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An apolipoprotein B antisense oligonucleotide lowers
LDL cholesterol in hyperlipidemic mice without causing

hepatic steatosis
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Abstract High levels of plasma apolipoprotein B-100 (apoB-
100), the principal apolipoprotein of LDL, are associated with
cardiovascular disease. We hypothesized that suppression
of apoB-100 mRNA by an antisense oligonucleotide (ASO)
would reduce LDL cholesterol (LDL-C). Because most of the
plasma apoB is made in the liver, and antisense drugs dis-
tribute to that organ, we tested the effects of a mouse-specific
apoB-100 ASO in several mouse models of hyperlipidemia,
including C57BL/6 mice fed a high-fat diet, Apoe-deficient
mice, and Ldlr-deficient mice. The lead apoB-100 antisense
compound, ISIS 147764, reduced apoB-100 mRNA levels in
the liver and serum apoB-100 levels in a dose- and time-depen-
dent manner. Consistent with those findings, total choles-
terol and LDL-C decreased by 25-55% and 40-88%, respec-
tively.filfi Unlike small-molecule inhibitors of microsomal
triglyceride transfer protein, ISIS 147764 did not produce he-
patic or intestinal steatosis and did not affect dietary fat ab-
sorption or elevate plasma transaminase levels. These find-
ings, as well as those derived from interim phase I data with
a human apoB-100 antisense drug, suggest that antisense in-
hibition of this target may be a safe and effective approach
for the treatment of humans with hyperlipidemia.—Crooke,
R. M., M. J. Graham, K. M. Lemonidis, C. P. Whipple, S. Koo,
and R. J. Perera. An apolipoprotein B antisense oligonucle-
otide lowers LDL cholesterol in hyperlipidemic mice without
causing hepatic steatosis. J. Lipid Res. 2005. 46: 872-884.
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Coronary heart disease (CHD) has been the leading
cause of death in the United States for over a century, and
complications from atherosclerosis are the most common
cause of death in Western societies (1-3). LDL has been
causally implicated in atherogenesis, and elevated levels of
plasma LDL cholesterol (LDL-C) are a major risk factor
for cardiovascular disease (1, 4, 5).
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In humans, apolipoprotein B (apoB)—the principal
apolipoprotein of LDL and its metabolic precursor, VLDL
(6-8)—is the main structural protein for VLDL assembly
in the liver. In the intestine, apoB plays a vital role in the
assembly of chylomicrons and in the uptake of dietary
fats. The human apoB gene yields two proteins, apoB-100
and apoB-48 (6, 8-10). ApoB-48 contains the N-terminal
portion 2,152 amino acids of apoB-100 and is formed as a
result of apoB mRNA editing, which changes apoB codon
2153 to a stop codon. Assembly of apoB-containing lipo-
proteins occurs in the endoplasmic reticulum and requires
microsomal triglyceride transfer protein (MTP) (10-13).

Elevated apoB and LDL-C levels are associated with pre-
mature atherosclerosis in several inherited diseases, in-
cluding familial hypercholesterolemia, familial defective
apoB-100, and familial combined hypercholesterolemia
(14-19). Abnormalities in apoB-100 metabolism that in-
crease the risk for CHD are also observed in diabetes mel-
litus and obesity (20-22). Conversely, mutations that inter-
fere with apoB synthesis lower plasma levels of apoB and
LDL-C and appear to be associated with reduced levels of
atherosclerosis (23-26). These genetic observations have
prompted interest in pharmacologic inhibition of apoB
synthesis. Regrettably, the potential benefits of directly re-
ducing apoB synthesis via traditional therapeutics have
never been explored. However, the effects of blocking li-
poprotein secretion have been assessed with small-mole-
cule inhibitors of MTP (27, 28), with genetic interventions
in mice that inhibit MTP (27, 29, 30) and apoB synthesis
(31, 32). Enhancement of hepatic apoB-100 mRNA edit-
ing by providing apobec-1 to transgenic mice and rabbits
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reduced plasma apoB-100 (33) but resulted in hepatocel-
lular dysplasia and carcinoma.

Antisense oligonucleotides (ASOs) are novel therapeu-
tic agents that safely and selectively reduce levels of a spe-
cific mRNA (34). The pharmacokinetics of antisense drugs
has been extensively characterized in multiple animal mod-
els and in clinical settings (35-39). After parenteral ad-
ministration, first- and second-generation ASOs are widely
distributed in tissues; the highest concentrations are found
in kidney and liver (35-39), and the drug levels in these
organs correlate directly with pharmacological activity in
vivo (37, 38).

Because antisense drugs are distributed to the liver and
because there is a strong therapeutic rationale for block-
ing hepatic apoB secretion, we designed an antisense mol-
ecule specific for murine apoB-100 and tested its efficacy
in several mouse models of hyperlipidemia. Our findings
suggest that direct inhibition of apoB-100 may be a safe
and novel approach to lowering LDL-C levels in various
hyperlipidemic states.

MATERIALS AND METHODS

Oligonucleotides/atorvastatin

A series of uniform chimeric 20-mer phosphorothioate oligo-
nucleotides containing 2'-O-methoxyethyl (2'MOE) groups at po-
sitions 1-5 and 15-20 targeted to murine apoB-100 were synthesized
and purified as described (40) with an automated DNA synthe-
sizer (380B; Perkin-Elmer-Applied Biosystems; Foster City, CA). The
two most potent ASOs complementary to murine apoB-100 (Gen-
Bank accession number M351861) were ISIS 147764: 5'-GTCCC-
TGAAGATGTCAATGC-3', position 541 of the coding region, and
ISIS 147483: 5-ATGTCAATGCCACATGTCCA-3', position 531
of the coding region. To demonstrate the specificity of inhibition,
we used control ASOs: ISIS 29837, 5'-TCGATCTCCTTTTATGC-
CCG-3'; ISIS 113529, 5'-CTCTTACTGTGCTGTGGACA-3'; ISIS
141923, 5'-CCTTCCCTGAAGGTTCCTCC-3'; and ISIS 144479
(an antisense inhibitor of MTP), 5'-CACCTGCCACTTGCTTC-
CCG-3'.

Atorvastatin (Lipitor), an inhibitor of HMG-CoA reductase in
humans and rodents, was used as a positive, lipid-lowering con-
trol. It was administered orally once daily at 20 mg/kg.

Cell culture and oligonucleotide treatment

Murine apoB-100 ASOs were evaluated for their ability to re-
duce apoB-100 mRNA expression in primary murine hepatocytes
isolated by in situ liver perfusion as described (41). The cells
were seeded in 60 cm? 6-well plates at 3 X 10° cells/well in high-
glucose DMEM (Invitrogen; Carlsbad, CA) containing 10% FBS
and allowed to adhere overnight. The medium was then replaced
with serum-free DMEM containing 9.0 wg/ml lipofectin (Invitro-
gen) and various amounts of murine apoB-100 or control ASOs.
After incubation for 4 h, the treatment medium was replaced
with 10% DMEM, and the cells were incubated overnight. The
hepatocytes were then lysed in RNA lysis buffer (Qiagen), and to-
tal RNA was prepared for RT-PCR analysis.

RT-PCR analysis

Total RNA was extracted from whole liver tissue and primary
hepatocytes with Qiagen RNeasy isolation kits, as described (42),
and 50 ng of each sample was subjected to RT-PCR analysis with a
Prism 7700 Sequence Detector (Applied Biosystems); all re-

agents were from Invitrogen. The mouse-specific primer probes
for apoB-100 quantification were: forward primer 5-CGTGGG-
CTCCAGCATTCTA-3', probe 5-CCAATGGTCGGGCACTGCT-
CAA-3', and reverse primer 5-AGTCATTTCTGCCTTTGCGTC-3'.
Values were normalized to glyceraldehyde-3-phosphate dehydro-
genase (G3PDH) and/or Ribogreen levels, assessed with forward
primer 5-GGCAAATTCAACGGCACAGT-3', probe 5'-AAGGCC-
GAGAATGGGAAGCTTGTCATC-3’, and reverse primer 5-CGC-
TCCTGGAAGATGGTGAT-3'. In both cases, the probes were la-
beled with 5" FAM (a 6-carboxyfluorescein reporter) and 3" TAMRA
[a 5(6)-carboxytetra-methyl-rhodamine quencher]. After 40 am-
plification cycles, absolute values were obtained with SDS analysis
software (Applied Biosystems).

