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ABSTRACT

Sterol O-acyltransferase 2 (SOAT2; also known as ACAT2)
is considered as a new therapeutic target for the treatment
or prevention of hypercholesterolemia and atherosclerosis.
Fungal pyripyropene A (PPPA: 1,7,11-triacyl type), the first
SOAT2-selective inhibitor, proved orally active in vivo using
atherogenic mouse models. The purpose of the present study
was to demonstrate that the PPPA derivatives (PRDs) prove
more effective in the mouse models than PPPA. Among 196
semisynthetic PPPA derivatives, potent, SOAT2-selective, and
stable PRDs were selected. In vivo antiatherosclerotic activity
of selected PRDs was tested in apolipoprotein E knockout
(Apoe ") mice or low-density lipoprotein receptor knockout
(Ldlr~’~) mice fed a cholesterol-enriched diet (0.2% cholesterol
and 21% fat) for 12 weeks. During the PRD treatments, no
detrimental side effects were observed. Among three PRDs,

Apoe '~ mice treated with PRD125 (1-,11-O-benzylidene type)
at 1 mg/kg/day had significantly lower total plasma cholesterol
concentration by 57.9 = 9.3%; further, the ratio of cholesteryl
oleate to cholesteryl linoleate in low-density lipoprotein was
lower by 55.6 = 7.5%, respectively. The hepatic cholesteryl
ester levels and SOAT?2 activity in the small intestines and livers
of the PRD-treated mice were selectively lowered. The athero-
sclerotic lesion areas in the aortae of PRD125-treated mice
were significantly lower at 62.2 = 13.1%, respectively. Fur-
thermore, both PRDs were also orally active in atherogenic
Ldlr~’~ mice. Among the PRDs tested, PRD125 was the most
potent in both mouse models. These results suggest that
SOAT2-selective inhibitors such as PRD125 have a high po-
tential as poststatin agents for treatment and/or prevention in
patients with atherosclerosis and hypercholesterolemia.

Introduction

Cardiovascular diseases, a group of disorders of the heart
and blood vessels, cause various fatal events (Arsenault et al.,
2012). Therefore, they have been the leading cause of death
globally, with more individuals dying each year from cardio-
vascular diseases than from any other cause. Statins, well
known as inhibitors of 3-hydroxy-3-methylglutaryl (HMG)—
CoA reductase, have been the most clinically used drugs for
the treatment of hypercholesterolemia and atherosclerosis,
keeping the top position in the world ranking for sales of
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medical drugs for many years (Mihaylova et al., 2012). How-
ever, even in patients treated with statins, the risk of compli-
cations and death from cardiovascular events is reduced by only
30% (Libby, 2005). Statin treatment, in fact, is not always
effective in lowering low-density lipoprotein (LDL) cholesterol
to the recommended level, and can cause side effects such as
an increased risk of muscle injury (myopathy and rhabdomyol-
ysis) and hepatic dysfunction [rise of y-glutamyltransferase
and alanine transaminase (ALT)] (Armitage et al., 2010; Egan
and Colman, 2011). Recently, two antibodies, alirocumab and
evolocumab, were reported as a new type of cholesterol-lowering
drug. They inhibit PCSK9, which modulates the degradation of
LDL receptor (Robinson et al., 2015; Sabatine et al., 2015).
Although they safely reduced LDL cholesterol and cardiovas-
cular events, they are very expensive, and the administration
route is limited due to the antibody treatments. Consequently,
the quest for novel pharmacological agents that target specific
steps of atherogenesis has significantly intensified as poststatin
agents in recent years.

ABBREVIATIONS: ALT, alanine transaminase; Apoe, apolipoprotein E; CE, cholesteryl ester; CL, cholesteryl linoleate; CMC-Na, carboxymethyl
cellulose sodium; CO, cholesteryl oleate; FC, free cholesterol; HMG, 3-hydroxy-3-methylglutaryl; LAL, lysosomal acid lipase; LDL, low-density
lipoprotein; Ldlr, low-density lipoprotein receptor; PPPA, pyripyropene A; PRD, PPPA derivative; SOAT, sterol O-acyltransferase; T+, half-life; TC,
total cholesterol; TG, triglyceride; TPC, total plasma cholesterol; VLDL, very-low-density lipoprotein; WD, Wolman disease.
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The enzyme sterol O-acyltransferase (SOAT, also known as
ACAT, EC 2.3.1.26), which catalyzes the synthesis of choles-
teryl ester (CE) from free cholesterol and long-chain fatty
acyl-CoA, has long been considered a promising therapeutic
target (Ohshiro and Tomoda, 2011, 2015). In 1990s, two SOAT
isozymes were identified in mammals: SOAT1 and SOAT2
(also known as ACAT1 and ACAT2) (Rudel et al., 2001). Each
isozyme has a distinct pattern of expression among tissues.
SOAT1 is ubiquitously expressed at a high level in sebaceous
glands, steroidogenic tissues, and macrophages, whereas
SOAT?2 is expressed predominantly in the liver and small
intestine (Parini et al., 2004). SOAT knockout mouse studies
indicated that SOAT1-selective inhibition might cause detri-
mental effects (Accad et al., 2000; Yagyu et al., 2000; Fazio
et al., 2001), whereas SOAT2-selective inhibition consistently
showed atheroprotective activity without side effects (Buhman
et al., 2000; Willner et al., 2003; Zhang et al., 2014). Further-
more, intestine-specific SOAT2 knockout mice had reduced
cholesterol absorption, and liver-specific SOAT2 knockout
mice had a significant reduction in very-low-density lipoprotein
(VLDL) concentration (Zhang et al., 2012). These mice were
equally protected from diet-induced hepatic CE accumulation
and hypercholesterolemia (Zhang et al., 2012).

