
OR I G I N A L A R T I C L E

Antidyslipidemic potential of a novel farnesoid X receptor
antagonist in a hamster model of dyslipidemia: Comparative
studies of other nonstatin agents

Emiko Shinozawa | Yuichiro Amano | Hiroko Yamakawa | Megumi Haba |

Mitsuyuki Shimada | Ryuichi Tozawa

Research, Takeda Pharmaceutical Company

Limited, Fujisawa, Kanagawa, Japan

Correspondence

Yuichiro Amano, Research, Takeda

Pharmaceutical Company Limited, Fujisawa,

Kanagawa, Japan.

Email: yuichiro.amano@takeda.com

Abstract

We attempted to clarify the therapeutic capability of antagonists of the farnesoid X

receptor (FXR), a nuclear receptor that regulates lipid and bile acid metabolism.

Herein, we report the antidyslipidemic effects of a novel synthesized FXR antago-

nist, compound-T1, utilizing a dyslipidemic hamster model. Compound-T1 selec-

tively inhibited chenodeoxycholic acid-induced FXR activation (IC50, 2.1 nmol�L�1).

A hamster model of diet-induced hyperlipidemia was prepared to investigate the

antidyslipidemic effects of compound-T1 through comparative studies of the non-

statin lipid-modulating agents ezetimibe, cholestyramine, and torcetrapib. In the

hamster model, compound-T1 (6 mg�kg�1�day�1, p.o.) increased the level of plasma

high-density lipoprotein (HDL)-cholesterol (+22.2%) and decreased the levels of

plasma non-HDL-cholesterol (�43.6%) and triglycerides (�31.1%). Compound-T1

also increased hepatic cholesterol 7a-hydroxylase expression and fecal bile acid

excretion, and decreased hepatic cholesterol content. Moreover, the hamster model

could reflect clinical results of other nonstatin agents. Torcetrapib especially

increased large HDL particles compared with compound-T1. Additionally, in the

human hepatoma Huh-7 cells, compound-T1 enhanced apolipoprotein A-I secretion

at a concentration close to its IC50 value for FXR. Our results indicated the useful-

ness of the hamster model in evaluating FXR antagonists and nonstatin agents.

Notably, compound-T1 exhibited beneficial effects on both blood non-HDL-choles-

terol and HDL-cholesterol, which are thought to involve enhancement of choles-

terol catabolism and apolipoprotein A-I production. These findings aid the

understanding of the antidyslipidemic potential of FXR antagonists with a unique

lipid and bile acid modulation.

Abbreviations: C4, 7a-hydroxy-4-cholesten-3-one; CDCA, chenodeoxycholic acid; CETP, cholesteryl ester-transfer protein; CYP7A1, cholesterol 7a-hydroxylase; FXR, farnesoid X receptor;

HDL, high-density lipoprotein; HRP, horseradish peroxidase; LDL, low-density lipoprotein; LXRs, liver X receptors; PCR, polymerase chain reaction; RXRa, retinoid X receptor-a; SHP-1, short

heterodimer partner 1; TG, triglyceride; VLDL, very low-density lipoprotein.
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1 | INTRODUCTION

