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Abstract Chronic elevations of plasma apolipoprotein B
(apoB) are strongly associated with cardiovascular disease.
We have previously demonstrated that inhibition of hepatic
apoB mRNA using antisense oligonucleotides (ASO) results
in reductions of apoB, VLDL, and LDL in several preclinical
animal models and humans. In this study, we evaluated the
anti-atherogenic effects of a murine-specific apoB ASO
(ISIS 147764) in hypercholesterolemic LDLr deficient
(LDLr /") mice. ISIS 147764 was administered weekly at 25-
100 mg/kg for 10-12 weeks and produced dose-dependent
reductions of hepatic apoB mRNA and plasma LDL by
60-90%. No effects on these parameters were seen in mice
receiving control ASOs. ApoB ASO treatment also produced
dose-dependent reductions of aortic en face and sinus ath-
erosclerosis from 50-90%, with high-dose treatment display-
ing less disease than the saline-treated, chow-fed LDLr '~
mice. No changes in intestinal cholesterol absorption were
seen with apoB ASO treatment, suggesting that the choles-
terollowering pharmacology of 147764 was primarily due to
inhibition of hepatic apoB synthesis and secretion.Hi In
summary, ASO-mediated suppression of apoB mRNA ex-
pression profoundly reduced plasma lipids and atherogen-
esis in LDLr~’~ mice, leading to the hypothesis that apoB
inhibition in humans with impaired LDLr activity may pro-
duce similar effects.—Mullick, A. E., W. Fu, M. J. Graham,
R. G. Lee, D. Witchell, T. A. Bell, C. P. Whipple, and R. M.
Crooke. Antisense oligonucleotide reduction of apoB-
ameliorated atherosclerosis in LDL receptor-deficient mice.
J- Lipid Res. 2011. 52: 885-896.
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Atherosclerosis, a key contributor to cardiovascular dis-
ease, is a chronic inflammatory process developed in the
context of elevated plasma cholesterol (1, 2). Exhaustive
epidemiological, clinical, and animal studies have firmly
established the central role of LDL in atherogenesis (3).
As aresult, management of LDL with HMG-CoA reductase
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inhibitors (statins) and other lipid-lowering therapeutics
has become the cornerstone of the treatment guidelines
used in cardiovascular disease prevention (4, 5).
Apolipoprotein B (apoB) is an essential structural and
receptor-binding component of LDL, and accordingly, in-
creasing plasma levels of apoB are directly correlated with
atherosclerotic disease progression (6). ApoB is a large
amphipathic protein that exists in two forms: apoB100
and, after posttranscriptional editing, apoB48. In humans,
apoB100 is essential for the intracellular assembly of VLDL
in the liver, and apoB48 is used for chylomicron assembly
in the gut. In contrast to humans, in mice the liver is ca-
pable of generating both apoB100 and apoB48 particles.
VLDL is the metabolic precursor of IDL and LDL, and
strategies aimed at reducing VLDL secretion from the liver
offer a powerful means of reducing plasma LDL. Common
therapeutics effective in reducing LDL, such as statins and
bile acid sequestrants, utilize similar mechanisms of action
principally by facilitating plasma LDL clearance via in-
creased expression of hepatic LDL receptors (LDLr).
Inhibition of apoB and VLDL biosynthesis offers a
unique therapeutic approach for reducing LDL (7, 8). Di-
rectly inhibiting apoB production would be predicted to
be especially beneficial when LDLr function is impaired or

Abbreviations: Abcgl, ATP-binding cassette, sub-family G, mem-
ber 1; ACCl1, acetyl-CoA carboxylase alpha 1; ALT, alanine aminotrans-
ferase; AMPK, 5" adenosine monophosphate-activated kinase; AOX,
acyl-Coenzyme A oxidase; apo, apolipoprotein; AST, aspartate amino-
transferase; ASO, antisense oligonucleotide; CE, cholesterol ester;
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absent, as is the case in homozygous familial hypercholes-
terolemia (hoFH). While efforts are currently underway to
evaluate an apoB-specific peptide vaccine in animal mod-
els, this approach has not been demonstrated to be safe or
efficacious in nonhuman primates or man (9, 10).

Antisense oligonucleotides (ASO) are short, single-
strand, synthetic analogs of natural nucleic acids that are
designed to hybridize to a target RNA in a sequence-
specific manner and promote degradation of the RNA by
endogenous nucleases (e.g., RNase H) or modulate the
processing and function of the target mRNA (11). We
have demonstrated, both in animal models and with the
human apoB ASO mipomersen in the clinic, that ASO
suppression of hepatic apoB mRNA produces substantial
reductions in all atherogenic apoB-containing lipopro-
teins (12-15). Furthermore, the efficacy of mipomersen in
reducing plasma apoB is maintained in hoFH patients, as
well as when co-administered with HMG-CoA reductase
inhibitors (statins) (16, 17).

Herein, we tested the hypothesis that the suppression of
hepatic apoB mRNA would reduce the progression of ath-
erosclerosis in an experimental model of hoFH. The ef-
fects of ASO-mediated inhibition of apoB were evaluated
in hypercholesterolemic LDLr /" mice using ISIS 147764,
a murine-specific apoB ASO.