Pyripyropene A (PPPA; Table 1), originally isolated as
a potent SOAT inhibitor from a culture of fungus Aspergillus
fumigatus FO-1289 (Omura et al., 1993; Kim et al., 1994;
Tomoda et al., 1994), has been recognized for 10 years to be the
first SOAT2-selective inhibitor (Ohshiro et al., 2007). Our
previous study was the first to demonstrate that the fungal
SOAT2-selective inhibitor PPPA proved orally active in vivo in
atherogenic apolipoprotein E knockout (Apoe ™) mice or low-
density lipoprotein receptor knockout (Ldlr~'~) mice (Ohshiro
et al.,, 2011). Treatment of the mice with PPPA caused
decreases in cholesterol absorption, total plasma cholesterol
(TPC) levels, VLDL and LDL concentration, SOAT2-derived
cholesteryl oleate composition in VLDL and LDL, and athero-
sclerosis progression in the aortae and hearts. Importantly,
side effects were not observed in these in vivo studies. These
findings are consistent with those from knockout mouse
studies. Thus, SOAT2-selective inhibitors appear to be prom-
ising as poststatin drugs for the prevention and/or treatment
of atherosclerosis and hypercholesterolemia, including homo-
zygous familial hypercholesterolemia (Ohshiro and Tomoda,
2011, 2015).

Among the derivatives semisynthesized from PPPA (the
first-generation derivatives) and natural PPPs, PPPA was
found to be the most selective SOAT2 inhibitor in our estab-
lished cell-based assay (Ohshiro et al., 2008). However, PPPA
has three O-acetyl residues in the molecule, which are respon-
sible for SOAT inhibition and may be hydrolyzed in the in vivo
study. Therefore, we semisynthetically prepared 196 PPPA
derivatives which we termed PPPA derivatives (PRDs), the
second-generation derivatives (Ohtawa et al., 2013a,b,c). In
this study, we describe the selection of top new candidates for
in vivo study from the PRDs, and present the data on in vivo
efficacy of these candidates in atherogenic mouse models.

Materials and Methods

Materials. PPPA was purified from a culture broth of the pro-
ducing fungus, A. fumigatus FO-1289, according to our established
methods (Omura et al., 1993; Kim et al., 1994; Tomoda et al., 1994). A

total of 196 semisynthetic derivatives (PRDs, the second-generation
derivatives) were prepared from PPPA as reported previously (Ohtawa
et al.,, 2013a,b,c). Among them, the structures of representative PRDs
are summarized in Table 1. Ezetimibe, an NPC1L1 inhibitor, was ob-
tained from Schering-Plough (Kenilworth, NJ). Atorvastatin, an
HMG-CoA reductase inhibitor, was obtained from NAMIKI SHOJI
(Tokyo, Japan).

Mice and Diet. Male Apoe’~ mice and Ldir’~ mice were
purchased from The Jackson Laboratory (Bar Harbor, ME). Two diets
were used: regular chow (CE-2; CLEA Japan, Tokyo) and Western-
type diet containing 21% fat and 0.2% cholesterol by weight (D12079B;
Research Diets, New Brunswick, NdJ). All mice had unrestricted access
to their respective diet and water and were in the fed state at the time
of study. All in vivo mouse studies were approved by the regulations of
the Animal Care Committees of Jichi Medical University and Kitasato
University.

Assay for ['“Clcholesteryl Ester Synthesis in SOAT1- or
SOAT2-Chinese hamster ovary Cells. The assay for the synthesis
of [*CICE from [*Cloleic acid in SOAT1- or SOAT2-expressing
Chinese hamster ovary cells (Lada et al., 2004) was carried out by
our established method (Ohshiro et al., 2007). In this assay, [\*C]CE
was catalyzed by the reaction of SOAT1 or SOAT2. SOAT inhibitory
activity (percentage) is defined as (1 — [**C]CE-drug/[**C]CE-control)
x 100. The ICsq value is defined as the drug concentration causing 50%
inhibition of a biologic activity. The selectivity index value is defined
as log ICs for SOAT1/IC5q for SOAT2.

Assay for In Vitro Metabolism in Liver Microsomes or
Plasma. Experiments of in vitro metabolism of PRDs in mouse liver
microsomes and plasma were carried out by our established method
(Matsuda et al., 2015). In brief, mouse liver microsomes (0.20 pmol
cytochrome P450/ml) or plasma [10% (v/v)] was incubated with PPPA
derivatives (final concentration at 6.0 wg/ml) at 37°C for 0, 15, 60, 120,
360, and 540 minutes. After incubation, the metabolite dissolved in
methanol was analyzed by ultra-fast liquid chromatography (Promi-
nence; Shimadzu, Kyoto, Japan) under the following conditions:
column, Shim Pack XR-ODS (Shimadzu), 2.0 x 75 mm; column tem-
perature, 50°C; solvent, 6-minute linear gradient from 5.0% acetoni-
trile in 0.10% phosphoric acid to 95% acetonitrile in 0.10% phosphoric
acid; flow rate, 0.55 ml/min; detection, UV at 320 nm.

Short-Term In Vivo Antihypercholesterolemia Activity in
Apoe™~ Mice. Male Apoe™’~ mice (n = 3~5) at 8 ~10 weeks of age
were switched from regular chow to a Western-type diet and orally
given PPPA and PRDs (1 mg/kg/day) suspended in 0.5% carboxy-
methyl cellulose sodium (CMC-Na) for 2 weeks. Blood was collected
from the retro-orbital venous plexus at 0 and 2 weeks, and TPC
concentrations were measured by commercial kit.