High blood cholesterol is a risk factor for cardiovascular events.1,2 3-

Hydroxymethyl 3-glutaryl-CoA reductase inhibitors, also known as

statins, markedly reduce both blood cholesterol and cardiovascular

risk in hyperlipidemia patients.3-5 However, for patients who cannot

achieve their cholesterol-lowering targets with statins, owing to

insufficient efficacy or adverse effects, nonstatin agents are also

effective as an alternate or add-on therapy to statins.6

One such nonstatin agent is cholestyramine, a bile acid seques-

trant, which forms a complex with bile acids in the intestine and is

then eliminated into feces. Through the augmentation of bile acid

synthesis and cholesterol catabolism, cholestyramine demonstrated a

significant reduction in blood cholesterol.7,8 A recent meta-analysis

and large-scale epidemiologic analysis suggested that the choles-

terol-lowering effects of bile acid sequestrants, including cholestyra-

mine, may contribute to the prevention of cardiovascular diseases.9

Another nonstatin medication is the cholesterol absorption inhibitor

ezetimibe, which targets intestinal uptake of dietary and biliary

cholesterols; good efficacy and tolerability of combination therapy

with statin and ezetimibe have been reported.10

Another approach aimed at the reduction in cardiovascular risk is

the increase in blood high-density lipoprotein (HDL)-cholesterol

levels11 by the inhibition of cholesteryl ester-transfer protein (CETP),

which mediates transfer of cholesteryl ester from HDLs to athero-

genic lipoproteins. Clinical trials involving torcetrapib, the first CETP

inhibitor, were terminated early owing to off-target toxicity,12,13 and

despite remarkable increases in HDL-cholesterol, torcetrapib did not

reduce the progression of atherosclerosis.14,15 The definitive clinical

efficacies of CETP inhibition are under investigation in the ongoing

REALIZE study of anacetrapib, a more recent CETP inhibitor.16

As a possible concept for another novel nonstatin agent, we

focused on the inhibition of farnesoid X receptor (FXR), a member

of the nuclear receptor superfamily. FXR is expressed at high levels

in tissues involved in bile acid metabolism such as the liver, intestine,

and kidney.17,18 In the liver, FXR indirectly suppressed expression of

cholesterol 7a-hydroxylase (CYP7A1), a rate-limiting enzyme in the

cholesterol catabolic pathway,19 and also directly downregulated the

expression of apolipoprotein A-I, a major protein constituent of

HDL.20 We therefore hypothesized that repression of FXR would

improve dyslipidemia via both non-HDL-cholesterol reduction and

HDL-cholesterol elevation, and we successfully confirmed that a syn-

thesized FXR antagonist, compound-T3, displayed these blood

changes in cynomolgus monkeys.21,22 In this study, to clarify the

therapeutic advantage of an FXR antagonist over the nonstatin

agents ezetimibe, cholestyramine, and torcetrapib, we investigated

pharmacological profiles of another novel synthesized FXR antago-

nist, 4-({1-[5-({[1-tert-butyl-5-(4-fluorophenyl)-1H-pyrazol-4-yl]car-

bonyl}amino)-2-chlorobenzyl]piperidin-4-yl}oxy)benzoic acid

(compound-T1, Figure 1) and conducted comparative studies in a

high-fat diet-induced dyslipidemic hamster model.

2 | MATERIALS AND METHODS

2.1 | Drugs

Compound-T1 was synthesized at Takeda Pharmaceutical Co., Ltd

(Osaka, Japan). Ezetimibe was purified from commercially available

tablets at Takeda Pharmaceutical Co., Ltd. Torcetrapib was synthe-

sized at KNC Laboratories Co., Ltd (Hyogo, Japan). Cholestyramine,

chenodeoxycholic acid (CDCA), and 7a-hydroxy-4-cholesten-3-one

(C4) were purchased from Sigma-Aldrich Japan (Tokyo, Japan).

2.2 | Nuclear receptor panel assays

The agonistic and antagonistic activities of human nuclear receptors,

FXR and PPARs PPARa, PPARd, and PPARc were measured as previ-

ously described.23,24 The agonistic and antagonistic activities for the

human retinoid X receptor-a (RXRa) and the human liver X receptors

(LXRs) LXRa and LXRb were also measured. Briefly, the reporter

construct for the RXRa reporter gene assay, pGL3-DR1 9 4-tk-luc,

was created by the insertion of four copies of direct repeat 1 ele-

ment (AGGTCA-N-AGGTCA) upstream of the herpes virus thymidine

kinase promoter and the luciferase reporter gene. To construct the

LXRa and LXRb reporter gene assays, pGL3-DR4 9 4-tk-luc was

generated by the insertion of four copies of direct repeat 4

(AGGTCA-NNNN-AGGTCA) at the same position as pGL3-DR1 9 4-

tk-luc.