MATERIALS AND METHODS

ASOs

All ASOs used in this report were 20-mer phosphorothioate
oligonucleotides containing 2’-0-(2-methoxyethyl)-modified ri-
bonucleosides (2’-MOE) groups at positions 1 to 5 and 16 to 20
with 2’-deoxynucleosides at positions 6 to 15. ASOs were synthe-
sized and purified as described previously (18). The in vitro and
in vivo characterization of the apoB ASO (5-GTCCCTGAAGAT-
GTCAATGC-3’) used in this study, ISIS 147764, has been previ-
ously described (15). Two control ASOs of the same chemical
class as ISIS 147764, but not hybridizing to any known murine
RNA sequences, were used and had the following nucleotide se-
quence: control ASO1, 5-CCTTCCCTGAAGGTTCCTCC-3'; con-
trol ASO2, 5-AGCATAGTTAACGAGCTCCC-3". All ASOs were
administered via intraperitoneal injection twice weekly.

Animal treatment protocols

All animal procedures were reviewed and approved by the Isis
Institutional Animal Care and Use Committee (IACUC) and con-
ducted in conformity with the Public Health Service (PHS) Policy
on Humane Care and Use of Laboratory Animals. LDLr /™ mice
were purchased from the Jackson Laboratory (stock #002207).
These mice have been backcrossed to C57BL/6] mice for 10 gen-
erations. Mice were housed in a pathogen-fee environment and
given food and water ad libitum. Three studies are presented here.

In Study I, the effect of ASO-mediated reduction of apoB was
assessed in LDLr ™/~ mice fed two different hypercholesterolemic
diets (TD.94059 and TD.97234, Harlan Teklad). The fat and cho-
lesterol composition of the diets were as follows: the TD.94059
(HFC diet) was 15.8% fat (wt/wt) and 1.25% cholesterol; and the
TD.97234 (HC diet) was 4.4% fat (wt/wt) and 0.5% cholesterol.
Female mice (8-10 weeks old, n = 4/group) were fed either diet
for 2 weeks prior to initiation of ASO treatment. ISIS 147764 was
given at 100 mg/kg/wk for 10 weeks.
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In Study II, the effects of ISIS 147764 administered at three
dose levels (25, 50, and 75 mg/kg/wk, respectively) were evalu-
ated in male LDLr /" mice (810 weeks old, n = 10/group) fed
the HC diet described above. This study also included two con-
trol ASOs (ASO1 and ASO2) administered at 75 mg/kg/wk to
better characterize and understand potential off-target (i.e., tar-
get hybridization-independent) ASO effects. These control ASOs
do not hybridize to any known murine RNA transcript; however,
we cannot exclude the possibility that they may interact with
other nucleic acids and/or proteins in a manner distinct from
each other or 147764. It has been appreciated that ASOs can
have unpredictable effects due to small sequence variations,
which was the rationale of using two control ASOs to better char-
acterize class- and sequence-dependent effects. Therefore, the
control ASOs provided additional control groups to understand
the class effects of ASOs and the apoB-dependent lowering
effects of 147764. However, because every ASO can have un-
predictable and distinct effects, all comparisons of treatment
effects were performed using the saline group as the comparator.
Two saline control groups were also included; in the first, mice
were fed normal chow, while in the second, animals were fed the
HC diet.

Study III was similar to Study II, except ISIS 147764 was admin-
istered for five weeks.

Plasma measurements

Plasma concentrations of alanine aminotransferase (ALT), as-
partate aminotransferase (AST), triglycerides (TG), total plasma
cholesterol (TPC) and LDL were determined with an Olympus
AU400e automated clinical chemistry analyzer (Melville, NY).

Lipoprotein analysis

Plasma lipoprotein cholesterol profiling via size-exclusion
chromatography was performed as previously described (15) us-
ing a Beckman System Gold 126 HPLC system, 507¢ refrigerated
autosampler, 126 photodiode array detector (Beckman Instru-
ments; Fullerton, CA), and a Superose 6 HR 10/30 column (GE
Healthcare) coupled inline with an enzymatic colorimetric cho-
lesterol reagent (Roche). Lipoprotein cholesterol chromato-
grams were generated from 15 pl (for samples with TPC < 500
mg/dl) or 7 pl (for samples with TPC > 500 mg/dl) aliquots of
unpooled plasma samples. Cholesterol concentrations were mea-
sured continuously inline from absorbance values taken at a
wavelength of 505 nm and validated with a cholesterol calibra-
tion kit (Sigma). Additionally, plasma samples (unpooled, 120 ul
neat) were sent to LipoScience for their LipoProfile® NMR lipo-
protein particle size analysis (LipoScience, Raleigh, NC).

Immunoblotting

Intestinal protein (isolated from the proximal 1/3 of the intes-
tine) and liver protein were homogenized 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, pro-
tease inhibitor cocktail 1:100 (Calbiochem, #535140), 0.2 mM
sodium orthovanadate], and protein concentrations were mea-
sured with the BioRad DC kit (BioRad; Hercules, CA). Plasma
samples (diluted 1:1,000) or 50-80 pg of intestinal or liver pro-
tein were applied per lane and separated on a 4-12% gradient
Tris-Glycine or Bis-Tris gel (Invitrogen). Proteins were then
transferred to a PVDF membrane and subsequently blocked in
5% nonfat dry milk in TBS-T. Antibodies against AMPKa (used at
1:1,000; Cell Signaling, #2532) and apoB (used at 1:1,000 and
kindly provided by Dr. Stephen G. Young (Department of Medi-
cine, University of California at Los Angeles) were used for over-
night incubations at 4°C. Blots were washed in TBS-T and
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incubated with horseradish peroxidase-conjugated IgG second-
ary antibodies (1:15,000; BD Biosciences; San Diego, CA) for 1 h.
Following final washing in TBS-T, specific protein bands were de-
tected using ECL (GE Healthcare). To improve the detection of
faint apoB protein bands, the LI-COR Odyssey imaging system
was utilized on some blots, which required the use of near-infrared
secondary antibodies (1:10,000; LI-COR).