Long-Term In Vivo Antiatherosclerotic Activity in Apoe™~
Mice or Ldlr~'~ Mice. Male Apoe™’~ mice (n = 5~9) or Ldlr~'~
mice (n = 5~7) at 10 weeks of age were switched from regular chow
to a Western-type diet and orally given a drug [PRDs (0.1, 1,
and 10 mg/kg/day), PPPA (0.1 and 1 mg/kg/day), ezetimibe (0.1 and
1 mg/kg/day), and atorvastatin (0.1 and 1 mg/kg/day)] suspended in
0.5% CMC-Na for 12 weeks. Blood was collected from the retro-orbital
venous plexus at 0, 6, and 12 weeks. At the end of the 12-week treat-
ment period, tissues and whole aortae were removed and stained with
Sudan IV (Wako, Tokyo, Japan), and cross-sections of proximal aorta
were prepared and stained with Oil Red O (Sigma-Aldrich, St. Louis,
MO) as described previously (Ohshiro et al., 2011). The luminal side of
the stained aortae was photographed. Image capture and analysis
were performed using Adobe Photoshop CS2 (Adobe Systems, San
Jose, CA). The extent of atherosclerosis was expressed as lesion area
as a percentage of the entire aortic surface area. Hearts were perfused
with phosphate-buffered saline containing 4% (w/v) formalin, embed-
ded in OCT compound (Sakura Finetek, Tokyo, Japan), and 6-um-
thick serial sections were cut using a Cryostat (Leica, Wetzlar,
Germany). Four sections, each separated by 60 um, were used to
evaluate the lesions: two at the end of the aortic sinus and two at the
junctional site of the aortic sinus and ascending aorta. The sections



were counterstained with Oil Red O and hematoxylin. Images of the
sections were captured with a digital camera (DP70; Olympus, Tokyo,
Japan) mounted on a light microscope (PROVIS AX80; Olympus) and
analyzed with Adobe Photoshop CS5.

Analysis of Plasma Lipids, Blood Glucose, Blood Urea
Nitrogen and ALT, and Measurement of Food Intake. Colori-
metric assays were used to measure TPC (Determiner TC555; Kyowa
Medex, Tokyo, Japan) and triglyceride (TG) (Triglyceride G-test;
Wako) levels. Blood glucose was determined by the Free Style Kissei
kit (Kissei Pharmaceutical, Nagano, Japan). Blood urea nitrogen and
ALT levels in plasma were determined by the commercial kits Urea
N B (Wako) and Transaminase CII (Wako), respectively. Food intake
was measured for 3 days at 0, 6, and 12 weeks in drug-treated Apoe '~
mice.

Analysis of Lipoprotein Profile. Lipoproteins were fractionated
by high-performance liquid chromatography as described (Skylight
Biotech, Akita, Japan) (Usui et al., 2002), and cholesterol content of
each lipoprotein fraction was measured.

Analysis of the Fatty Acid of Cholesteryl Ester Composition
in VLDL and LDL. The lipoprotein subclasses were isolated from
aliquots of plasma from individual mice according to methods pre-
viously described (Lee et al., 2004). This analysis was performed with
an equal volume of whole plasma pooled from drug-treated mice of
each treatment group. Finally, five pooled samples were prepared
from each treatment group. Pooled whole plasma sample was injected
onto a Superose 6 Chromatography column (GE Healthcare Life
Sciences, Marlborough, MA), which was subsequently run at 0.5 ml/min
with 0.9% NaCl containing 0.05% EDTA (pH 7.4) and 0.05% NaNs.
Fractions containing VLDL and LDL were collected and pooled
according to the elution time. The fatty acid of CE composition in
VLDL and LDL was measured by mass spectrometry. In brief, VLDL
and LDL fraction was extracted with the Bligh and Dyer method
(Bligh and Dyer, 1959). After extraction, aliquots of lipid extract were
dried down, resuspended in 300 ul of methanol, and incubated with
C17:0 and 1 ng/ml sodium formate. After 1-hour incubation at room
temperature, aliquots were injected into a VG Quattro II triple quad-
rupole mass spectrometer running Mass Lynx 3.5 software (Waters,
Milford, MA).

Histologic Analysis and Analysis of Hepatic Lipid Content.
After 12 weeks of treatment, livers in drug-treated Apoe '~ mice were
fixed in 10% neutral buffered formalin. Paraffin-embedded sections
were stained with H&E staining. Frozen sections of liver in drug-
treated Apoe’~ mice were stained with Oil Red O staining and
examined by light microscopy. Hepatic lipid contents in drug-treated
Apoe™’™ mice were estimated after performing chloroform-methanol
extraction on 100 mg of liver tissue according to the Bligh and Dyer
method (Bligh and Dyer, 1959). An aliquot of liver lipid extract was
then solubilized in 1% Triton X-100 solution, and lipid concentrations
[total cholesterol (T'C), free cholesterol (FC), TG, and phospholipid]
were determined by commercial kits. The CE contents were obtained
by subtracting FC from TC, and the difference was then multiplied by
1.67 to convert it to CE mass.

