTg mice. Wefound essentially no difference in triglycer-
ide, cholesterol, vitamin A, or vitamin E absorption. Thus, it
seems that elevated amounts of apo A-IV do not have any
major effect on normal lipid absorption in this model system.
In addition to lipid absorption, chylomicron clearance was
normal. Wedid note that HuAIVTg mice maintained on either
a chow or a high fat diet had a sustained elevation of VLDL
triglycerides and cholesterol. This elevation was more promi-
nent in the high expresser HuAIVTg mice. This finding would
be consistent with either an increased VLDL production or a
delayed clearance. VLDL production was essentially identical
in control and HuAIVTg mice as determined by the appear-
ance of newly synthesized radiolabeled triglycerides in Triton
WR1339-treated mice, thus suggesting a delayed clearance.
Fractional catabolic rate determinations with in vivo-labeled
VLDL confirmed a diminished VLDL clearance. This result
was somewhat surprising, in that this effect seemed specific for
VLDL clearance, but not chylomicron clearance. It is possible
that the abnormally high hepatic expression of human apo A-
IV in these transgenic mice alters the protein composition of
newly secreted VLDL particles. Hepatic apo A-IV could either
replace or mask other VLDL apolipoproteins. Possibly, in
these mice the marked elevation of apo A-IV might displace or
mask apo E on VLDL (but not chylomicron) resulting in a
delayed clearance. The specificity of this process for VLDL but
not chylomicrons may simply be related to their marked differ-
ence in surface area and curvature. In this regard, apo A-IV has
been shown to displace apo E from the surface of liposomes in a
concentration dependent manner (32). The kinetic analysis of
VLDL clearance in HuAIVTg mice showed mainly one re-

Expression of HumanApolipoprotein A-IV in Transgenic Mice 1783

16

A



Circadian Feeding Pattern

Control

I

0

W

._d
C._

Qi
>1

D1 LI

Hour of Light-Dark Cycle

12 -----.. -.

iio- 1 0 l1

81]
6!

Dl

1 2 T-a-

10

8 -j

4 -

Dl

Hour of Light-Dark

Li Figure 12. Feeding behavior in HuAIVTg mice. The
pooled circadian feeding and drinking patterns of six
control and six high expressor HuAIVTg mice were
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HuAIVTg and water bottles as described in Methods. Data rep-
resents percentage of daily time spent gnawing at pel-
leted chow and percentage of daily licks in each hour

,Y X of the 12-12-hour light-dark cycle. The means of
three 24-h d over a 2-wk interval were calculated for

T each mouse. Data were collected as described in
L1 Methods. The shaded area represents the dark period.
Cycle Dl, first hour at dark; LI, first hour at light.

moved pool whereas in control mice slow and fast removed
pools were detected. The rate of VLDL removal in HuAIVTg
mice was between the rates for the fast and slow removed pools
in the control mice.

Studies on the transport of vitamin E in these transgenic
mice also provided the clue that VLDL turnover might be al-
tered. In humans (61-63), monkeys (64) and rats (65), RRR-
a-tocopherol is preferentially transported in plasma. Studies
using perfused monkey livers demonstrated that RRR-a-
tocopherol is preferentially secreted in nascent VLDL (54).
This process is likely under the control of a hepatic tocopherol
binding protein (66, 67). Vitamin E transport is a two-step
process, first transported in chylomicrons and then packaged
in VLDL. The transport in chylomicrons was similar in control
and HuAIVTg mice, but the transport in VLDL was abnor-
mally increased in HuAIVTg mice. This provides separate evi-
dence that increased hepatic production of apo A-IV decreases
VLDL fractional catabolic rate.

Table III. Weight Gain, Food Consumption, and Electronically
Monitored Feeding Behavior in Chow-fed Female HuAIVTg

Control HuAIVTg
(n = 6) (n = 6) P

Animal weight (g)
Day 1 22.1±0.4* 23.6±0.3 NS
Day 21 23.0±0.4 23.2±0.7 NS

Food consumed/d (g)
Day 1 4.3±0.1 4.1±0.1 NS
Day 21 5.0±0.1 4.7±0.2 NS

Number of meals
Dark cycle 3.2±0.5 4.8±1.5 NS
Light cycle 3.7±0.3 3.5±0.2 NS

Percent of food consumed
In dark cycle 82.3±2.8 81.3±4.9 NS
In light cycle 17.7±2.8 18.7±4.9 NS

* Mean±SE.

Thus, in these mice, delayed VLDL clearance was the only
apparent lipoprotein abnormality causing triglycerides and cho-
lesterol to be elevated in nonfasted animals. Most likely, how-
ever, this does not appear to be a physiological function of apo

A-IV, since the elevation of apo A-IV in these mice was so

huge. Wespeculate that this effect is likely caused by an apo

A-IV displacement of VLDL apo E (34) allowing the lipopro-
tein to persist in plasma (56, 58, 68). Even though the total
amount of apo E in VLDL seemed to be normal in HuAIVTg
mice, the amount of apo E per VLDLwas decreased, since the
number of VLDL particles in HuAIVTg mice was increased.

About half of human apo A-IV in HuAIVTg mice was

found bound to HDLparticles. However, plasma HDLcholes-
terol was decreased in these mice. Fast protein liquid chroma-
tography demonstrated an increased amount of large HDL
particles in HuAIVTg mice. SDS-PAGEsuggested that these
large HDLparticles are more enriched with human apo A-IV
than the smaller HDLparticles. The reason for decreased HDL
cholesterol in these HuAIVTg mice is still to be determined.
The large amount of apo A-IV associated with HDLmay repre-

sent apolipoprotein-apolipoprotein interactions (i.e., homo-
or heteroaggregates) (69, 70).

Recent studies in rats by Fujimoto and his co-workers have
suggested rat apoA-IV acts as a satiety factor (28, 29). They
showed that rat apo A-IV administered intravenously or into
the third ventricle significantly reduced food consumption by
fasted rats when allowed access to a meal. Thus, it was surpris-
ing to find that in our studies, HuAIVTg mice gained weight
normally and their feeding behavior was completely normal.
The differences between Fujimoto's study and the current stud-
ies may result since transgenic mice with chronically elevated
apo A-IV levels could have adapted to the high apo A-IV levels
and only apo A-IV above this baseline would act as a satiety
factor to them. In this regard, in the high expressor HuAIVTg
mice a similar increase in their apo A-IV level is seen postpran-
dially as in control mice. It could be that this increase in apo
A-IV acts as a satiety factor in both control and HuAIVTg
mice. Alternatively, the lack of an effect on satiety in the
HuAIVTg mice may be the result of a response unique to ro-

dent apo A-IV but not human apo A-IV. Thus, species-specific
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differences may determine whether this apolipoprotein effects
feeding behavior, although this possibility has not been tested
directly in the rat. It is also possible that human apo A-IV does
not cross the blood-brain barrier in mice, since apo A-IV was
claimed to act in the central nervous system in rats (29).

Our studies with transgenic mice expressing huge amounts
of human apo A-IV demonstrated that additional plasma apo
A-IV has little effect on most normal lipid metabolism and
feeding behavior in mice. It is possible that endogenous mouse
apo A-IV is sufficient to carry out all physiological functions of
this protein, and insights into apo A-IV function will only be
revealed by studying animal models lacking this protein, such
as a mouse in which the gene has been knocked out.
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