Northern analysis

Total RNA was extracted from whole-liver tissue and primary
hepatocytes as described previously (42). After RNA isolation, 15
ng of total RNA was separated on a 1% 1X MOPS agarose gel
containing ethidium bromide and 20 mM formaldehyde. The
RNA was transferred to a Hybond TM-N+ membrane (Amer-
sham; Les Ulis, France) by overnight capillary transfer with 20X
saline sodium citrate (SSC). Stained membranes were examined
with UV light to confirm the quality of transfer and to mark the
migration of the 28S and 18S RNAs. After UV fixation, prehy-
bridization was performed at 65°C for 2 h in Rapid-Hyb solution
(Amersham Biosciences; Piscataway, NJ). The mouse-specific
c¢DNA probes were produced by amplification of a 500 bp region
of apoB-100 with forward (5'-CGGATGAAGGCATACATTCGT-3")
and reverse (5'-CAGCTTGCTTGTTGGGAC-3') primers. The se-
quence identity of the product was confirmed, asymmetric PCR
was performed, and the probe was 3?P-dCTP labeled with a Gene-
Amp DNA labeling kit (Applied Biosystems). After hybridization
at 65°C for 2 h, the membranes were washed in 0.1X SSC/0.1%
SDS twice at room temperature for 30 min and once at 65°C for
30 min. To further demonstrate transfer equivalency, blots were
rehybridized with a mouse G3PDH cDNA probe (BD Biosciences
Clontech; Palo Alto, CA), and the RNA bands were quantified us-
ing ImageQuant analysis software (Molecular Dynamics).

ApoB Western blots

Cells or tissues were harvested in lysis buffer (50 mM Tris, pH
7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% NP40, 1%
Triton, 0.25% sodium deoxycholate, 0.1% SDS, protease inhibi-
tor cocktail 1:100, 0.2 mM sodium orthovanadate), and protein
concentrations were measured with the BioRad DC kit (BioRad;
Hercules, CA). Cellular lysates, mouse plasma, and liver and in-
testinal homogenates were subjected to electrophoresis on 4-12%
Tris-glycine gels and transferred to polyvinylidene-fluoride mem-
branes (Invitrogen). ApoB-100 Western blot analyses were per-
formed overnight at 4°C with a primary anti-mouse apoB-100 an-
tibody (1:1,000, kindly provided by Dr. Stephen G. Young, UCLA
Department of Medicine/Division of Cardiology). The next day,
blots were incubated for 1 h with a goat anti-mouse IgG second-
ary antibody conjugated with peroxidase (1:15,000; BD Biosciences;
San Diego, CA). Protein bands were visualized using the ECL
Plus Western blot detection kit (Amersham Biosciences). ApoB-
48 Western blots were performed in a similar manner using a pri-
mary anti-rabbit polyclonal antibody that recognizes both apoB-
100 and apoB-48 (1:2,000, also provided by Dr. Young) and a
goat anti-rabbit IgG secondary antibody conjugated with peroxi-
dase (1:15,000; BD Biosciences). Protein bands were quantified
using ImageQuant analysis software (Molecular Dynamics).

HPLC analysis of lipoproteins

Serum lipoprotein and cholesterol profiling was performed as
described (43) with a Beckman System Gold 126 HPLC system,
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507e refrigerated autosampler, 126 photodiode array detector
(Beckman Instruments; Fullerton, CA), and a Superose 6 HR
10/30 column (Pfizer; Chicago, IL). HDL, LDL, and VLDL frac-
tions were measured at a wavelength of 505 nm and validated
with a cholesterol calibration kit (Sigma). For each experiment,
a three-point standard curve was performed in triplicate to deter-
mine the absolute concentration of each lipoprotein fraction.

NMR analysis of lipoproteins

Serum lipoprotein subclass particle number and size were de-
termined at Liposcience® using a NMR spectral analysis process
as described (44).

Metabolic measurements

Serum concentrations of glucose, transaminases, ketones, tri-
glycerides (TGs), and total cholesterol were determined with an
Olympus AU400e automated clinical chemistry analyzer (Melville,
NY). Total cholesterol, LDL, and HDL were measured directly
with the autoanalyzer, and the data were corroborated by the
HPLC method described above.

Murine pharmacology experiments

All animal experiments were conducted according to the Insti-
tutional American Association for the Accreditation of Labora-
tory Animal Care guidelines. Wild-type C57BL/6, Apoedeficient
mice (ApoE™!"¢) and Ldlr-deficient mice (C57BL/6]-Ldlr tm1Her)
were obtained from The Jackson Laboratory (http://www.jax.org).
A majority of the mice were male, and studies began with animals
4-5 weeks of age. The mice were maintained on a 12-h light/12-h
dark cycle and fed ad libitum. C57BL/6 mice were fed a Western
diet consisting of 60% lard (Research Diets; New Brunswick, NJ)
or regular rodent chow. Apoe-deficient mice were fed a Western
diet containing 0.15% cholesterol, and Ldlrdeficient mice were
fed regular chow.

Oligonucleotides were administered to mice based upon body
weight by intraperitoneal injection, with the dosing solution for-
mulated at 10 mg/ml. At study termination, mice were anesthe-
tized, whole blood was obtained through cardiac puncture, and
liver, spleen, and epididymal fat pads were removed and weighed.
Liver was processed and RNA, protein, metabolic parameters, to-
tal cholesterol, and lipoproteins were analyzed as described above.

Liver and intestinal morphology was evaluated using hematox-
ylin and eosin-stained paraffin-embedded tissue.

DNA array analysis

Liver samples derived from apoB-100 ASO-treated mice were
used for DNA array transcriptional profiling or microarray analysis.
Mouse liver total RNA (10 pg) was used as the starting material
for cDNA synthesis. For the firstand second-strand cDNA synthesis,
SuperScript reverse transcriptase (Invitrogen) and oligo-dT primer
containing T7 RNA polymerase promoter sites were used. The
in vitro transcription reaction was produced using a high-yield
transcription labeling kit from Enzo (Enzo Bioarray/Affymetrix).
The ¢cDNA (15 pg) was fragmented and hybridized to an Affy-
metrix Murine genome 430A chip using standard methods de-
scribed by the manufacturer (Affymetrix). Each chip contained
~22,000 genes. Statistical analysis for the microarray analysis was
performed using multi-sample inference with ANOVA. Raw Pval-
ues were adjusted using the Benjamin-Hochberg procedure. All
statistical computations were performed using SAS® and S-Plus®.

Liver studies

Hepatic TG levels were assayed as described (45). Neutral lip-
ids were detected in frozen liver sections by Oil Red O staining
(46). The concentrations of ISIS 147764 and metabolites were
measured by capillary gel electrophoresis (37).
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Dietary fat absorption studies

Dietary fat absorption was evaluated in high-fat (HF)-fed
C57BL/6 mice treated with twice weekly injections of ISIS 147764
for 8 and 20 weeks (50 mg/kg and 25 mg/kg, respectively) using
modifications of fecal isotope protocols described previously (47,
48). At those times, [14C]oleic acid and [5,6-*H]sitostanol, a non-
absorbable phytosterol standard formulated in olive oil, were ad-
ministered by gavage to control- and apoB-100 ASO-treated mice,
and feces were collected for 72 h. Dietary fat absorption was calcu-
lated based upon the ratio of [1*C] to [*H] in the fecal extracts.

Statistical analysis

In general, pharmacology experiments were performed at least
two to three times in groups of five to eight mice. Total cholesterol,
LDI-C, HDL, and plasma and liver TGs are reported as means =
SD. Statistical analysis was performed using one-way ANOVA,
with comparisons made between saline- and drug-treated mice.
Differences were considered significant at P < 0.05.

RESULTS

In vitro characterization of murine apoB-100
antisense oligonucleotides

Multiple 2’'MOE chimeric ASOs targeting various re-
gions of the apoB-100 gene were evaluated for their ability
to reduce mouse apoB-100 mRNA in primary murine hepa-
tocytes. Approximately 25% of these compounds were ac-
tive. The two most potent compounds—ISIS 147764 and
ISIS 147483—were selected for additional evaluation.
Both reduced apoB-100 mRNA levels in a dose-dependent
fashion; inhibition was maximal (90%) at 150 nM. A con-
trol ASO, ISIS 113529, had no effect on apoB-100 expres-
sion. Doses of any ASO up to 300 nM did not affect cell vi-
ability. ISIS 147764 was chosen for further study in mouse
hyperlipidemia models (data not shown).