Analysis of SOAT Activity in Tissues. Preparation of micro-
somes from the tissue of drug-treated Apoe ™ mice and analysis of
SOAT activity was carried out by the method described previously
(Temel et al., 2007; Ohshiro et al., 2011). After the 12-week treatment,
small intestines, livers, and adrenal glands were removed from the
drug-treated Apoe ™~ mice for subsequent analysis. The intestines
were divided into four equal segments that were classified proximal to
distal as I-1, I-2, I-3, and I-4. Segments I-1 and I-2 were pooled and
used for this study. After being washed by saline, enterocytes were
scraped from segments I-1 and I-2 (hereafter referred to as SI), and
livers and adrenal glands were stored at —80°C until use. This
analysis of SOAT activity was performed with equal amounts of each
tissue pooled from drug-treated mice of each treatment group. Finally,
five pooled samples were prepared from each treatment group. Each
pooled tissue (liver, SI, and adrenal gland) was homogenized in buffer
A (100 mM sucrose, 50 mM KC1, 40 mM KH,PO,4, 30 mM EDTA, and
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protease inhibitor (Sigma-Aldrich), pH7.2) in a Teflon homogenizer.
The resulting supernatant was centrifuged at 100,000g for 1 hour at
4°C. The microsomal fraction of liver and SI from this spin was
resuspended in the same buffer A and stored at —80°C until use,
whereas the whole homogenized fraction of adrenal glands was stored
at —80°C until use. SOAT activity of the microsomal fraction of liver
and SI and the whole homogenized fraction of adrenal glands was
determined using [1—14C]01eoyl—CoA and excess free cholesterol as
substrates. The reaction mixture containing 2.5 mg/ml bovine serum
albumin in buffer A, [1-*Cloleoyl-CoA (18.5 kBgq; PerkinElmer,
Waltham, MA) and cholesterol, and the intestinal or hepatic micro-
somal fraction in a total volume of 200 ul were incubated at 37°C for
30 minutes. The reaction was started by adding [1-1*C]oleoyl-CoA and
stopped by adding 1.2 ml of chloroform:methanol (2:1). The product
[*“C]CE was extracted by the method of Bligh and Dyer (1959). After
the organic solvent was removed by evaporation, lipids were separated
on a thin layer chromatography plate using hexane:ethyl ether:acetic
acid (70:30:1) as a developing solvent. The band corresponding to
[**CICE on the thin layer chromatography plate was scraped and
suspended in scintillation fluid to measure the radioactivity in a liquid
scintillation counter (LLS6500; Beckman Coulter, Brea, CA).

Analysis of Aortic Cholesterol Content in PRD-Treated
Apoe™’~ Mice. This analysis was performed using PRD-treated
Apoe™™ mice nonstained with Sudan IV. Male Apoe ™~ mice (n = 5)
at 10 weeks of age were switched from regular chow to a Western-type
diet and orally given a drug [PPPA (1 mg/kg/day), individual PRDs (1 and
10 mg/kg/day), ezetimibe (1 mg/kg/day), and atorvastatin (1 mg/kg/day)]
suspended in 0.5% CMC-Na or 0.5% CMC-Na (control, 0 mg/kg/day).
After 12 weeks of treatment, whole aortae were removed. In brief,
aortic cholesterol contents in drug-treated Apoe '~ mice were esti-
mated after performing chloroform-methanol extraction on whole
aortae according to the Bligh and Dyer method (Bligh and Dyer,
1959). TC and FC in aortae were measured by a commercial kit as
described previously (Ohshiro et al., 2011). The CE contents were
obtained by subtracting FC from TC, and the difference was then
multiplied by 1.67 to convert it to CE mass.

Statistical Analysis. Experimental data are expressed as the
mean *= S.D. Statistically significant differences among treatment
groups were analyzed with the Kruskall-Wallis test followed by

PRDO017
0.001{ PRDOS6 o gggg -
oY Yo
—_ 0.01 & ‘
S
3
N 01
<
o
A b
L
8
e 107 X,
.~ Pactimibe
100" ™ Avasimibe
I I I I I I !
100 10 1 01 0.01 0.001

IC5, for SOATH (uM)

Fig. 1. The selectivity of PPPA derivatives toward SOAT2. IC5, values for
SOAT1 and SOAT2 of PPPA derivatives were plotted on x- and y- axes,
respectively; PPPA (0), the first- (#) and the second-generation (O) PPPA
derivatives, avasimibe (A), and pactimibe (A).
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Dunn’s multiple comparison (P < 0.05) using GraphPad Prism
Software (GraphPad Software, Inc., La Jolla, CA), unless otherwise
stated.

Results

Selection of PPPA Derivatives for In Vivo Mouse
Study. First, all the new PRDs of the second generation were

TABLE 1

evaluated in the cell-based assay using SOAT1- and
SOAT2—-Chinese hamster ovary cells (Ohtawa et al., 2013a,
b,c), and the IC5y values for SOAT1 and SOAT2 are plotted on
the x- and y-axes in Fig. 1, respectively (Supplemental Fig. 1is
shown by a different data analysis; IC5o values for SOAT2
versus SI values). The in vitro data from PPPA derivatives of
the first generation, avasimibe, and pactimibe are also plotted
for comparative purpose (Ikenoya et al., 2007; Terasaka et al.,

The structures of PPPA derivatives and their data of in vitro SOAT inhibitory activity, stability, and TPC concentrations of 2-week drug-treated mice

) o N N ICso (UM)* . Stability: T/» (min) lsnhglriotigi
PPPA Ac Ac Ac >80  0.0700 >3.00 15 467 0.1%

PRDO17 Ac Ac p-CN-Bz 4.16°  0.0009°  3.66 62" 292" 9.1%

PRD029 Ac Ac p-NO,-Bz 741" 0.0050° 3.17 75" ND -14.9%
PRDO021 Ac Ac c-C¢H11C(0)-  0.30°  0.0015°  2.08 110" ND -12.2%
PRD056  isobutyryl isobutyryl — p-CN-Bz 490" 0.0065° 187" >540" 118" 21.5%"
PRD079  isobutyryl isobutyryl p-NO,-Bz 4417 0.0410 2.03" >540" ND -10.9%
PRD074  isobutyryl isobutyryl c-C¢H;C(O)-  0.46°  0.0099° 1.67° >540" ND -17.4%
PRD041 -CHPh- p-CN-Bz 2.80°  0.0060° 2.67 >540" 470 A2.1%"
PRD045 -CHPh- p-NO,-Bz 13.9°  0.0600 2.36 >540" ND -29.9%"
PRDO080 -CHPh- c-CeH; C(0)- 337" 0.0720 1.67 >540" ND -30.1%"
PRD125 -CH(o-Me-Ph)- p-CN-Bz >72.8  0.0118° >3.79" >540" 512 37.2%"
PRD165 H H H >80 >80 - >540" >540 4.5%