RT-PCR

Quantitative RT-PCR analysis was performed as described previ-
ously (15) using the TagMan primer probe sets listed in supple-
mentary Table VII. Briefly, total liver mRNA was isolated from
100-200 mg liver samples collected in Qiagen RLT buffer contain-
ing 1% B-mercaptoethanol, and it was immediately homogenized
with a rotor. RNA was isolated using the RNeasy Mini Kit (Qiagen).
RNA samples (50 ng) were subjected to qRT-PCR analysis using
commercial reagents (Invitrogen) and analyzed using an ABI
Prism 7700 Sequence Detector (Invitrogen). After 40 amplifica-
tion cycles, absolute values were obtained with SDS analysis soft-
ware (Invitrogen). Gene expression was normalized to cyclophilin
A and/or G3PDH expression and reported as a fraction of the
amount measured in the saline, HC diet-fed group. PCR arrays (SA
Biosciences) were performed according to the manufacturer’s
protocol, with 1.09 pg of total RNA used for each cDNA reaction.
Only genes with adequate expression (Ct < 35) were analyzed.

Evaluation of atherosclerosis

Two measures of atherosclerosis were performed: en face aor-
tic lesion quantitation and aortic sinus lesion volume as previ-

ously described (19).

Intestinal cholesterol absorption

Mice were administered a gavage of 0.1 nCi of ['*C] choles-
terol and 0.2 nCi of [SH] sitostanol dissolved in 200 pl of olive oil.
Feces were collected for three days following gavage and [''C]
cholesterol and [BH] sitostanol counts were measured in a scintil-
lation spectrometer in hexane-isolated fecal lipids as previously
discussed (20). Short-term ["*C] cholesterol absorption studies
were performed in mice after an overnight fast. Mice were ad-
ministered the poloxamer P-407 (ip 1 mg/g body wt), and 1 h
later they were administered iv 1 pCi of "'C cholesterol in a 100
pl olive oil solution containing 1 mg/ml “cold” cholesterol. A
positive control group treated with ezetimibe (0.005% added to
the diet two weeks frior to the assay) was included. At 1.5 and
3 h following the [1 C] administration, mice were bled.

Postprandial plasma triglyceride response

The postprandial response to a 200 pl of olive oil gavage was
evaluated from triglyceride measurements performed on plasma
collected via retro-orbital bleeds taken at baseline (mice were
fasted overnight) and 1 and 2 h postgavage.

Body composition analysis
Whole body lean and fat mass was measured with MRI body com-
position analyzer (Echo MRI, Echo Medical System, Houston, TX).

Hepatic lipid measurements
Liver triglyceride and cholesterol ester (CE) concentrations
were determined from a Folch lipid extraction as described pre-

viously (21).

Statistical analysis

Plots are expressed as the mean =+ SEM. Where appropriate, a
two-way repeated measures ANOVA test, one-way ANOVA test, or
t test was performed. The analysis of factor level effects was done

by the Holm-Sidak test of multiple comparisons versus the saline
control group. All statistical analyses were performed using Sig-
maStat 3.00 software (SPSS, Inc.). A value of P< 0.05 was consid-
ered significant.

RESULTS

ApoB ASO treatment reduced apoB liver mRNA and
plasma apoB protein while preventing diet-induced
hypercholesterolemia in LDLr~’~ mice

Study I was a preliminary test to determine whether a
murine apoB ASO could reduce hepatic apoB mRNA and
plasma lipids in LDLr~’~ mice fed atherogenic diets that pro-
duce different levels of hypercholesterolemia. Relative to
mice receiving saline, 10 weeks of 100 mg/kg/wk of ISIS
147764 produced an 85% (HC group) and 87% (HFC group)
reduction in hepatic apoB mRNA expression (Table 1). This
suppression in apoB mRNA produced a profound and sus-
tained reduction of LDL, which effectively abolished the diet-
induced hypercholesterolemia (Fig. 1A). Regardless of diet,
ISIS 147764 treatment reduced LDL to the same level (<100
mg/dl) despite the large differences in LDL in the saline
HFC (>1,300 mg/dl) and HC (<700 mg/dl) groups (Fig. 1
and Table 1). Size-exclusion chromatography of plasma sam-
ples after 4 weeks of treatment demonstrated that the VLDL
and LDL fractions in mice fed either the HC or HFC diets
and treated with ISIS 147764 were reduced below levels seen
in chow-fed LDLr /"~ mice (Fig. 1B).

Study II was conducted to determine the lipid lowering
and anti-atherogenic properties of ISIS 147764 across a
range of doses in HC-fed LDLr /™ mice. The HC diet was
used as it has been previously shown to produce extensive
atherosclerosis without the metabolic syndrome-like com-
plications (e.g., insulin resistance, adiposity, hypertriglyc-
eridemia, hepaticsteatosis, elevatedsystemicinflammation)
associated with Western-style diets enriched in both fat
and cholesterol (22). Therefore, the HC diet would allow
for an evaluation of the impact of specific changes in LDL
on atherosclerosis with minimal alterations in other pro-
cesses that might independently impact atherosclerosis.

HCAfed LDLr /™ mice administered 25, 50, and 75 mg/
kg/wk of ISIS 147764 for 12 weeks displayed dose-depen-
dent reductions in hepatic apoB mRNA expression of
57%, 77%, and 85%, respectively (Table 2), with changes
in plasma LDL and TPC roughly mirroring those observed
with hepatic apoB suppression. For example, after 12 weeks
of dosing, LDL reductions of 56%, 80%, and 87% were
observed with 25, 50, and 75 mg/kg/wk ISIS 147764, re-
spectively (Table 2). As expected, the two control ASOs
did not affect apoB expression, LDL, or TPC.