In vivo reduction of murine hepatic apoB-100 and
apoB-48 in HF-fed C57BL/6 mice

ISIS 147764 (5, 25, and 50 mg/kg) was administered in-
traperitoneally to HF-fed C57BL/6 mice twice weekly for
6 weeks, and liver apoB-100 mRNA levels were measured
by RT-PCR and Northern blotting. ApoB-100 mRNA levels
were reduced in a dose-dependent manner (Fig. 1A), with
the greatest inhibition (87%) at a dose of 50 mg/kg. Nei-
ther the control ASO (an antisense inhibitor of MTP) nor
atorvastatin affected mRNA levels. These results were con-
firmed in at least five experiments with a variety of scram-
bled and mismatched ASO controls, including a six-base
mismatch of ISIS 147764 that was pharmacologically inac-
tive. ISIS 147764 did not affect mRNA expression of non-
targeted genes, including ACAT, MTP, and HMG-CoA re-
ductase (not shown), indicating that inhibition of apoB-100
expression was both target- and sequence-dependent.

ApoB-100 and apoB-48 protein levels in liver and serum
were analyzed by Western blotting. After 6 weeks of treat-
ment with the apoB-100 ASO, dose-dependent reductions
in liver apoB-100 protein were observed relative to saline-
treated controls (Fig. 1B). At the highest dose (50 mg/kg),
protein levels were almost undetectable. Neither control
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Fig. 1. [ISIS 147764 specifically reduces apolipoprotein B-100
(apoB-100) mRNA and protein levels in livers of high-fat (HF)-fed
C57BL/6 mice. In this representative experiment, mice received
ISIS 147764 at the indicated doses or a control antisense oligonu-
cleotide (ASO) twice weekly for 6 weeks and orally administered
atorvastatin (20 mg/kg daily). A: Total mRNA was prepared from
liver, and apoB-100 mRNA expression was analyzed by RT-PCR (n =
6 per group). The results were also confirmed by Northern analysis
(not shown). Data are expressed as the mean percentage of mRNA
levels in saline-treated, HF-fed C57BL/6 mice. The apoB-100 signal
was normalized against the signal for glyceraldehyde-3-phosphate
dehydrogenase (G3PDH). CTL, control ASO; Lean Control, chow-
fed C57BL/6 mice; ATOR, atorvastatin. B: Dose-dependent reduc-
tion of apoB-100 protein expression in liver. Western analysis of
proteins in liver lysates derived from individual mice treated for 6
weeks with drug doses as described above. Each lane contains 50 pug
of protein. C: Reduction of serum apoB-100. A control ASO and
atorvastatin had no effect on the protein. Each lane represents the
serum apoB-100 of an individual animal treated with saline, atorva-
statin, or 100 mg/kg ASO weekly.

ASOs nor atorvastatin (data not shown) had any effect.
Plasma apoB-100 protein levels were suppressed as well
(Fig. 1C). ApoB-48 protein levels in liver and serum, like
those of apoB-100, were also significantly reduced (90%;
data not shown).

Effect of apoB-100 ASO treatment on intestinal apoB in
HF-fed C57BL/6 mice

Intestinal apoB-100 mRNA and protein and apoB-48
protein levels were also measured after systemic adminis-
tration of the ASO (50 mg/kg twice weekly). After 8 weeks
of treatment with ISIS 147764, intestinal apoB-100 mRNA
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Fig. 2. Effects of ISIS 147764 on intestinal apoB in HF-fed C57BL/6
mice. In this representative experiment, mice were administered 50
mg/kg ISIS 147764 twice weekly for 8 weeks. A: Total mRNA was
prepared from intestine and apoB-100 mRNA expression analyzed
by RT-PCR (n = 4 per group). Data are expressed as the mean per-
centage of mRNA levels in saline-treated, HF-fed C57BL/6 mice.
The apoB-100 signal was normalized against Ribogreen. B: Differ-
ential effects of ASO treatment on apoB-100 and apoB-48 proteins.
ApoB-100 protein levels were suppressed, whereas apoB-48 protein
levels were not reduced by systemically administered drug. Protein
levels in intestinal lysates from mice treated with saline alone or
ISIS 147764 were analyzed by Western blotting. Each lane contains
50 pg of protein. C: Representative hematoxylin and eosin-stained
histologic sections of the small intestine of HF-fed mice after 6
weeks of treatment with ISIS 147764 (25 mg/kg twice weekly).
Panel 1, duodenum of saline-treated mice; Panel 2, duodenum of
apoB-100 ASO-treated mice; Panel 3, jejunum of saline-treated
mice; Panel 4, jejunum of apoB-100 ASO-treated mice.
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levels in HF-fed mice were reduced (54%) compared with
saline-treated animals (Fig. 2A). The extent of mRNA sup-
pression was less than that observed previously in livers of
ASO-treated mice (Fig. 1A). Interestingly, although the
intestinal apoB-100 protein levels were reduced (40%),
apoB-48 protein levels were not statistically different from
those of saline-treated controls (Fig. 2B). Histological
evaluation of the small intestine from several experiments
has demonstrated that there were no differences between
saline- and apoB-100 ASO-treated mice (Fig. 2C).

Effect of apoB-100 suppression on lipid and
lipoprotein levels

We hypothesized that ASO treatment would also reduce
total cholesterol and LDL-C levels. ApoB-100 mRNA sup-
pression correlated tightly with reduction in total cho-
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Fig. 3. Total cholesterol and mRNA (A), and LDL cholesterol
(LDL-C) (B) levels in HF-fed C57BL/6 mice after 6 weeks of treat-
ment with ISIS 147764, atorvastatin (ATOR), or both. Lean Con-
trol, chow-fed C57BL/6 mice. Dose-dependent reductions of cho-
lesterol correlated with reductions of mRNA in liver. RNA was
prepared from liver, and apoB-100 mRNA expression was analyzed
by RT:PCR (n = 6 per group). Data are expressed as the mean per-
centage of mRNA levels in saline-treated, HF-fed C57BL/6 mice.
The apoB-100 signal was normalized against the signal for G3PDH.
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lesterol levels in HF-fed C57BL/6 mice (Fig. 3A). Treat-
ment with 50 mg/kg ISIS 147764 lowered apoB-100 mRNA
levels by 88% and those of total cholesterol by 55%, and
effectively normalized cholesterol to levels reported in
the literature and observed routinely in our chow-fed,
saline-treated control mice (82 * 15 mg/dl). As pre-
dicted, reduction of apoB-100 mRNA lowered circulating
LDL-C levels (Fig. 3B), reducing LDL-C levels by 66% at
25 mg/kg and 88% at 50 mg/kg. The absolute particle
numbers of all apoB-100-containing lipoproteins, as as-
sessed by NMR spectroscopy, were significantly suppressed
as well. However, chylomicrons were not reduced (data not
shown). Serum TG levels were also reduced (25% inhibi-
tion) in these mice in all experiments. Administration of
50 mg/kg ASO decreased TG levels from 117.5 * 19.0
mg/dl to 87.3 = 16.3 mg/dl after 6 weeks of treatment
(P<0.05).

Onset of action

To determine the kinetics of apoB-100 ASO inhibition,
we treated HF-fed C57BL/6 mice with ISIS 147764 (50
mg/kg twice weekly) for up to 6 weeks. Hepatic concen-
trations of intact drug, liver apoB-100 mRNA and protein
levels, plasma apoB-100, total cholesterol, and LDL-C lev-
els were assessed 48 h after the first dose and at 1, 2, 4, and
6 weeks. ApoB-100 mRNA, total cholesterol, and LDL-C
(Table 1) were suppressed in a time-dependent manner;
hepatic mRNA and liver protein (Fig. 4) were reduced by
50% as early as 48 h after the first dose. Significant amounts
of full-length ISIS 147764 were detected in the liver by 48 h
(85.0 mg/g) and increased steadily, reaching a maximum
(513.0 ng/g) at 6 weeks. Total cholesterol was reduced by
65% at 4 weeks, and LDL-C by 40% (P < 0.05) after 1
week. This reduction in LDL-C correlated with suppres-
sion of liver apoB-100 mRNA and protein levels (Table 1
and Fig. 4) and serum apoB-100 (not shown). Reductions
in mRNA, protein, total cholesterol, and LDL-C levels
were maximal 4—6 weeks after treatment.