Ac, acetyl; Bz; benzoyl; Me, methyl, ND, not determined; Ph, phenyl.

a) ICso (uM) for CE synthesis in SOATI- or SOAT2-CHO cells.

b) log (ICsp for SOAT1/ICs, for SOAT?2)

* p <0.05 compared with PPPA
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2007; Ohshiro et al., 2008). PPPA had an IC5, value of 70 nM Second, stability of the PRDs in the mouse liver microsomes
and a selectivity index (log IC5¢ for SOAT1/IC5o for SOAT2) and plasma was investigated and compared with that of
value of > +3.00, indicating that the lead compound is highly PPPA. PPPA was quickly metabolized in liver microsomes
selective toward SOAT2. Of the 196 PRDs of the second [half-life (T), 15 minutes] (Matsuda et al., 2015). On the
generation, about 50% (96 derivatives) were found to more other hand, 10 derivatives (PRD017, 029, 021, 056, 079, 074,
strongly inhibit SOAT2 activity (IC5y 0.80-66 nM) than PPPA, 041, 045, 080, and 125) showed more stability in the mouse
and 24 derivatives gave SI values of > +2.70. Ten derivatives liver microsomes than PPPA (Table 1). Among them, the T,
showed higher SI values than PPPA. From the structural of 1,11-diisobutyryl PPPA derivatives (PRD056, 079, and 074)
characteristics in addition to these biochemical data, 11 PRDs and 1,11-O-benzylidene PPPA derivatives (PRD041, 045, 080,
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Fig. 2. The biochemical profile in plasma of 12-week drug-treated Apoe ’~ mice. Liver toxicity (A), TPC levels (B), lipoprotein profile (C-F), and the ratio
of CO/CL in VLDL (G) or LDL (H) were shown. All data are expressed as mean values * S.D. [(A) ~ (F), n = 5~9; (G) and (H), 5 pooled samples prepared
from each treatment group]. Statistically significant differences among groups are analyzed with the Kruskal-Wallis test followed by Dunn’s post-hoc
test. *P < 0.05 compared with control (0 mg/kg/day); *P < 0.05 compared with PPPA (1 mg/kg/day). Ator, atorvastatin; Cont, control; Eze, ezetimibe;
HDL, high-density lipoprotein; NS, no significant difference.
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liver microsomes. In mouse plasma, PRD017 and PRD056
(1,7,11-triacyl type) were slowly metabolized with a Ty/, of 292
and 118 minutes, respectively, whereas PRD041 and PRD125
(1,11-O-benzylidene type) had a longer T (470 and 512
minutes, respectively) (Table 1).

Third, short-term in vivo tests of the PRDs were carried out
in Apoe’~ mice fed a cholesterol-enriched diet (0.2% choles-
terol and 21% fat) and a derivative (1 mg/kg/day), in which the
TPC concentrations were measured after 2 weeks. As shown in
Table 1, TPC levels of PPPA and PRD165 (1,7,11-trideacetyl
PPPA derivative)-treated Apoe™ '~ mice resulted in only
subtle differences from that of control mice (no drug treat-
ment), whereas Apoe /™ mice treated with 10 PRDs (PRD017,
029, 021, 056, 079, 074, 041, 045, 080, and 125) were found to
lower TPC levels by 9.1~42.1%.

Based on these data from the SOAT2 inhibitory activity, the
selectivity toward SOATZ2, the structural characteristics, the
stability test, and the short-term in vivo tests, we selected
PRDO017, PRD056, and PRD125 for long-term in vivo studies
using atherogenic Apoe™’~ or Ldlr™’~ mice.

Antiatherosclerotic Activity of PPPA Derivatives in
Apoe™~ Mice. In vivo efficacy of the three PRDs (PRD017,
PRDO056, and PRD125) was evaluated in Apoe™™ mice fed
a cholesterol-enriched diet (0.2% cholesterol and 21% fat).
They were orally administered for 12 weeks at four doses
(0, 0.1, 1 and 10 mg/kg/day). The long-term in vivo tests of
PPPA, ezetimibe, and atorvastatin (0.1 and 1 mg/kg/day) were
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e P 2

Liver CE (mg/g)

[ e L A e S e e e e e e L
mg/kg/day 0 011 100.1 1 10011 10011011 0.11
Cont PRD017 PRD056 PRD125 PPPA Eze Ator

also tested. In a previous study, PPPA at 10 mg/kg/day showed
significant changes (Ohshiro et al., 2011). Therefore, we tested
it again at a lower dosage (0.1 and 1 mg/kg) to confirm the in
vivo efficacy. The dosages of ezetimibe and atorvastatin in a
long-term study were also decided according to previous pa-
pers by other groups (Davis et al., 2001; Araujo et al., 2010).

Toxicity in Apoe™’~ Mice. During the long-term in vivo
tests, body weight, ALT, blood urea nitrogen, plasma glucose,
and food intake of drug-treated Apoe ™'~ mice were investi-
gated. As expected, no significant changes were observed (Fig.
2; Supplemental Tables 1-5). Histology of the small intestines
from 12-week drug-treated mice showed no toxic phenomena
when compared with those of control (no drug treatment) mice
(no drug treatment; Supplemental Fig. 2). These data in-
dicated that PRD017, PRD056, and PRD125 treatment did not
exert toxic effects on the liver, kidney, and intestine, and had
no effect on glucose metabolism.