The LDL lowering effect of ISIS 147764 was both dose-
and time-dependent (Fig. 2A). An amount of 25 mg/kg/
wk of ISIS 147764 produced maximal LDL lowering by
8 weeks, whereas 50 and 75 mg/kg/wk ISIS 147764 pro-
duced maximal LDL lowering by 4 weeks. Both the 50 and
75 mg/kg/wk dose groups had LDL levels at or below
those observed in untreated chow-fed LDLr /" mice,
similar to Study I. Size-exclusion chromatography of
plasma after 4, 8, and 12 weeks of dosing demonstrated
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TABLE 1.

Hepatic apoB expression, plasma lipids, and atherosclerotic lesion severity Study I mice

Hepatic apoB mRNA

% saline % A TPC(T10) %A LDL(T10) %A TG (T10) %A EnFaceAthero % A Sinus Athero % A
Saline, HC 100 + 12 889 + 65 685 + 60 131 £ 22 6.3+0.5 0.130 + 0.019
ISIS 147764, HC 15+1 -85 194+13 —-78 90 + 7 —87 89+8 NS 1.4+0.3 —78 0.026 +£0.003 —80
Saline, HFC 100 + 15 1854 + 180 1361 + 106 274 + 42 104 +1.5 0.265 + 0.018
ISIS 147764, HFC 13+1 —87 237+23 —87 9%5+13 —93 99+13 —64 0.8 £ 0.04 —92 0.037+0.009 —-86

Values are mean + SEM. Percentage change reflects statistically significant difference versus the diet-matched saline group at P< 0.05. One-way
ANOVA multiple comparisons versus saline (HC) group Holm-Sidak posthoc test. Units: Total plasma cholesterol (TPC) = LDL = TG = mg/dl; En

face Athero = % lesions on aorta; Sinus Athero = mm?®, NS, not significant.

dose-responsive reductions in all apoB-containing lipopro-
teins (Fig. 2B and supplementary Fig. I). A NMR-based
lipoprotein particle analysis of plasma samples after 12
weeks of treatments confirmed the reductions in all apoB-
containing lipoproteins (supplementary Fig. II).

ApoB plasma immunoblots similarly demonstrated
dose-responsive reductions in both apoB-100 and apoB-48

after ISIS 147764 treatments, with a near absence of the
apoB100 signal in samples from the 75 mg/kg/wk group
(Fig. 2C). The LI-COR Odyssey near infrared fluorescent
imaging system was used to improve the detection of the
faint apoB bands, and this method demonstrated that
the substantial reduction of plasma apoB was both time-
and dose-dependent (supplementary Fig. III). Comparing

weeks of dosing

A 1600 4 Saline, HC-fed
147764, HC-fed
1400 | =k~ Saline, HFC-fed
=/ 147764, HFC-fed
1200 A
i 1000
[=1]
B 800 -
g
-
3 600 -
400 -
200 A
0
B
chow-fed
emmm Saline (HC)
e 147764 (HC)
VLDL
LDL
HDL
0 10 20 30 40 50 60
minutes

Fig. 1.
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Effect of 100 mg/kg/wk ISIS 147764 on LDL in Study I mice. (A) Time course of LDL before and after ISIS 147764 treatment.

HPLC chromatograms of plasma cholesterol after four weeks of treatment in HCfed (B) and HFCfed (C) mice. Each trace represents the
average of three plasma samples. Error bars = SEM. *Statistically significant difference versus saline HC or saline HFC group at P< 0.05.
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TABLE 2. Hepatic apoB expression, plasma lipids, and atherosclerotic lesion severity in mice treated with

25, 50, or 75 mg/kg/wk I

SIS 147764 for 12 weeks

Hepatic apoB mRNA

% saline % A TPC (T12) %A LDL (T12) %A TG (T12) %A  EnFace Athero % A Sinus Athero % A
Saline, chow 120 + 4 NS 251 +9 —67 144+6 =76 115+4 NS 2.3+05 —77 0.037+0.002 —72
Saline, HC 100 + 4 750 + 31 603 + 31 116 + 4 10.1 +1.0 0.130 £ 0.010
Control ASO1 120+ 7 NS 899 + 67 NS 722 + 58 NS 139+10 NS 10.1 +1.8 NS 0.127+0.009 NS
Control ASO2 127 +5 NS 659 + 28 NS 519 +29 NS 163+17 +41 8.8+04 NS 0.132+0.016 NS
ISIS 147764-25 43 +5 —57 381+h4 —49 264+44 —56 131+12 NS 5.5+0.8 —46 0.071+0.010 —46
ISIS 147764-50 23 +2 =77 206+19 -73 118+16 —80 86+5H NS 1.8+04 —82 0.036 £0.006 —72
ISIS 147764-75 15+1 -85 167+10 -—78 78+ 6 —87 86 + 7 NS 1.1+0.2 -89 0.017+0.002 —87

Values are mean = SEM (relative to saline HC group). Percentage ch

ange reflects statistically significant difference versus Saline (HC) group

at P<0.05. One-way ANOVA multiple comparisons versus saline (HC) group Holm-Sidak posthoc test. Units: Total plasma cholesterol (TPC) = LDL
=TG = mg/dl; En face Athero = % lesions on aorta; Sinus Athero = mm®. NS, not significant.

these changes to those observed with LDL suggests that
although the near-maximal LDL lowering effect of ISIS
147764 was achieved with 50 mg/kg/wk, the 75 mg/kg/
wk dose resulted in further decreases in plasma apoB.