Duration of effect

To determine the duration of the lipid-lowering effects,
we treated HF-fed C57BL/6 mice with ISIS 147764 (25
mg/kg twice weekly) for 6 weeks and examined apoB-100
liver drug concentrations, liver apoB-100 mRNA and pro-
tein (not shown), and serum levels of total cholesterol,
LDL-C (Table 2), and apoB-100 protein (Fig. 5) for 6-8
weeks after termination of dosing. All experimental pa-
rameters gradually returned to control levels after cessa-
tion of treatment; however, the lipid-lowering effects of
ISIS 147764 were prolonged, consistent with the extended
half-life of 2'MOE ASOs in the liver (34, 38, 39). Six weeks
after cessation of dosing, the liver ISIS 147764 concentra-
tions were reduced from 335.0 pg/g to 70.0 ng/g. He-
patic apoB-100 mRNA levels were reduced by 37% (com-
pared with 84% at baseline), total cholesterol by 38%, and
LDL-C by 36% (P < 0.01). The pharmacologic effects of
the drug were insignificant after 8 weeks (Table 2), coinci-
dent with decreased hepatic ASO levels.
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TABLE 1. Hepatic levels of ISIS 147764 and apoB-100 mRNA, total cholesterol, and LDL-C levels in HF-fed
C57BL/6 mice during 6 weeks of treatment (50 mg/kg twice weekly)

Hepatic RNA Total Total Cholesterol LDL-C
Time/Treatment ASO Level Reduction Cholesterol Reduction LDL-C Reduction
ng/g % mg/dl % mg/dl %
48 H
Saline 0 177.5 * 23.0 ND ND
ISIS 147764 85.0 50 159.8 += 22.0 10 ND ND
1 Week
Saline 0 165.8 = 14.8 31.5 55
ISIS 147764 121.0 57 146.4 = 15.7 124 19.3 £5.1 40
2 Weeks
Saline 0 162.0 = 23.3 276 79
ISIS 147764 195.0 73 121.4 = 8.6 25 14.3 £ 3.3 50°
4 Weeks
Saline 0 200.0 £ 25.5 49.7 £ 9.5
ISIS 147764 350.0 82 70.4 = 13.1 65 6.9+ 15 86%
6 Weeks
Saline 0 173.1 = 21.3 45.6 + 17.4
ISIS 147764 513.0 88 56.6 = 6.4 662 6.6 1.0 87¢
ApoB, apolipoprotein B; ASO, antisense oligonucleotide; HF, high fat; LDL-C, LDL cholesterol; ND, not de-
termined.
«P<0.05.
bP<0.01.

Comparison of ISIS 147764 in multiple mouse
hyperlipidemia models

Mouse models are unreliable in predicting the efficacy
of hypolipidemic drugs in humans (30, 49). In addition,
mice edit apoB-100 to apoB-48 in the liver, and their
apoB-100 levels vary (30, 49, 50). Therefore, we compared
the effects of ISIS 147764, 50 mg/kg twice weekly for 6
weeks, in HF-fed C57BL/6, Apoe-, and Ldlr-deficient mice.
ISIS 147764 was also administered to chow-fed C57BL/6
mice to determine whether apoB-100 reduction could
also lower apoB-100 mRNA, cholesterol, and LDL-C in
these lean animals. Hepatic apoB-100 mRNA expression
was reduced by 73-87% in all treated mice; the inhibition
was greatest in HF-fed mice (Table 3). The reductions in
total cholesterol and LDL-C varied, depending on the
model; the greatest efficacy was observed, as before, in

Saline Control ATOR I1SIS 147764
I 1T 11 1T 1

48 Hrs ----"-—'—1

iWeek e R P B PR R v
2Weeks SN SR SN SN SN N
4Weeks-"----
6Weeks wm S SN w e -

Fig. 4. Time-dependent reduction of liver apoB-100 protein in
HF-fed C57BL/6 mice. Mice (n = 6) received 50 mg/kg of ISIS
147764 and a control ASO twice weekly for 6 weeks and orally ad-
ministered atorvastatin (ATOR, 20 mg/kg daily) for various times.
Protein levels in liver lysates from mice treated with the drug for 48 h
or 1, 2, 4, or 6 weeks were analyzed by Western blotting. Each lane
contains 50 pg of protein isolated from an individual animal.

HF-fed mice. Apoedeficient mice, which had the highest
levels of apoB-48 and the lowest levels of apoB-100 (26),
were least sensitive to the lipid-lowering effects (25% re-
duction in cholesterol, 40% reduction in LDL-C). In Ldh-
deficient mice, which have elevated amounts of apoB-100
(30), LDL-C levels were reduced by 62%.

HDL levels were reduced by 34% in chow-fed C57BL/6
mice, by 48% in HF-fed C57BL/6 mice, and by 14% in
Ldlr-deficient mice. Atorvastatin also reduced HDL levels
(not shown). Lieu et al. (30) reported similar findings in
Reversa mice and suggested that mature HDL particles re-
quire components from apoB-containing lipoproteins.
Therefore, a significant loss of VLDL and LDL should
produce similar reductions in HDL.

Safety profile after apoB-100 reduction

To monitor hepatotoxicity, we routinely measured trans-
aminase levels. The levels of aspartate aminotransferase
and alanine aminotransferase in ASO-treated HF-fed mice
were similar to those observed in saline- and ASO control-
treated mice even after 20 weeks of treatment (Fig. 6A).
Comparable effects on transaminases and other metabolic
parameters (glucose, ketones, and liver, body, and spleen
weights) were also observed in chow-fed C57BL/6, Apoe-
deficient, and Ldlrdeficient mice after 6 weeks of treat-
ment, suggesting that this compound is safe in mice.

Pharmacologic inhibition of apoB-100, like that of MTP,
should block the secretion of TG from hepatocytes, poten-
tially causing steatosis (27, 29). To address this concern,
we evaluated the effects of ISIS 147764 on murine liver in
all of our experiments by gross histopathology, by Oil Red
O staining for lipids (mainly TG), and by measuring he-
patic TG levels. Results from cumulative studies in all
models described above over several years have failed to
demonstrate hepatic steatosis beyond that of the pheno-
type of the hyperlipidemia model, nor were the effects dif-
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TABLE 2. Hepatic levels of ISIS 147764 and reductions in apoB-100 mRNA, total cholesterol, and LDL-C levels
after cessation of treatment in HF-fed C57BL/6 mice

Hepatic RNA Total Total Cholesterol LDL-C
Time/Treatment ASO Level Reduction Cholesterol Reduction LDL-C Reduction
ng/g % mg/dl % mg/dl %

Baseline®

Saline 0 187.0 + 35.8 21.7 £ 4.8

ISIS 147764 335.0 84 87.6 = 19.9 536 5.3 +2.0 760
2 Weeks

Saline 0 143.9 + 26.7 239 = 2.6

ISIS 147764 163.0 78 67.1 £ 5.6 536 13.8 £ 3.8 420
4 Weeks

Saline 0 194.5 = 18.2 344 *+ 4.2

ISIS 147764 124.0 49 110.0 £ 9.9 480 178 = 2.3 48
6 Weeks

Saline 0 221.4 * 30.3 36.9 = 6.4

ISIS 147764 70.0 37 138.0 £ 17.5 380 23.6 £ 2.6 36°
8 Weeks

Saline 0 159.9 = 35.6 223 + 4.1

ISIS 147764 43.0 19 134.9 = 28.2 16 20.8 = 4.4 NC

NC, no change (P> 0.05).

« After administration of ISIS 147764 (25 mg/kg) twice weekly for 6 weeks.

b P<0.01.

ferent from those in multiple mice treated with a control
ASO or atorvastatin. Moreover, in chow-fed C67BL/6 mice,
ISIS 147764 (100 mg/kg weekly for 6 weeks) did not pro-
duce hepatic steatosis (not shown).

To define the long-term consequences of apoB-100 in-
hibition, we administered ISIS 147764 to HF-fed mice over
20 weeks. Mice were sacrificed at 6, 12, and 20 weeks. ApoB-
100 mRNA, total cholesterol, and LDL-C were signifi-
cantly and consistently reduced to levels observed after 6
weeks of dosing in the experiments described previously
(not shown). As described above, transaminase levels were
unaffected (Fig. 6A). Liver TG stores did not change sig-
nificantly after 6 weeks of treatment (Fig. 6B). This trend
has been uniformly observed in all HF-fed C57BL/6 phar-
macology experiments (not shown). However, by 20 weeks,
hepatic TG stores were significantly lower than in con-
trols (Fig. 6B). In fact, as shown by Oil Red O staining, the
hepatic steatosis expected with long-term HF feeding

Saline Control ATOR I1SIS 147764
T 17 1 1T 1

1Week " SR »7m SEE MEm =

2 Weeks D D S S e

4 Weeks --..-- o
s weets DD SHD SN D D -

Fig. 5. Duration of apoB-100 ASO activity. HF-fed C57BL/6 mice
(n = 6) were treated with saline, a control ASO (25 mg/kg twice
weekly), atorvastatin (ATOR, 20 mg/kg daily), or ISIS 147764 (25
mg/kg twice weekly) for 6 weeks, and serum apoB-100 protein lev-
els were analyzed by Western blotting at 1, 2, 4, and 6 weeks after
cessation of treatment. Each lane contains 50 g of protein isolated
from an individual animal.
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was not observed in mice treated with the apoB-100 ASO
(Fig. 6C).