Changes in TPC and Lipoprotein Concentrations in
Apoe™’™ Mice. As shown in Fig. 2, the TPC concentrations
during the in vivo experiments were measured at week 12 (at
weeks 0 and 6 in Supplemental Table 6). Treatment of Apoe ™/~
mice with the three PRDs yielded dose-dependent decreases
in TPC levels. In particular, PRD125 was the most potent
to markedly reduce TPC levels (57.9 = 9.3% inhibition at
1 mg/kg/day), as effective as ezetimibe (49.2 = 13.0% inhibi-
tion at 1 mg/kg/day). PPPA and atorvastatin treatment showed
no significant changes at doses of 0.1 and 1 mg/kg/day when
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Fig. 3. The lipid accumulation in the livers from 12-week drug-treated Apoe '~ mice. The livers were removed from drug-treated mice (10 mg/kg/day,
12 weeks). (A) Histology by staining with hematoxylin and eosin. (B) Histology by staining with Oil Red O. (C) CE concentration. (D) FC concentration.
The data of (C) and (D) are expressed as mean values = S.D. (five to nine mice for each treatment group). Statistically significant differences among
groups are analyzed with the Kruskal-Wallis test followed by Dunn’s post-hoc test. *P < 0.05 compared with control (0 mg/kg/day); *P < 0.05 compared

with PPPA (1 mg/kg/day). Ator, atorvastatin; Cont, control; Eze, ezetimibe.
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compared with control. Then, lipoproteins were analyzed in
the plasma of Apoe '~ mice after 12 weeks of drug treat-
ment, revealing that the reduction of TPC levels was mainly
attributed to reduction of cholesterol concentrations in the
atherogenic lipoproteins, chylomicron, VLDL, and LDL
(Fig. 2). Cholesterol levels in high-density lipoproteins were
not affected by PRD017, PRD056, and PRD125 treatment
(Fig. 2). Plasma TG concentrations were not significantly
changed in the mice treated with any of these drugs (Supple-
mental Table 7).

Analysis of Cholesteryl Ester Compositions in VLDL
and LDL. Fatty acids of cholesteryl ester in VLDL and LDL
of Apoe™’~ mice after 12-week treatment were analyzed.
PRDO017, PRD056, and PRD125 treatment each resulted in
a lower percentage of saturated and monounsaturated fatty
acids and a higher percentage of polyunsaturated fatty
acids, with this change appearing to occur mostly in a dose-
dependent fashion (Supplemental Fig. 3). In particular, the
ratio of cholesteryl oleate (CO) to cholesteryl linoleate (CL) in
VLDL and LDL from PRD017-, PRD056-, and PRD125-treated
Apoe™™ mice was lowered (Fig. 2). Ezetimibe treatment at
1 mg/kg/day also lowered the ratio of CO to CL in VLDL and
LDL. PPPA and atorvastatin treatment at 1 mg/kg/day showed
no significant changes in the CE ratios.

Lipid Accumulation in the Livers of Apoe™~ Mice.
Next, hepatic lipid accumulation was investigated by histo-
logic staining with hematoxylin and eosin (Fig. 3A) or Oil Red O
(Fig. 3B). After 12 weeks of being fed a cholesterol-enriched
diet, control (no drug treatment) Apoe '~ mice accumulated
massive amounts of lipid droplets in the liver (Fig. 3).
However, Apoef/ ~ mice treated with PRD017, PRD056, and
PRD125 at 10 mg/kg/day all had reduced amounts of lipid
droplets accumulated in the liver (Fig. 3). Furthermore, the
lipids were also chemically analyzed, revealing that the CE
levels were significantly reduced in the livers of PRD017-,
PRDO056-, and PRD125-treated mice in a dose-dependent
fashion (Fig. 3C). Interestingly, FC did not accumulate in
the livers of PRD017- and PRD125-treated mice even at doses
of 10 mg/kg/day (Fig. 3D). The TG and phospholipid levels in
the livers of PRD017-, PRD056-, and PRD125-treated mice
showed no significant change (Supplemental Fig. 4). The
results of ezetimibe treatment at 1 mg/kg/day (Fig. 3, C and
D) were similar to those of PRD treatment. PPPA and
atorvastatin at 1 mg/kg/day showed no effect on reduction in
lipid levels (Fig. 3, C and D). Although hepatic TG levels were
not lowered, PRD017, RD056, and PRD125 prevented choles-
terol diet—induced fatty liver progression based on the histo-
logic data (Fig. 3, A and B).

SOAT Activity in Tissues from Apoe™’~ Mice. Tissues
of 12-week drug-treated Apoe™’~ mice were removed, and
microsomes were prepared to examine the SOAT activity.
Interestingly, the SOAT activity in microsomes prepared from
the small intestines (Fig. 4A) and livers (Fig. 4B) was dose-
dependently reduced by each of the three PRDs. PRD125
showed the most potent inhibitory activity. The findings are
reasonable because the small intestines and livers are known
to predominantly express SOAT2 (Rudel et al., 2001; Parini
et al.,, 2004). On the other hand, SOAT activity in whole
homogenate from the adrenal glands (which express SOAT1)
was unchanged and had the same levels of SOAT activity as
the control (Fig. 4C), indicating that PRDs selectively inhibit
SOAT?2 in vivo.
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Atherosclerotic Lesion in Apoe™~ Mice. After 12 weeks
of consuming a cholesterol-enriched diet, control (no drug
treatment) Apoe™’~ mice developed atherosclerotic lesions of
the aortae (control in Fig. 5) and of the heart valves (control in
Supplemental Fig. 5). Treatment with the three PRDs revealed
that the atherosclerotic lesion areas of the aortae (percentage of
the total surface) were reduced in a dose-dependent fashion
(Fig. 6). Under the same conditions, ezetimibe (0.1 and 1 mg/kg/day)
showed dose-dependent reduction in the atherosclerotic lesion
areas, but PPPA and atorvastatin at 0.1 and 1 mg/kg/day
showed no effect. In particular, marked atheroprotective
effects were observed in the aortic arch section of the PRD-
treated mice (Fig. 5). The T'C concentrations (CE plus FC) of the
aortae in PRD-treated mice were dose-dependently reduced;
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Fig. 4. SOAT activity in the small intestine, liver, and adrenal gland of
12-week drug-treated Apoe '~ mice. (A) The intestinal SOAT activity. (B)
The hepatic SOAT activity. (C) The adrenal gland SOAT activity. All data
are expressed as mean values * S.D. (five pooled samples prepared from
each treatment group). Statistically significant differences among groups
are analyzed with the Kruskal-Wallis test followed by Dunn’s post-hoc
test. *P < 0.05 compared with control (0 mg/kg/day); *P < 0.05 compared
with PPPA (1 mg/kg/day). Ator, atorvastatin; Cont, control; Eze, ezetimibe;
NS, no significant difference.
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Fig. 5. Representative photographs of
atherosclerotic lesions of whole aortae
from 12-week drug-treated Apoe '~ mice.
After 12-week treatment, the whole aortae
were removed from drug-treated Apoe ™~
mice, fixed, and stained with Sudan IV.
Cont., control.
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CE concentrations were markedly reduced, whereas FC con-
centrations were unchanged (Fig. 6). Ezetimibe at 1 mg/kg/day
also showed a reduction in CE concentration, but PPPA and
atorvastatin at 1 mg/kg/day gave no effect. These chemical
analyses are consistent with en face analysis in derivatives-
treated mice.