Reduction of atherosclerosis with apoB ASO treatment

Atherosclerotic disease severity within the aortic sinus
(valve) and aorta was quantified in both Study I and II mice.
In Study I mice, regardless of dietary regimen, apoB ASO
treatment ameliorated lesion development assessed at ei-
ther the aortic sinus (Fig. 3A) or the aorta (Fig. 3B). Nota-

bly, in both HC- and HFC-fed mice, ISIS 147764 reduced
atherosclerosis to similar absolute levels, despite the HFC
diet resulting in a 2-fold increase aortic sinus atherosclero-
sis in saline-treated HFC-fed mice versus saline-treated HC-
fed mice (0.265 versus 0.130 mms, P<0.01; Table 1).
Evaluation of lesion severity in Study II mice demon-
strated dose-dependent reductions of 46-89% in athero-
sclerosis with increasing dose levels of ISIS 147764 (Fig.
4A, B and Table 2). Treatment with the control ASOs did
not affect lesion size. Treatment of 50 or 75 mg/kg/wk of
ISIS 147764 reduced lesion severity to levels at or below

A 1000 LDL Cholesterol
900 saline (chow)
800 =-saline
700 = =control ASO1
600 =i~ control ASO2
‘EI -8 147764-25
5 500
£ 400 =8~ 147764-50
——147764-75
300
200
100
0 : T T
0 4 8 12
weeka of dosing Fig. 2. Effect of ISIS 147764 on plasma LDL and
B apoB in Study II mice. (A) Time course of LDL dur-
VLDL ing ASO treatments. (B) HPLC chromatograms of
wmn saline (HC) plasma cholesterol after eight weeks of treatment.
wm control ASO1 Each trace represents the average of three plasma
:::;;:::gg samples. (C) Representative immunoblot of plasma
—147764-75 apoB after eight weeks of treatment. Error bars =
SEM. *Statistically significant difference versus sa-
LDL .
line HC group at P< 0.01.
HDL
minutes
C . Control ISIS 147764
Saline (HC) ASO1 25 50 75
_ I L
apoB100
apoB48
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those seen in chow-fed mice. Furthermore, although the
differences in plasma cholesterol levels were only slightly
reduced or unchanged between the 50 and 75 mg/kg/wk
ISIS 147764 treatments, there was a 53% reduction of aor-
tic sinus atherosclerosis in the 75 mg/kg/wk group rela-
tive to the 50 mg/kg/wk apoB ASO group (0.017 versus
0.036 mmz, P = 0.05; Table 2). Such atheroprotective ef-
fects of the higher dose apoB ASO treatment is consistent
with the further reduction of plasma apoB protein ob-
served with the 75 mg/kg/wk dose relative to the 50 mg/
kg/wk dose described earlier. Additionally, 75 mg/kg/wk
of ISIS 147764 reduced aortic sinus lesion severity by 54%
relative to saline, chow-fed LDLr /™ mice (0.017 versus
0.037 mm®, P=0.02; Table 2).

A scatter plot of aortic sinus atherosclerosis and the av-
erage LDL during ASO treatment demonstrated a strong
linear relationship across all Study II mice (Fig. 5). Hence,
regardless of the method of cholesterol lowering (i.e., by
diet or by hepatic apoB inhibition), a predictable reduc-
tion in disease severity was produced.

Effects of apoB ASO treatment on intestinal apoB
expression and lipid absorption

Experiments were conducted to investigate the intesti-
nal activity of the apoB ASO. Study III mice were treated
for five weeks with the control ASO1 (75 mg/kg/wk) or
the apoB ASO 147764 (25, 50, and 75 mg/kg/wk). Fig. 6A
demonstrates the dose-dependency of ISIS 147764 treatment

890 Journal of Lipid Research Volume 52, 2011

on apoB mRNA in the liver and intestine. As expected,
there were dose-dependent reductions of hepatic apoB
mRNA with 147764 of 52%, 78%, and 87% for the 25, 50,
and 75 mg/kg/wk dose groups, respectively. However, in
the intestine, significant reductions in apoB mRNA were
seen only with 50 and 75 mg/kg/wk of 147764; these re-
ductions were 35% and 58%, respectively. An immunoblot
of intestinal protein (Fig. 6B) demonstrated no discern-
able changes in apoB across any of the treatment groups.
Therefore, although there were reductions in intestinal
apoB mRNA with 50 and 75 mg/kg/wk of 147764, this did
not translate into measurable changes in apoB intestinal
protein. These results are consistent with previous studies
reported in high fatfed C57BL/6 mice treated with 100
mg/kg/wk 147764, which demonstrated changes in intesti-
nal apoB mRNA but not in intestinal apoB protein (15).