As described earlier, apoB-48, which is produced by the
posttranscriptional editing of apoB-100 mRNA in murine
hepatocytes and enterocytes (6, 12), is the essential apoB
lipoprotein in chylomicrons and, hence, uniquely in-
volved in dietary fat absorption. To evaluate the effect of
apoB-100 suppression on dietary fat absorption, HF-fed
C67BL/6 mice were treated with ISIS 147764 for 8 and 20
weeks (50 mg/kg and 25 mg/kg twice weekly, respectively),
and [!*C]oleic acid absorption was determined using mod-
ifications of fecal isotope protocols described previously
(47, 48). Consistent with our observations that intestinal
apoB-48 protein levels were unaltered, (Fig. 2B) ASO treat-
ment had no effect on [!*C]oleic acid absorption (Fig. 6D).

A number of experiments performed using transcrip-
tional profiling (microarray analysis) of liver mRNA derived
from apoB-100 ASO-treated mice as a function of both
time and dose provided possible insight into why antisense
inhibition of apoB-100 did not produce hepatic steatosis.
These analyses suggested that a number of key genes in-
volved in cholesterol and fatty acid biosynthesis, as well as
transport, were downregulated as a result of the reduction
in apoB-100. Examples of the affected genes include stearoyl
CoA desaturase 1 (SCD1) (Fig. 7A), hepatic lipase, fatty acid
binding protein 2, and the transcriptional activator sterol-
responsive element binding protein-1 (SREBP-1) (Fig. 7B).
Concomitant with these effects on SREBP-1c, fatty acid syn-
thase protein levels were reduced as early as 1 week after
ASO administration (Fig. 7C). These effects were specific to
apoB-100 reduction and were not observed with control
ASOs or atorvastatin in HF-fed mice (unpublished results).

Because so many genes involved in fundamental meta-
bolic pathways were affected by apoB-100 ASO treatment,
we considered AMP-activated protein kinase (AMPK) as a
possible master regulatory factor. AMPK is a well-charac-
terized enzyme thought to be a key sensor of cellular en-
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TABLE 3. ApoB-100 mRNA and lipid levels after 6 weeks of ISIS 147764 treatment (50 mg/kg twice weekly) in
mouse models of hyperlipidemia

RNA Total Total Cholesterol LDL-C HDL-C
Mouse Model/Treatment Reduction Cholesterol Reduction LDL-C Reduction HDL-C Reduction
% mg/dl % mg/dl % mg/dl %

Chow-fed C57BL/6

Saline 93.3 = 14.0 17.2 = 0.7 67.3 + 15.1

ISIS 147764 73 535+ 7.5 434 6.2+ 15 64« 44.6 = 4.3 344
HF-fed C57BL/6

Saline 240.0 = 22.3 42.6 = 8.3 192.3 = 15.0

ISIS 147764 87 109.0 = 1.4 hhe 5.3+ 0.7 88« 99.2 + 1.4 484
Apoedeficient

Saline 1,767.0 = 147.0 526.0 = 87.2 51.4 = 9.6

ISIS 147764 75 1,494.7 = 200.5 254 399.9 = 57.5 40 61.1 = 15.0 NC
Ldlr-deficient

Saline 279.2 = 17.0 134.7 = 13.0 125.4 = 8.0

ISIS 147764 74 166.0 = 12.0 40 52.2 7.0 624 107.0 = 8.0 144

NC, no change (P> 0.05).
«P<0.01.

ergy levels that affects multiple catabolic and anabolic
metabolic pathways (51, 52). Upregulation of AMPK is
thought to decrease cholesterol and fatty acid biosynthesis
and increase fatty oxidation through several mechanisms
(51). As shown in Fig. 7D, AMPK mRNA levels were dou-
bled at the highest dose level after 6 weeks of treatment
with the apoB-100 ASO. Consistent with these alterations
in lipogenesis/energy balance, although apoB-100 ASO-
treated mice do gain weight, they appear to be protected
over time from the incremental increases in body mass
typically seen in HF-fed control animals (Fig. 7E).

DISCUSSION

In this in vivo characterization of the mouse-specific
apoB-100 ASO ISIS 147764 in several mouse models of hy-
perlipidemia, we demonstrated a dose- and time-depen-
dent correlation between reduction of apoB-100 mRNA
and protein in the liver and serum apoB-100, total choles-
terol, and LDL-C levels. These findings were consistent
with our hypothesis that inhibiting apoB-100 would have a
beneficial effect on circulating lipid levels. This inhibition
was highly specific and selective, as shown by the lack of
effect on other proteins (ACAT and MTP) that participate
in the assembly of apoB-containing particles. Nor did we
observe effects on the HMG-CoA reductase gene, demon-
strating a mechanism of cholesterol lowering that is clearly
different from that produced by statins. Because 2'MOE
ASOs do not interact with the cytochrome P450 system
(53), a human apoB-100 antisense inhibitor could be
ideal for use with statins and other second-tier lipid-lower-
ing agents and with the many other drugs often used in
hyperlipidemic diabetic patients.

Because both forms of apoB (apoB-100 and apoB-48)
are products of a single gene and because mice edit apoB-
100 to apoB-48 in both liver and intestine (6, 8, 12), we ex-
pected to see some effects on apoB-48 protein levels in
our apoB-100 ASO-treated mice. Although reductions in
apoB-100 mRNA and protein were observed in the intes-

tine, apoB-48 protein levels were unchanged, suggesting,
perhaps, that intestinal apoB-48 protein was translated
more efficiently than that of apoB-100 or that apoB-48
protein was more stable than that of apoB-100 within en-
terocytes. The increased stability of apoB-48 in intestine
has been observed by others in apobec-I-deficient mice
(54). The mechanisms of these differential effects are un-
der investigation in our laboratory. Nonetheless, these
data were consistent with the lack of effects on absolute
chylomicron particle number and dietary fat absorption
in mice treated for varying amounts of time with ISIS
147764. Additionally, histological analysis of the small in-
testines from mice in several experiments revealed that
the enterocytes of ASO-treated mice resembled those of
saline-treated animals. The phenotype of apoB-100-treated
mice was in sharp contrast to that of genetically altered
mice that were unable to produce apoB in the intestine
(55). Those animals could not form chylomicrons, were
unable to absorb cholesterol or dietary fat from the intes-
tine, and exhibited marked fat accumulation in the en-
terocytes of their duodenum and jejunum.

The 2'MOE ASOs, such as ISIS 147764, are more po-
tent and nuclease-resistant and possess a longer target or-
gan half-ife than do first-generation phosphorothioate
ASOs (34, 38, 39). Moreover, the pharmacokinetic and
pharmacodynamic properties of these compounds have
been extensively studied in our laboratories. For example,
after subcutaneous injection in mice and other species,
liver concentrations of 2'MOE ASOs reach a maximum af-
ter 48 h. The elimination half-life is 11-19 days, depend-
ing on the dose and organ. The rapid onset of action and
prolonged duration of effect of ISIS 147764 are consistent
with published data and correlate with hepatic levels of
the antisense drug.

Treatment with ISIS 147764 caused no changes in liver
transaminases or other metabolic parameters, indicating
that the drug can be safely administered to mice. Although
mice displayed modest, but not statistically significant, in-
creases in liver TG stores up to 6 weeks after administra-
tion of the drug, similar results were seen in atorvastatin-
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Fig. 6. Safety profile after apoB-100 reduction. A: Effects of apoB-100 ASO treatment on markers of hepatotoxicity in mice. Representative
experiment (n = 6 per group) showing aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels in HF-fed C57BL/6
mice after 20 weeks of treatment with a control ASO (25 mg/kg twice weekly) and ISIS 147764 (25 mg/kg twice weekly). B: Effect of ISIS
147764 on liver triglyceride stores in HF-fed C57BL/6 mice administered drug for 20 weeks (25 mg/kg twice weekly). Statistically signifi cant
differences were observed only at 20 weeks (¥*P << 0.01). C: Oil Red O-stained liver sections from saline control HF-fed mice (panels 1 and 3)
and HF-fed mice administered ISIS 147764 (panels 2 and 4) for 20 weeks (25 mg/kg twice weekly). Magnification: panels 1 and 2, 10X; pan-
els 3 and 4, 20X. D: Representative experiment in HF-fed C57BL/6 mice (3-6 per group; 50 mg/kg twice weekly) demonstrating that ISIS
147764 had no effect on dietary fat absorption. After 8 weeks of treatment, [C]oleic acid and [5,6-3H]sitostanol, a nonabsorbable phy-
tosterol standard, were administered by gavage to control and apoB-100 ASO-treated mice, and feces were collected for 72 h. [ *C]oleic acid
absorption was determined by the fecal ratio methods previously described (47, 48). Similar results were also observed in HF-fed C57BL/6
mice administered drug (25 mg/kg twice weekly) for 20 weeks. Error bars represent SD.

treated mice, suggesting that the effects were not unique
to ISIS 147764 or to inhibition of apoB-100. In mice treated
with ISIS 147764 for 20 weeks, liver TG stores were lower
than those of control mice. On the basis of our data, phar-
macological inhibition of apoB-100 is clearly different from
that of MTP, inasmuch as interference with that protein
using small-molecule inhibitors usually resulted in increased
hepatic and intestinal TG levels in multiple species in vivo
(56).