COS-1 cells were maintained in DMEM supplemented with 10%

fetal bovine serum at 37°C under 5% CO2. Cells were transfected in

F150 flasks (Corning, NY, USA) with pMCMVneo-hRXRa and pGL3-

DR1 9 4-tk-luc for RXRa assays, pMCMVneo-hRXRa, pMCMVneo-

F IGURE 1 Chemical structure of compound-T1
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hLXRa, and pGL3-DR4 9 4-tk-luc for LXRa assays, and

pMCMVneo-hRXRa, pMCMVneo-hLXRb, and pGL3-DR4 9 4-tk-luc

for LXRb assays. Transfections were performed with Lipofectamine

and PLUS Reagent (Thermo Fisher Scientific K.K., Kanagawa, Japan)

in accordance with the manufacturer’s protocol. After culture for

24 hour, cells were suspended in DMEM medium containing 0.1%

fatty acid free-BSA and plated in 96-well white tissue culture treated

plates (Corning, NY, USA) at a density of 4500 cells/well. After cul-

ture for 3 hour, the cells were treated with test compounds in the

presence or absence of the respective ligand, and incubated for

1 day. The luciferase activity was measured by Envision (PerkinEl-

mer, MA, USA) using Picagene-LT7.5 Luminescence Reagent (Wako

Pure Chemical Industries, Ltd, Osaka, Japan). The respective ligand

for each receptor was considered the 100% activation control as fol-

lows: 1 lmol�L�1 9-cis-retinoic acid (Wako Pure Chemical Industries,

Ltd) for RXRa; 10 lmol�L�1 All-trans-retinoic acid (Wako Pure Chem-

ical Industries, Ltd) for RARa; 1 lmol�L�1 22R-hydroxycholesterol for

LXRa; 3 lmol�L�1 22R-hydroxycholesterol for LXRb; 30 lmol�L�1

CDCA for FXR. To determine EC50 or IC50 values, the dose–re-

sponse data were fitted to a four-parameter logistic curve using

GraphPad Prism (GraphPad Software, CA, USA).

2.3 | Animals

All animal experiments were performed in accordance with the

guidelines of the Takeda experimental animal care and use commit-

tee. Five-week-old male Golden Syrian hamsters were purchased

from Japan SLC, Inc. (Shizuoka, Japan), and maintained in a room

with controlled temperature and humidity conditions of 20-26°C and

40%-80%, respectively, under a 12-hour light/dark cycle. The ham-

sters were allowed free to access to water and received a commer-

cial standard chow diet (CE-2; CLEA Japan Inc., Tokyo, Japan).

2.4 | Single-dose study

Hamsters were fed with a Western-type diet (a chow diet containing

0.15% cholesterol and 15% nonsalt butter, Oriental Yeast Co., Ltd,

Tokyo, Japan) and housed individually in cages after the age of

7 weeks. Eight-week-old hamsters fed with a Western-type diet for

1 week were orally administered compound-T1 (0.3, 1, and

3 mg�kg�1 in a 0.5% methylcellulose solution). Hamsters in the con-

trol group were treated with 0.5% methylcellulose vehicle solution

only. The measurements of plasma C4 levels were conducted on

blood samples collected from the orbital vein under nonfasting con-

ditions at 4, 8, and 24 hour after administration (n = 6).

2.5 | Multiple-dose study

Hamsters were fed with a high-fat diet (a chow diet containing

10.3% nonsalt butter, Oriental Yeast Co., Ltd) and housed individu-

ally in cages after the age of 6 weeks. After high-fat diet feeding for

1 week, drug treatments were commenced at the age of 7 weeks.

Specifically, hamsters were divided into six groups for experiment 1

(control, compound-T1 (2 and 6 mg�kg�1�day�1), ezetimibe (0.1 and

0.3 mg�kg�1�day�1), and cholestyramine (770 mg�kg�1�day�1), n = 6),

and five groups for experiment 2 (control, compound-T1 (3 and

10 mg�kg�1�day�1), torcetrapib (30 and 100 mg�kg�1�day�1), n = 6);

all groups were matched for body weight and plasma lipid levels.

Food consumption was determined for each animal every day. Com-

pound-T1, ezetimibe, and torcetrapib were suspended in 0.5%

methylcellulose solution and administered by gavage once per day

for 9 days. Cholestyramine was mixed in the 10.3% butter-contain-

ing powder diet such that the final diet contained 1% cholestyra-

mine. Dosage was calculated from the cholestyramine content of the

feed and the average food consumption during the first 7 days of

drug administration. The control group was administered with a vehi-

cle solution of 0.5% methylcellulose.