To investigate any differences in functional parameters
of intestinal lipid absorption, we measured intestinal cho-
lesterol absorption and postprandial lipemia in the Study
IIT mice. No changes in intestinal cholesterol absorption,
measured by the fecal dual isotope ratio as well as an acute
cholesterol absorption in poloxamer P-407-treated mice,
were observed with apoB ASO treatments (Fig. 6C, D).
These results were also consistent to those reported with
[''C] oleic acid absorption in apoB ASO-treated high fat-
fed C57BL/6 mice (15). No differences were observed in
plasma triglycerides in fasted mice that received a 200 pl
olive oil gavage (Fig. 6E).
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Tolerability and effects of ASO treatments on body

composition and hepatic lipids

After 12 weeks of treatment, ISIS 147764 treatments did
not affect plasma ALT or AST levels, although a trend of
increased plasma ALT was detected with the high dose
147764 treatment (Table 3). No differences were observed

in body weight or lean body mass in mice treated with ISIS
147764 (Table 4). As described previously (15), ASO inhi-
bition of apoB in mice did not result in an increase in he-
patic triglyceride content in Study I or Study II (Table 5).
However, in mice fed the HC diet, hepatic total choles-
terol and cholesterol ester content was increased with
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Fig. 5. Scatter plot of LDL and atherosclerosis in Study II mice. The average LDL was calculated from the

AUC of the LDL measurements taken at weeks 4, 8, and 12.
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apoB ASO treatment. (Table 5). A caveat with these data is
the effect of the control ASO1 and ASOZ2 on liver triglycer-
ides; both ASOs resulted in reductions of liver triglycer-
ides. ASO-mediated reductions of liver triglycerides have
been observed in rodents for many different ASOs. This
appears to be a class effect of ASOs; therefore, we cannot
determine how much of this effectis occurring with 147764
treatments.

To explore the mechanism(s) of unaltered hepatic trig-
lyceride content in apoB ASO-treated mice, pathways of
hepatic lipogenesis and fatty acid oxidation were transcrip-
tionally profiled. Similar to what was observed in high fat-
fed C57BL/6 mice (15), expression of several lipogenic

892 Journal of Lipid Research Volume 52, 2011

genes, which are targets of PPAR-y, were reduced in the
livers from LDLr /" mice treated with ISIS 147764 (Table
6). These included ACC1, SCD-1, LIPC, Cidec, and ad-
ipsin. Contrary to expectations, we could not detect tran-
scriptional increases in pathways of fatty acid oxidation; in
fact, there were decreases in AOX, CPT1, and VLCAD with
apoB ASO treatment. Some of these changes may not be a
result of apoB inhibition, as the control ASOs reduced
AOX and also modestly reduced CPT1 and VLCAD.

A pathway-focused PCR gene array was used to identify
the impact of apoB ASO treatment on cholesterol metabo-
lism and lipoprotein receptors and signaling. Supplemen-
tary Fig. IV lists the 84 genes that were profiled in liver

2102 ‘0z aunr uo ‘1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 3. Effect of ASO treatments on plasma transaminase levels in Study II mice

Saline, chow Saline, HC Control ASO1 Control ASO2 ISIS 147764-25 ISIS 147764-50 ISIS 147764-75
ALT U/1 TO 22.6 + 6.9 48.2 +19.1 129 +2.3 24.2 +4.9 42.2+11.0 51.6 + 18.0 39.0 £12.2
T12 22.3+3.0 17.8 +2.7 31.4+35 106.7 + 24.9" 21.2+2.1 47.4+9.7 68.7 + 6.4
AST U/1 TO 73.8 £11.8 74.4+ 8.4 62.3 +4.1 77.2+9.4 752+ 7.3 89.2 +11.9 66.8 +5.9
T12 67.3 + 6.2 53.7 + 6.6 56.8 + 3.2 111.8 +22.7° 51.0 + 4.6 63.5 + 8.3 69.7 £ 5.8

Values in units/liter are mean + SEM. Two-way repeated measures ANOVA and Holm-Sidak posthoc test.
“Statistically significant difference versus the Saline (HC) group at P< 0.05.
"Statistically significant difference versus the Saline (HC) group at P< 0.10.

samples from Study III mice. Supplementary Fig. V lists all
genes significantly changed from the HC-fed saline group
that fall into three categories: (a) significantly changed in
all apoB ASO treatment groups, but not control ASO1; (b)
significantly changed in the mid- and high-dose apoB ASO
treatment groups, but not control ASO1; and (c) signifi-
cantly changed in all ASO treatment groups. A fourth cat-
egory is included for other genes of interest. Of particular
note are the genes that displayed robust dose-dependent
changes in expression with the apoB ASO treatments;
these included Abca2, Apof, Apol8, 1di2, and Ldlr. Of
these, Apol8, 1di2, and Ldlr were the most upregulated
genes observed with apoB ASO treatment, and are all tar-
gets of SREBP1 or 2 (23, 24). Interestingly, other targets of
SREBP2 were also elevated with apoB ASO treatment, such
as Idil, Hmgcr, and SQS (23). Targets of LXR activation,
such as apoe, Abcal, Abcgl, CYP7A1, and SREBP-1c (25),
which were examined on the PCR array, were notincreased
with apoB ASO treatments. Finally, apoB ASO treatments
had a consistent effect to increase hepatic AMPKa?2 ex-
pression (supplementary Figs. V and VI).

DISCUSSION

Previous studies in our laboratory demonstrate that ad-
ministration of ISIS 1467764 in multiple murine models
produces significant and prolonged reductions in hepatic
apoB mRNA and plasma apoB-100 that result in concomi-
tant decreases in TPC and LDL (15). We hypothesized
that antisense inhibition of apoB should also have a signifi-
cant impact on the development of atherosclerosis in hy-
percholesterolemic LDLr /" mice.