Microarray analysis of liver mRNA suggested that the
early, slight accumulation of liver TGs triggered compen-
satory mechanisms in HF-fed mice treated with the apoB-

880  Journal of Lipid Research Volume 46, 2005

100 ASO. These effects included downregulation of lipid
and fatty acid synthetic and transport proteins, including
fatty acid binding protein 2, hepatic lipase, SREBP-1, SCD,
and fatty acid synthase, the rate-limiting enzyme responsi-
ble for the biosynthesis of saturated long-chain fatty acids.
This downregulation of the fatty acid synthetic pathway is
consistent with metabolic adaptations previously described
in mice with a targeted apoB-38.9 mutation (57). Addi-
tionally, we observed the upregulation of AMPK, a key reg-
ulator of cellular energy levels (51, 52). Activation of this
enzyme is thought to decrease cholesterol and fatty acid
biosynthesis and increase fatty oxidation through several
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Fig. 7. Compensatory effects in HF-fed C57BL/6 mice after apoB-100 ASO treatment. A: Dose-responsive reduction in SCD-1 mRNA levels
after 6 weeks ASO treatment (twice weekly administration) as determined by RT-PCR analysis. Data are reported as means = SEM for each
treatment group. B: Dose-responsive reduction in SREBP-1c mRNA levels after 6 weeks ASO treatment (twice weekly administration) as de-
termined by microarray analysis. Data are reported as means * SEM for each treatment group. C: Representative experiment in HF-fed
C57BL/6 mice (n = 8 per group) demonstrating the time-dependent reduction in fatty acid synthase. Proteins from liver lysates from mice
treated with 50 mg/kg drug for 48 h and twice weekly for 1, 2, 4, and 6 weeks were analyzed by Western blotting. Each lane contains 50 pg of
protein isolated from an individual animal. D: Dose-responsive induction of AMPK-a2 mRNA levels after 6 weeks ASO treatment (twice
weekly administration) as determined by RT-PCR analysis. Data are reported as means = SEM for each treatment group. E: Body weights of
apoB-100 ASO-treated mice as a function of time. HF-fed C57BL/6 mice were administered ISIS 147764 for 20 weeks (25 mg/kg twice

weekly).

mechanisms, including inhibition of SREBP-1, acety-CoA
carboxylase, and malonyl-CoA (51, 52). The resolution of
hepatic steatosis via the upregulation of AMPK observed
with ISIS 147764 treatment is consistent with metabolic ef-

fects (including stabilization of weight gain without fat
malabsorption) observed in 0b/0b mice treated with met-
formin, a drug used for the treatment of type 2 diabetes

(58, 59).
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Although the pharmacological activity of ISIS 147764
looks promising in mice, murine cholesterol homeostasis
varies greatly from that of humans. Therefore, the true
test of the antisense therapeutic approach to apoB-100 in-
hibition lies in results obtained from human clinical trials.
Indeed, an antisense inhibitor to human apoB-100, ISIS
301012, is being evaluated in phase I clinical trials. In-
terim analysis of data from this study indicated that ISIS
301012 safely reduced total cholesterol, VLDL, LDL-C,
and serum apoB-100 in a dose-responsive fashion in healthy
human volunteers (60), with no evidence of gastrointesti-
nal side effects (steatorrhea, abdominal pain, bloating)
commonly observed with MTP inhibitors (56).

Human apoB-100 is an excellent target for pharmaco-
logical intervention with antisense therapeutics. Humans
with heterozygous familial hypobetalipoproteinemia are
hypolipidemic and, most importantly, have a low inci-
dence of coronary artery disease (14, 23-26). Most het-
erozygous subjects do not have clinical symptoms, and the
disorder is usually detected during routine cholesterol
screening programs (14, 23-26). Typically, the plasma
apoB and LDL-C levels are 25-50% of normal, and apoB
secretion rates are approximately 30% of normal. In some
cases, depending upon the disease subclass, TG levels are
also significantly reduced, suggesting that reducing apoB-
100 with an antisense drug could lower TGs as well as
LDL-C.

The most recent data from the National Cholesterol Ed-
ucation Program Adult Treatment Panel III studies (61)
and others (62) suggest that target LDL-C levels are fre-
quently not attained and that cardiovascular mortality rates
are still high, especially in high-risk patients. More-stringent
LDL-C-lowering goals, coupled with a clearer understand-
ing of the molecular basis of various types of dyslipidemias,
especially those involving the atherogenic apoB-containing
lipoproteins, underscore the need to develop new thera-
peutics. Our data suggest that an antisense inhibitor of
apoB-100 could be such an agent.

In summary, pharmacologic inhibition of apoB-100
with ISIS 147764 directly and specifically reduced apoB-
100 in multiple mouse models of hyperlipidemia without
adverse side effects. Because of the selectivity, specificity,
lack of interaction with the cytochrome P450 system, and
novel mechanism of action, an antisense inhibitor of hu-
man apoB-100 could be a useful single or combination
therapeutic agent. Such an agent could be broadly appli-
cable for several clinical groups, including statin-intoler-
ant patients (63, 64) and other high-risk patients (e.g.,
those with diabetes or metabolic syndrome) whose lipid
levels are not adequately controlled by statins and existing
combination agents. i}

The authors are most grateful to Dr. Stephen G. Young for pro-
viding his murine apoB-100 antibody and helpful advice. The
authors also would like to thank Drs. Stanley T. Crooke, Brett
Monia, Frank Bennett, and Kannan Subramaniam for helpful
discussions and review of the manuscript, John Matson for his
expertise in measuring drug levels by CGE, and finally, Cathie

882  Journal of Lipid Research Volume 46, 2005

York-Defalco for determining the lipid content of murine livers
with Oil Red O staining.

REFERENCES

1. Davis, R. A., and T. Y. Hui. 2001. 2000 George Lyman Duff memo-
rial lecture. Atherosclerosis is a liver disease of the heart. Arterio-
scler. Thromb. Vasc. Biol. 21: 887-898.

2. Bonow, R. O. 2002. Primary prevention of cardiovascular disease.
A call to action. Circulation. 106: 3140-3141.

3. Knopp, R. H. 1999. Drug treatment of lipid disorders. N. Engl. J.
Med. 341: 498-511.

4. Hulthe, J., and B. Fagerberg. 2002. Circulating oxidized LDL is as-
sociated with subclinical atherosclerosis development and inflam-
matory cytokines (AIR study). Arterioscler. Thromb. Vasc. Biol. 22: 1162—
1167.

5. Skalen, K., M. Gustafsson, E. K. Rydberg, L. M. Hulten, O. Wiklund,
T. L. Innerarity, and J. Boren. 2002. Subendothelial retention of
atherogenic lipoproteins in early atherosclerosis. Nature. 417: 750—
754.

6. Davidson, N. O., and G. S. Shelness. 2000. Apolipoprotein B: mRNA
editing, lipoprotein assembly, and presecretory degradation. Annu.
Rev. Nutr. 20: 169-193.

7. Marsh, J. B, F. K. Welty, A. H. Lichtenstein, S. Lamon-Fava, and E. J.
Schaefer. 2002. Apolipoprotein B metabolism in humans: studies
with stable isotope-labeled amino acid precursors. Atherosclerosis.
162: 227-244.

8. Das, H. K., T. Leff, and J. L. Breslow. 1988. Cell type-specific ex-
pression of the human apoB gene is controlled by two cis-acting
regulatory regions. J. Biol. Chem. 263: 11452—11458.

9. Anant, S, J. O. Henderson, D. Mukhopadhyay, N. Navaratnam, S.
Kennedy, J. Min, and N. O. Davidson. 2001. Novel role for RNA-
binding protein CUGBP2 in mammalian RNA editing. CUGBP2
modulates C to U editing of apolipoprotein B mRNA by interact-
ing with apobec-1 and ACF, the apobec-1 complementation factor.
J- Biol. Chem. 276: 47338-47351.