Furthermore, similar atheroprotective effects of the PRD
derivatives were observed in the hearts. The atherosclerotic
lesion areas of the heart valves in control mice were markedly
decreased (Supplemental Fig. 5). The atherosclerotic lesion
areas of aortic sinus in the PRD-treated mice were also

mg/kg/day

reduced in a dose-dependent fashion (Fig. 6). Thus, PRD017,
PRDO056, and PRD125 showed a more potent in vivo efficacy to
reduce atherosclerosis than PPPA.

Antiatherosclerotic activity of the three PRDs (1 and
10 mg/kg/day, oral administration for 12 weeks) was also
tested using Ldlr~'~ mice fed a cholesterol diet, resulting in
analogous in vivo efficacy (Supplemental Fig. 6; Supplemental
Tables 8 and 9).

Thus, we have demonstrated that PRD017, PRD056, and
PRD125 showed more effective antihypercholesterolemic and
antiatherosclerotic activity than PPPA in these atherogenic
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Fig. 6. In vivo atheroprotective activity in aortae and hearts of 12-week
drug-treated Apoe '~ mice. (A) Quantification of the percentage of athero-
sclerotic lesion area relative to the whole aortae surface. (B) Quantifica-
tion of atherosclerotic lesion area in the aortic sinus of hearts. These data
(A and B) are expressed as mean values = S.D. (n = 5-9). (C) Aortic
cholesterol concentration in 12-week drug-treated mice. These data (C)
are expressed as mean values = S.D. (n = 5). Statistically significant dif-
ferences among groups are analyzed with the Kruskal-Wallis test followed by
Dunn’s post-hoc test. *P < 0.05 compared with control (0 mg/kg/day);
#P < 0.05 compared with PPPA (1 mg/kg/day). Ator, atorvastatin; Cont,
control; Eze, ezetimibe.

mouse models, and that PRD125 was the most potent in both
mouse models.

Discussion

PPPA, the first SOAT2-selective inhibitor, significantly
proved orally active in atherogenic mouse models when
administered at over 25 mg/kg/day (Ohshiro et al., 2011).
Therefore, the development of more potential pyripyropene
derivatives is important, indicating that lower dose and more
safety derivatives have novelty and make a significant contri-
bution to our health. The in vivo efficacy of PPPA might not be
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completely consistent with the in vitro inhibitory activity
against SOAT2 (IC5¢ 70 nM). We thought there might be two
reasons: low bioavailability of PPPA (about 1%) and hydrolysis
of three acetyl moieties in PPPA, which are essential for
SOAT?2 inhibition. Recently, we reported that 1- and 11-O-acyl
moieties of PPPA were easily hydrolyzed in the liver micro-
somes, 7-O-acyl moiety of PPPA was hydrolyzed in mouse
plasma from in vitro metabolism studies, and these metabo-
lites markedly decreased SOAT2 inhibitory activity (Matsuda
et al., 2015). Therefore, we restarted the synthesis of PRDs
(the second generation), in which unhydrolyzable moieties
were introduced into 1- and 11-O-positions and/or benzoyl-
based moieties were introduced into 7-O-position (Ohtawa
et al., 2013a,b,c). The IC5q values for SOAT1 and SOAT2 of all
PPPA derivatives, including the first- and second-generation
derivatives, were compared as summarized in Fig. 1. From
the structure activity relationship study, we found that
7-O-position is important to selectively inhibit the SOAT2
isozyme, and 1- and 11-O-position are important to keep the
inhibitory activity. From the in vitro stability test in the liver
and plasma (Matsuda et al., 2015) and the in vivo short-term
study in addition to the in vitro data and the structural
characteristics (Table 1), the three derivatives PRD017 (1-, 7-,
11-triacyl type), PRD056 (1-, 7-, 11-triacyl type), and PRD125
(1-, 11-O-benzylidene type) were selected for long-term in vivo
studies. PRD041 (1-, 11-O-benzylidene type), possessing non-
substituted benzylidene moiety, was not further tested in a
long-term in vivo study because PRD041 showed weak SOAT1
inhibition in vitro compared with PRD125 (Table 1).