Results from the current study confirm and extend our
previous findings and demonstrated that ASO-mediated

inhibition of hepatic apoB expression dramatically miti-
gated dietinduced hypercholesterolemia and athero-
sclerosis in LDLr /" mice. Study I demonstrated that,
regardless of the severity of diet-induced hypercholesterol-
emia in LDLr /"~ mice, the efficacy of ISIS 147764 in re-
ducing LDL and mitigating atherosclerosis was equivalent,
with both LDL and atherosclerosis reduced to the same
level in HC- and HFC-fed mice. This was noteworthy given
the differences of the severity of hypercholesterolemia in
HC- versus HFC-fed LDLr /™ mice. In fact, in both HF-
and HFC-fed mice, apoB ASO treatment reduced plasma
LDL to levels less than that observed in chow-fed LDLr /"~
mice, suggesting that when hepatic apoB expression is
reduced by >85% in LDLr /"~ mice, plasma LDL is de-
termined exclusively by LDL clearance rates, not die-
tary cholesterol intake or absorption. Additionally, such
changes were more profound than that reported with
ezetimibe (a potent inhibitor of cholesterol absorption in
rodents) in either apoE_/_ or LDLr /™ mice (26, 27).

Study II demonstrated the linearity of the pharmaco-
logic effects of increasing doses of ISIS 147764 on inhibi-
tion of hepatic apoB expression, LDL, and atherosclerosis
in hypercholesterolemic LDLr /" mice. Specifically, we
observed near dose-linear reductions in hepatic apoB
mRNA (60-90%), plasma LDL (60-90%), and atheroscle-
rosis (50-90%) with 25-75 mg/kg/wk of ISIS 147764. Im-
portantly, atherosclerotic lesion severity in the aorta and
aortic sinus were reduced to levels at or below those pres-
ent in chow-fed LDLr /™ mice. Furthermore, the linear
relationship observed between LDL and atherosclerosis
underscored the causal relationship between LDL and
atherosclerosis in this model of hoFH and demonstrated
that regardless of the means of lowering plasma LDL,
whether by diet or apoB ASO treatment, predictable re-
ductions in atherosclerosis were observed.

TABLE 4. Body composition in Study II mice

Body Weight (g)

MRI Measurement (T10)

TO T10 Lean Mass (g) Fat Mass (g) Body Fat (%)
Saline, chow 22.7+0.5 25.0 + 0.4 19.1+£04 2.3+0.1 9.3+0.5
Saline, HC 23.1 £ 0.6 27.3+0.7 20.4+ 0.5 2.6+0.2 9.6 +0.5
Control ASO1 24.1 +0.6 28.7 £ 0.4 22.1+0.2 2.1+0.2 7.2+0.6
Control ASO2 23.7+ 0.5 27.5+0.6 21.1 £ 0.6 1.9+0.2° 7.1+0.8
ISIS 147764-25 229+ 0.5 25.8 + 0.4 19.7+ 0.5 2.2+0.2 85+0.7
ISIS 147764-50 23.2+0.4 26.5 + 0.4 20.8 + 0.4 1.9+0.1° 7.0+05
ISIS 147764-75 23.8 + 0.4 26.9 + 0.4 21.3+0.4 1.6 +0.1° 6.1 +0.4"

Values are mean + SEM. One-way ANOVA, multiple comparisons versus saline (HC) group Holm-Sidak posthoc

test.

“Statistically significant difference versus the Saline (HC) group at P< 0.05.
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TABLE 5. Liver lipid composition following apoB ASO treatments

Liver Triglycerides  Liver Total Cholesterol Liver Free Cholesterol  Liver Cholesterol Esters

pg/mg pg/mg wg/mg wg/mg
StudyI  Saline, HC 160 + 12 8.8+24 2.9+ 0.4 11.1+3.7
ISIS 147764, HC 101 +5° 17.9+1.1° 3.1+0.2 24.8 + 1.6
Saline, HFC 129 + 26 16.6 + 0.8 31403 225+ 1.1
ISIS 147764, HFC 125+9 99.4 +2.0° 6.2 +0.5" 27.1+3.3
Study I Saline, chow 101 + 14 2.0+0.2 1.3+0.1 1.2+0.2°
Saline, HC 147 + 10 7.1+0.4 1.9+0.1 8.8 +0.7
Control ASO1 63 + 6" 6.5+ 0.6 2.2+0.1 7.3+1.0
Control ASO2 72+ 18" 8.0+0.5 3.6 +0.1 7.2+0.8
ISIS 147764-25 161 = 24 16.3 +2.8" 2.2+0.3 23.5 + 4.2"
ISIS 147764-50 114+12 19.3+1.3" 2.3+0.4 28.5 + 1.6
ISIS 147764-75 101 +20° 18.6 + 1.5 2.2+0.2 27.3 + 2.3

Values are mean + SEM. For Study I, +test comparisons were performed within each diet subgroup. For Study
II, One-way ANOVA, multiple comparisons versus saline (HC) group Holm-Sidak posthoc test was performed.
“Statistically significant difference versus the respective Saline control group at P< 0.05.

A comparison of the effects of 50 versus 75 mg/kg/wk
of ISIS 147764 on plasma LDL, apoB, and aortic sinus ath-
erosclerosis suggested that plasma apoB reduction is
atheroprotective beyond the reductions in all LDL. For ex-
ample, despite little to no difference in LDL in mice dosed
with 50 and 75 mg/kg/wk ISIS 147764, immunoblots of
plasma apoB demonstrated large reductions in apoB with
the higher dose treatment. Interestingly, there was a 53%
reduction of aortic sinus atherosclerosis in mice given 75
mg/kg/wk relative to the 50 mg/kg/wk treatment. Strong
evidence exists that apoB is atherogenic due to its ability to
bind and retain lipoproteins on the vascular wall and
thereby facilitate oxidative modifications of LDL (28-30).

The profound reductions in circulating LDL with apoB
ASO treatments were not accompanied by increased
plasma ALT or AST, nor did they impact body weight or
lean body mass. This was noteworthy given the dramatic
phenotype of diet-induced hypercholesterolemia in this
animal model and its complete reversal with apoB ASO
treatment. The plasma cholesterol lowering of apoB ASO
treatment was principally a result of inhibition of hepatic
apoB synthesis and secretion, as no changes in intestinal
lipid absorption could be detected with apoB ASO
treatment.