10. Oloffson, S-V., P. Stillemark-Billton, and L. Asp. 2001. Intracellular
assembly of VLDL. Two major steps in separate cell compartments.
Trends Cardiovasc. Med. 10: 338-345.

11. Shelness, G. S., and J. A. Sellers. 2001. Very-low-density lipoprotein
assembly and secretion. Curr. Opin. Lipidol. 12: 151-157.

12. Pease, R. J., and J. M. Leiper. 1996. Regulation of hepatic apolipo-
protein-B-containing lipoprotein secretion. Curr. Opin. Lipidol. 7: 132—
138.

13. Liang, J-S., and H. Ginsberg. 2001. Microsomal triglyceride trans-
fer protein binding and lipid transfer activities are independent of
cach other, but both are required for secretion of apolipoprotein
B lipoproteins from liver cells. J. Biol. Chem. 276: 28606-28612.

14. Kane, J. P, and R. J. Havel. 2001. Disorders of the biogenesis and
secretion of lipoproteins containing the B apolipoproteins. /n The
Metabolic and Molecular Bases of Inherited Disease. C. R. Scriver,
A. L. Beaudet, W. S. Sly, and D. Valle, editors. McGraw-Hill, New
York. 2717-2751.

15. Gaffney, D., L. Forster, M. J. Caslake, D. Bedford, ]J. P. Steward, G.
Stewart, G. Wieringa, M. Dominiczak, J. P. Miller, and C. J. Pack-
ard. 2002. Comparison of apolipoprotein B metabolism in familial
defective apolipoprotein B and heterogeneous familial hypercho-
lesterolemia. Atherosclerosis. 162: 33—43.

16. Veerkamp, M. J., J. deGraaf, S. ]J. H. Bredie, J. C. M. Hendricks,
P. N. M. Demacker, and A. F. H. Stalenhoef. 2002. Diagnosis of fa-
milial combined hyperlipidemia based on lipid phenotype expres-
sion in 32 families. Results of a 5-year follow-up study. Arterioscler.
Thromb. Vasc. Biol. 22: 274-282.

17. Tybjaerg-Hansen, A., R. Steffensen, H. Meinertz, P. Schnohr, and
B. G. Nordestgaard. 1998. Association of mutations in the apolipo-
protein B gene with hypercholesterolemia and the risk of ischemic
heart disease. N. Engl. J. Med. 338: 1577-1584.

18. Boren, J., I. Lee, W. Zhu, K. Arnold, S. Taylor, and T. L. Innerarity.
1998. Identification of the low density lipoprotein receptor-bind-
ing site in apolipoprotein B100 and the modulation of its binding
activity by the carboxyl terminus in familial defective apoB100. J.
Clin. Invest. 101: 1084-1093.

19. Greevenbroek, M. M. J., V. M. M-]. Vermeulen, and T. W. A. de-
Bruin. 2002. Familial combined hyperlipidemia plasma stimulates

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

33.

34.

35.

36.

37.

38.

protein secretion by HepG2 cells: identification of fibronectin in
the differential secretion proteome. J. Lipid Res. 43: 1846-1854.
Chan, D. C, G. F. Watts, P. H. Barrett, L. ]. Beilin, T. G. Redgrave, and
T. A. Mori. 2002. Regulatory effects of HMG-CoA reductase inhibitor
and fish oils on apolipoprotein B-100 kinetics in insulin-resistant
obese male subjects with dyslipidemia. Diabetes. 51: 2377-2386.
Grundy, S. M. 1998. Hypertriglyceridemia, atherogenic dyslipi-
demia, and the metabolic syndrome. Am. J. Cardiol. 81: 18B-25B.
Chan, D. C., G. F. Watts, T. G. Redgrave, T. A. Mori, and H. R. Bar-
rett. 2002. Apolipoprotein B-100 kinetics in visceral obesity: associ-
ations with plasma apolipoprotein C-III concentration. Metabo-
lism. 51: 1041-1046.

Linton, M. F,, R. V. Farese, Jr., and S. G. Young. 1993. Familial hypo-
betalipoproteinemia. J. Lipid Res. 34: 521-541.

Neuman, R. J., B. Yuan, D. S. Gerhard, K-Y. Liu, P. Yue, S. Duan, M.
Averna, and G. Schonfeld. 2002. Replication of linkage of familial
hypobetalipoproteinemia to chromosome 3p in six kindreds. J.
Lipid Res. 43: 407-415.

Tarugi, P., A. Lonardo, C. Gabelli, F. Sala, G. Ballarini, I. Cortella, L.
Previato, S. Bertolini, R. Cordera, and S. Calandra. 2001. Phenotypic
expression of familial hypobetalipoproteinemia in three kindreds
with mutations of apolipoprotein B gene. J. Lipid Res. 42: 1552-1561.
Schonfeld, G., B. W. Patterson, D. A. Yablonskiy, T. S. K. Tanoli, M.
Averna, N. Elias, P. Yue, and J. Ackerman. 2003. Fatty liver in familial
hypobetalipoproteinemia; triglyceride assembly into VLDL particles
is affected by the extent of hepatic steatosis. J. Lipid Res. 44: 470—-478.
Liao, W,, S. G. Young, and R. David. 2003. Blocking microsomal tri-
glyceride transfer protein interferes with apolipoprotein B secre-
tion without causing retention or stress in the endoplasmic reticu-
lum. J. Lipid Res. 44: 978-985.

Magnin, D. R., S. A. Biller, J. Wetterau, J. A. Robl, J. K. Dickson, Jr.,
P. Taunk, T. W. Harrity, R. M. Lawrence, C. Q. Sun, T. Wang, et al.
2003. Microsomal triglyceride transfer protein inhibitors: discovery
and synthesis of alkyl phosphonates as potent MTP inhibitors and
cholesterol lowering agents. Bioorg. Med. Chem. Lett. 13: 1337-1340.
Leung, G. K., M. M. Veniant, S. K. Kim, C. H. Zlot, M. Raabe, K.
Bjorkegren, R. A. Neese, M. K. Hellerstein, and S. G. Young. 2000.
A deficiency of microsomal triglyceride transfer protein reduced
apolipoprotein B secretion. J. Biol. Chem. 275: 7515-7520.

Lieu, H. D., S. K. Withycombe, Q. Walker, J. X. Rong, R. L.. Walzem,
J- S. Wong, R. L. Hamilton, E. A. Fisher, and S. J. Young. 2003. Elim-
inating atherogenesis in mice by switching off hepatic lipoprotein
secretion. Circulation. 107: 1315-1321.

. Farese, R. V., S. L. Ruland, L. M. Flynn, R. P. Stokowski, and S. G.

Young. 1995. Knockout of the mouse apolipoprotein B gene re-
sults in embryonic lethality in homozygotes and protection against
diet-induced hypercholesterolemia in heterozygotes. Proc. Nall.
Acad. Sci. USA. 92: 1774-1778.

. Srivastava, R. A., L. Toth, N. Srivastava, M. E. Hinsdale, N. Maeda,

A. B. Cefalu, M. Averna, and G. Schonfeld. 1999. Regulation of the
apolipoprotein B in heterozygous hypobetalipoproteinemic knock-
out mice expressing truncated apoB, B81. Low production and en-
hanced clearance of apoB cause low levels of apoB. Mol. Cell. Bio-
chem. 202: 37-46.

Yang, Y., N. Ballatori, and H. C. Smith. 2002. Apolipoprotein B
mRNA editing and the reduction in synthesis and secretion of the
atherogenic risk factor, apolipoprotein B100 can be effectively tar-
geted through TAT-mediated protein transduction. Mol. Pharma-
col. 61: 269-276.

Crooke, S. T. 2001. Antisense Drug Technology. Principles, Strate-
gies, and Applications. Marcel Dekker, New York.

Graham, M. J., S. T. Crooke, D. K. Monteith, S. R. Cooper, K. M.
Lemonidis, K. K. Stecker, M. J. Martin, and R. M. Crooke. 1998. In
vivo distribution and metabolism of a phosphorothioate oligonu-
cleotide within rat liver after intravenous administration. J. Phar-
macol. Exp. Ther. 286: 447-458.

Graham, M. J., S. T. Crooke, K. M. Lemonidis, H. J. Gaus, M. V.
Templin, and R. M. Crooke. 2001. Hepatic distribution of a phos-
phorothioate oligodeoxynucleotide within rodents following intra-
venous administration. Biochem. Pharmacol. 62: 297-306.

Yu, R. Z., H. Zhang, R. S. Geary, M. Graham, L. Masarjian, K. Lem-
onidis, R. Crooke, N. M. Dean, and A. A. Levin. 2001. Pharmacoki-
netics and pharmacodynamics of an antisense phosphorothioate
oligonucleotide targeting Fas mRNA in mice. J. Pharmacol. Exp.
Ther. 296: 388-395.