During the in vivo experiments, none of the three PRDs
showed toxic effects on the liver, kidney, and intestine of mice
(Fig. 2; Supplemental Fig. 2; Supplemental Tables 1-5). In the
1980s to early 1990s, a large number of SOAT inhibitors were
synthesized, and researchers discovered and selected very
potent SOAT inhibitors as promising drug candidates. How-
ever, the development of all SOAT inhibitors failed in clinical
trials because of side effects such as diarrhea and toxicity to
certain tissues. Now we can speculate that most had been very
potent dual-type SOAT inhibitors with nanomolar or picomo-
lar IC5¢ values (Ohshiro and Tomoda, 2011). In the late
1990s, avasimibe and pactimibe were selected as candidates
for clinical trials. Curiously, avasimibe and pactimibe were
rather moderate dual-type inhibitors, inhibiting both SOAT1
and SOAT2 with micromolar IC5, values (Ikenoya et al., 2007;
Terasaka et al., 2007). This selection might be because
researchers avoided in vivo toxicity caused by SOAT1 in-
hibition as predicted from in vitro and in vivo data including
SOAT1 knockout mouse studies (Accad et al., 2000; Yagyu
et al., 2000; Fazio et al., 2001). Nevertheless, development of
avasimibe and pactimibe unexpectedly failed in phase II and
III clinical trials, respectively (Tardif et al., 2004; Nissen et al.,
2006). Fazio and Linton (2006) commented that SOAT1
inhibition raised free cholesterol concentration in macro-
phages and adrenal glands, potentially resulting in toxic
effects on these cells and tissues to make atherosclerosis even
worse. Accordingly, K-604, a potent SOAT1-selective inhibi-
tor, also recently failed in phase II, although these clinical
data and the reason for failure have not yet been reported. On
the other hand, PRDs that only affected SOAT2-expressing
small intestines and livers and showed no effects on SOAT1-
expressing macrophages and adrenal glands in in vitro and in
vivo study performed as predicted from SOAT2 studies,
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including SOAT2 knockout mouse studies (Buhman et al.,
2000; Willner et al., 2003; Bell et al., 2006, 2007; Zhang et al.,
2012, 2014). These findings strongly suggest that potent
SOAT2-selective inhibition and PRDs can be effective and
very safe in human patients.

In the previous in vivo study, we demonstrated that PPPA
showed atheroprotective effects on mouse models (Ohshiro
et al., 2011). Interestingly, SOAT activity was not lowered in
microsome fractions prepared from the small intestines
and livers of PPPA-treated Apoe '~ mice at 50 mg/kg/day for
12 weeks (Ohshiro et al.,, 2011). Since PPPA might be
hydrolyzed in mice (Matsuda et al., 2015) and/or was non-
covalently bound to the specific site (GIn492-Val493-Ser494 of
the fifth transmembrane domain) of SOAT2 protein (Das
et al., 2008), PPPA was removed from the SOAT2 binding site
during the preparation of microsomes from the tissues to re-
cover the SOAT activity. However, SOAT activity was almost
completely lost in those microsomes from the mice treated
with the three PRDs even at 1 mg/kg/day (Fig. 3). These re-
sults indicated that the derivatives can be strongly bound to
the SOAT2 binding site and can be difficult to remove from the
site during the microsome preparation.

This SOAT2-selective inhibition in the liver and small
intestine leads to the modification of the fatty acid composition
of CE in VLDL and LDL (Bell et al., 2007; Zhang et al., 2014).
Furthermore, we reported that PPPA-treated mice altered the
fatty acid composition of CE in VLDL and LDL with the shift
from oleate to linoleate, resulting in protection of atheroscle-
rosis progression (Ohshiro et al., 2011). Recently, evidence has
accumulated that plasma CE produced by SOAT?2 is strongly
associated with the risk of cardiovascular disease (Warensjo
et al., 2008; Miller et al., 2012), indicating that plasma CE
(mainly cholesteryl oleate) can be expected as a potential
biomarker to predict the risk of cardiovascular disease. PRD-
treated mice strongly decreased the ratio of CO to CL in VLDL
and LDL (Fig. 2; Supplemental Fig. 7). These data indicated
that PRDs directly inhibited SOAT2 in the liver and small
intestine in vivo.

The most important findings in this study are that: 1) we
discovered the nonhydrolyzable PPPA derivatives with more
potent and selective SOAT2 inhibitory activity than PPPA,
and 2) these logically selected derivatives proved orally active
in atherogenic mouse models at lower doses (1 and 10 mg/kg/day)
than PPPA. Thus, it was noteworthy that SOAT2-selective
inhibitors showed ideal in vivo efficacy without toxic effects,
as expected from Soat2™'~ mice. Atorvastatin, an HMG-CoA
reductase inhibitor, at 1 mg/kg/day showed no efficacy in
these models, although statins, including atorvastatin, are
used as golden standards of cholesterol-lowering drugs in the
world. Ezetimibe, a cholesterol absorption inhibitor, was as
effective as PRD125 in these models. The IMPROVE-IT trial
reported the additional benefits of the combined therapy with
ezetimibe (nonstatin) and simvastatin in patients with acute
coronary syndromes (Cannon et al., 2015). Therefore, the
combined therapy with a SOAT2 inhibitor and statin will be of
interest.

Recently, Dr. Turley’s group reported that SOAT2 knockout
in lysosomal acid lipase knockout (Lal ™) mice (Soat2 ' /Lal ™'~
mice) reduced hepatic cholesterol accumulation and improved
liver function in Lal ™'~ mice (Lopez et al., 2014). Human LAL
gene mutations can cause two distinct diseases, Wolman dis-
ease (WD) and cholesteryl ester storage disease (Du et al.,

1998, 2001). In both of these diseases, hepatic CE levels are
increased, leading to liver dysfunction. Unfortunately, WD
leads to rapid early death. Now, clinical trial (phase III) using
enzyme replacement therapy is underway for the treatment of
WD, although no drugs can directly treat WD (Valayanno-
poulos et al., 2014). These findings indicate that it will be
worthwhile to test whether PRDs inhibit hepatic cholesterol
accumulation in Lal ™"~ mice.

In conclusion, the present study corroborates that SOAT2 is
a potential target for the treatment or prevention of athero-
sclerosis and hypercholesterolemia, including familial hyper-
cholesterolemia, and the modified PPPA derivatives will be
ideal candidates to be tested in clinical studies.
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