As reported previously (14) and here, relative to saline-
treated mice, liver triglyceride levels were not changed in
apoB ASO-treated mice. A caveat is that ASOs generally
reduce liver triglycerides in mice, as can be seen with both
control ASOs in Study II. Using control ASOs to approxi-

mate such an effect can be misleading because every se-
quence can produce a unique and distinct effect. However,
when comparing apoB ASO treatment at the same dose
level of control ASO1 and ASO2 (75 mg/kg/wk), we ob-
served reductions of liver triglycerides in all ASO treat-
ments relative to saline. This may have been primarily a
consequence of reduced hepatic lipogenesis as indicated
by the reduced expression of key hepatic lipogenic genes
regulated by PPAR~y, such as ACC1, SCD-1, LIPC, Cidec,
and adipsin. Importantly, reductions in SCD-1, Cidec, and
PPAR-y were most likely due to specific reductions of
apoB, as the control ASOs did not reduce hepatic expres-
sion of these genes.

Activation and/or overexpression of PPAR~y have been
shown to contribute to hepatic steatosis in several models
of dyslipidemia (31-33). Although the expression of key
genes of fatty acid oxidation - AOX, CPT1 and VLCAD -
were reduced with apoB ASO treatment, it is difficult to
determine whether these transcriptional changes were re-
lated to apoB inhibition because the control ASO also re-
duced these genes. Additionally, the largest reductions in
AOX, CPT1, and VLCAD were observed in the low-dose
apoB ASO group, with dose-dependent increases in activ-
ity of AOX, CPT1, and VLCAD observed with increasing
doses of the apoB ASO. Consistent with previous studies,
apoB ASO treatment upregulated hepatic AMPKa2 ex-
pression (15). AMPK is a key sensor of cellular energy lev-
els that affects multiple catabolic and anabolic metabolic
pathways (34, 35). Upregulation of AMPK is thought to

TABLE 6. Effect of ASO treatments on hepatic genes involved in fat metabolism in Study II mice

Saline, Chow Saline, HC Control ASO1

Control ASO2

ISIS 147764-25

ISIS 147764-50

ISIS 147764-75

ACC1 84+5 100 +5 143 + 12° 74+5
SCD-1 39 £ 2" 100 + 7 100+ 8 805
LIPC 96 +5 100 + 4 94 +5 65 + 6"
PPAR-y 83+8 100 = 10 111+9 162 + 11°
Cidec 38 +4" 100 = 16 81+ 14 75+ 18
Adipsin 7+£1° 100 + 24 73+ 13 21 +11°
AOX 101 +8 100 + 11 55 + 6“ 71+ 3"
CPT1 106 + 7 100 = 10 79+11 81+6
VLCAD 100+ 8 100+ 9 80 +12 76 +9

68 +11
41 + 5"
36 + 3"
54 + 5"
32 + 3"
13 +2°
51 + 6
52 + 5*
56 + 7°

65 + 5"
41 + 4
24+ 1°
93 +7
24 + 2°
10 + 2°
56 + 7°
62 + 8¢
65 + 9"

63 + 3“
26 + 2
22 +1°
65 + 4"
23 + 2¢
9+2°
68 + 3¢
78 + 4"
82+6

Values are normalized to Saline, HC group and represent mean + SEM (relative to Saline, HC group). One-way
ANOVA or ANOVA on ranks, multiple comparisons versus saline (HC) group Holm-Sidak posthoc test.
“Statistically significant difference versus the Saline (HC) group at P< 0.05.
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decrease cholesterol and fatty acid biosynthesis and in-
crease fatty acid oxidation through several mechanisms.
Collectively, these data suggest that the lack of hepatic ste-
atosis with apoB inhibition in this mouse model may prin-
cipally be a result of reductions in hepatic lipogenesis,
with changes in pathways of fatty acid oxidation a conse-
quence of secondary adaptations to these lipogenic tran-
scriptional changes and/or a consequence of chemical
class effects.

The mechanism of increased hepatic cholesterol ester
content with apoB ASO treatment is unknown and may
warrant further study. A similar phenotype of increased
hepatic cholesterol ester content without a change in he-
patic triglycerides is reported in FABP-deficient mice (36).
Future studies will be necessary to identify whether similar
mechanisms exist between these two models. Preliminary
data suggested an increase in fecal neutral sterol excretion
with apoB ASO treatment that would mitigate an accumu-
lation of hepatic sterols (data not shown). However, an
analysis of LXR target genes in this study did not indicate
LXR activation. Additionally, future studies will be needed
to delineate the effects of apoB ASO treatment on SREBP
activation, as several SREBP targets were upregulated with
apoB ASO treatment.

LDLr /" mice, like hoFH patients, are characterized by
high LDL due to the liver’s inability to remove circulating
LDL. HoFH patients do not achieve their target LDL level
through conventional therapeutics and/or dietary regi-
mens and, therefore, undergo routine LDL-apheresis to
manage plasma cholesterol (37). Hence, an apoB ASO
therapeutic, such as mipomersen, with a mechanism of
action distinct from all currently available hypocholes-
terolemic therapies (e.g., statins, bile acid sequestrants,
ezetimibe) may offer an alternative route for effective dys-
lipidemia management.Ell

The authors thank Drs. Stanley T. Crooke, Brett Monia, and
Brenda Baker for their helpful discussions and review of the
manuscript.
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