Zhang, H., J. Cook, J. Nickel, R. Yu, K. Stecker, K. Myers, and N. M.
Dean. 2000. Reduction of liver Fas expression by an antisense oligo-

Crooke et al.

39.

40.

41.

42.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

nucleotide protects mice from fulminant hepatitis. Nat. Biotechnol.
18: 862-867.

Geary, R. S., T. A. Watanabe, L. Truong, S. Freier, E. A. Lesnik, N. B.
Sioufi, H. Sasmor, M. Manoharan, and A. A. Levin. 2001. Pharma-
cokinetic properties of 2'-0-(2-methoxylethyl)-modified oligonu-
cleotide analogs in rats. J. Pharmacol. Exp. Ther. 296: 890-897.
Baker, B. F., S. S. Lot, T. P. Condon, S. Cheng-Flournoy, E. A.
Lesnik, H. M. Sasmor, and C. F. Bennett. 1997. 2'-0-(2-methoxy)
ethyl-modified anti-cellular adhesion molecule 1 (ICAM-1) oligo-
nucleotides selectively increase the ICAM-1 mRNA level and inhibit
formation of the ICAM-1 translation initiation complex in human
umbilical vein endothelial cells. J. Biol. Chem. 272: 11994-12000.
McQueen, C. A, R. R. Rosado, and G. M. Williams. 1989. Effect of
nalidixic acid on DNA repair in rat hepatocytes. Cell Biol. Toxicol.
5: 201-206.

Butler, M., R. A. McKay, I. J. Popoff, W. A. Gaarde, D. Witchell, S. F.
Murray, N. M. Dean, S. Bhanot, and B. P. Monia. 2002. Specific in-
hibition of PTEN expression reverses hyperglycemia in diabetic
mice. Diabetes. 51: 1028-1034.

. Karen, A, T. Kieft, M. A. Bocan, and B. P. Krause. 1991. Rapid on-
line determination of cholesterol distribution among plasma lipo-
proteins after high-performance gel filtration chromatography. /.
Lipid Res. 22: 859-866.

Otvos, J. D. 2002. Measurement of lipoprotein subclass profiles by
nuclear magnetic resonance spectroscopy. /n Handbook of Lipo-
protein Testing. 2nd edition. N. Rifai, R. Warnick, and M. H. Do-
miniczak, editors. AACC Press, Washington, D.C. 609-623.

Desai, U. J., E. D. Slosberg, B. R. Boettcher, S. L. Caplan, B. Fa-
belli, Z. Stephan, V. J. Gunther, M. Kaleko, and S. Connelly. 2001.
Phenotypic correction of diabetic mice by adenovirus-mediated
glucokinase expression. Diabetes. 50: 2287-2295.

Sheehan, D. C., and B. B. Hrapchak. 1980. Theory and Practice of
Histotechnology. 2nd edition. CV Mosby, St. Louis. 205.

Buhman, K. K., S. J. Smith, S. J. Stones, J. J. Repa, ]J. S. Wong, F. F.
Knapp, Jr., B. J. Burri, R. L. Hamilton, N. A. Abumrad, and R. V.
Farese, Jr. 2002. DGATT is not essential for intestinal triacylglyc-
erol absorption or chylomicron synthesis. J. Biol. Chem. 277: 25474—
25479.

Salisbury, B.G., H. R. Davis, R. E. Burrier, D. A. Burnett, G. Boykow,
M. A. Caplen, A. L. Clemmons, D. S. Compton, L.. M. Hoos, D. G.
McGregor, et al. 1995. Hypocholesterolemic activity of a novel in-
hibitor of cholesterol absorption, SCH 48461. Atherosclerosis. 115:
45-63.

Krause, B. R, and H. M. G. Princen. 1998. Lack of predictability of
classical animal models for hypolipidemic activity. A good time for
mice? Atherosclerosis. 140: 15-24.

Nakamuta, M., S. Taniguchi, B. Y. Ishida, K. Kobayashi, and L.
Chan. 1998. Phenotype interaction of apobec-1 and CETP, LDLR,
and APOE gene expression in mice: role of apoB mRNA editing in
lipoprotein phenotype expression. Arterioscler. Thromb. Vasc. Biol.
18: 747-755.

Browning, J. D., and J. D. Horton. 2004. Molecular mediators of
hepatic steatosis and liver injury. J. Clin. Invest. 114: 147-152.
Hardie, D. G. 2003. Minireview: the AMP-activated protein kinase
cascade: the key sensor of cellular energy status. Endocrinology. 144:
5179-5183.

Pacheco, G, S. P. Henry, R. Geary, and A. DePeyster. 2002. Charac-
terization of nonspecific effects of phosphorothioate antisense oli-
godeoxynucleotides on cytochrome P450 3A2 and cytochromeP450
2CII in male Sprague-Dawley rats(Abstract). Toxicologist. 66: 22.
Xie, Y., F. Nassir, J. Luo, K. Buhman, and N. O. Davidson. 2003. In-
testinal lipoprotein assembly in apobec-1~/~ mice reveals subtle al-
terations in triglyceride secretion coupled with a shift to larger
lipoproteins. Am. J. Physiol. Gastrointest. Liver Physiol. 285: G735-G746.
Young, S. G., C. M. Cham, R. E. Pitas, B. J. Burri, A. Connolly, L.
Flynn, A. S. Pappu, J. S. Wong, R. L. Hamilton, and R. V. Farese, Jr.
1995. A genetic model for absent chylomicron formation: mice
producing apolipoprotein B in the liver, but not in the intestine. J.
Clin. Invest. 96: 2932-2946.

Chandler, C. E., D. E. Wilder, J. L. Pettini, Y. E. Savoy, S. F. Petras,
G. Chang, J. Vincent, and H. J. Harwood, Jr. 2003. CP-346086: an
MTP inhibitor that lowers plasma cholesterol and triglycerides in
experimental animals and in humans. J. Lipid Res. 44: 1887-1901.
Lin, X., G. Shonfeld, P. Yue, and Z. Chen. 2002. Hepatic fatty acid
synthesis is suppressed in mice with fatty livers due to targeted apo-
lipoprotein B38.9 mutation. Arterioscler. Thromb. Vasc. Biol. 22: 476~
482.

Antisense inhibition of apoB lowers LDL cholesterol 883

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

A N

N

ASBVIB

-

JOURNAL OF LIPID RESEARCH

I

58.

59.

60.

61.

884

Zhou, G., R. Myers, Y. Lin, Y. Chen, X. Shen, J. Fenyk-Melody, M.
Wu, J. Ventre, T. Doebber, N. Fujii, et al. 2001. Role of AMP-acti-
vated protein kinase in mechanism of metformin action. J. Clin. In-
vest. 108: 1167-1174.

Lin, H. Z., S. Q. Yang, C. Chuckaree, F. Kuhajda, G. Ronnet, and
A. M. Diehl. 2000. Metformin reverses fatty liver disease in obese,
leptin-deficient mice. Nat. Med. 6: 998-1003.

Bradley, J. D., M. Graham, S. Henry, T. W. Kim, R. Crooke, R. Yu,
and H. deHaan. 2004. Evaluation of ISIS 301012, an antisense in-
hibitor to human apoB-100 in healthy volunteers. (Abstract in XV
International Symposium on Drugs Affecting Lipid Metabolism.
Venice, Italy, October 24-27, 2004).

Grundy, S. M., J. I. Cleeman, C. N. B. Merz, H. B. Brewer, Jr., L. T.

Journal of Lipid Research Volume 46, 2005

62.

63.

64.

Clark, D. B. Hunninghake, R. C. Pasternak, S. C. Smith, Jr., and N. J.
Stone. 2004. Implications of recent clinical trials for the National
Cholesterol Education Program Adult Treatment Panel III Guide-
lines. Circulation. 110: 227-239.

Sueta, C. A., M. W. Massing, M. Chowdhury, D. P. Biggs, and R. J.
Simpson. 2003. Undertreatment of hyperlipidemia in patients with
coronary artery disease and heart failure. J. Card. Fail. 9: 36-41.
Mahley, R. W., and T. P. Bersot. 2001. Drug therapy for hypercho-
lesterolemia and dyslipidemia. /n Goodman and Gilman’s The
Pharmacological Basis of Therapeutics. J. G. Hardman, and L. E.
Limbard, editors. McGraw-Hill, New York. 971-1002.

Evans, M., and A. Rees. 2002. The myotoxicity of statins. Curr. Opin.
Lipidol. 13: 415-420.

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