Blood samples were collected from the orbital vein using heparin

as an anticoagulant on the mornings of days 1 and 8 under nonfast-

ing conditions, which were regarded as pre- and post-treatment sam-

ples, respectively, and used for measurements of the plasma lipid

levels. Feces were collected from each hamster over a 48 hour per-

iod on days 6-8 of drug administration. The hamsters were sacrificed

under anesthesia 4 hour after the final drug treatment on day 9 as

described above; pieces of the livers were collected and transferred

immediately into storage at �30°C for lipid level measurements and

at �80°C for gene expression measurements.

2.6 | Measurement of plasma C4 levels

Plasma C4 levels were measured following the method described in

our previous report.23 Briefly, 25 lL plasma was mixed vigorously

with 10 lL of 7b-hydroxy-4-cholesten-3-one (50 lg�mL�1 in

dimethylsulfoxide; Calbiochem, USA), as an internal standard, and

500 lL acetonitrile, and then the mixture was sonicated for 5 min-

utes. After centrifugation, 100 lL supernatant was processed using a

HPLC system (ClassVP; Shimadzu, Japan) fitted with a Nova-Pak

C18 steel column (Waters Corporation, USA), and analyzed with

95% acetonitrile (flow rate: 1 mL�min�1) as the mobile phase. The

absorbance of C4 was detected at 241 nm; absorbance areas of C4

and the internal standard were calculated, and the concentrations of

C4 were quantified against an internal standard.

2.7 | Blood biochemistry

Plasma total cholesterol and triglyceride (TG) levels were measured

enzymatically with a biochemical autoanalyzer (Autoanalyzer type

7070; Hitachi, Tokyo, Japan). For the measurement of HDL-choles-

terol levels, the HDL fraction was separated from apolipoprotein B-

containing lipoproteins by chemical precipitation with heparin and

Mn2+, and HDL-cholesterol values were also determined enzymatically

using the autoanalyzer. Non-HDL-cholesterol values were calculated

from differences between the total cholesterol and HDL-cholesterol

values. Post-treatment values were normalized to the respective pre-

treatment values and expressed as the percentage of change com-

pared with the control group. To analyze the lipoprotein subclass
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profiles, hamsters were sacrificed under anesthesia 4 hour after the

final drug administration on day 9, and blood samples were collected

from the abdominal aorta. After centrifugation, the obtained plasma

samples were analyzed using LipoSEARCH technology (Skylight Bio-

tech, Akita, Japan), in which plasma lipoproteins were fractionated by

HPLC into 20 subfractions according to particle size.

2.8 | Measurement of fecal total bile acid and lipid
levels

Feces were dried for 6 hour at 90°C. For fecal total bile acid mea-

surement, dried feces (approximately 0.2 g) were homogenized in

distilled water (2 mL) and then shaken at 37°C for 15 minutes after

the addition of t-butanol (2 mL). After centrifugation twice, the

supernatants were pooled and transferred to new tubes by each

sample, which were then ready for measurement. Total bile acid val-

ues in the samples were measured using an enzymatic colorimetric

assay kit (Total Bile Acids Test Wako; Wako Pure Chemical Indus-

tries, Ltd, Osaka, Japan). For fecal lipid measurement, dried feces (ap-

proximately 1.0 g) was homogenized in a 4 mL of hexane-

isopropanol (3:2) solution and then shaken for 10 minutes at room

temperature. The supernatants from two centrifugation steps were

pooled, evaporated to dryness, and solidified at 50°C in a nitrogen

atmosphere to form a dried residue. After the residues were dis-

solved in a 1 mL of dioxane-polyoxyethylene (1:1) solution, the sam-

ples were prepared for measurement. Total cholesterol and TG

values in the samples were measured using the enzymatic colorimet-

ric assay kits, Cholesterol-E Test Wako and Triglyceride-E Test Wako

(Wako Pure Chemical Industries, Ltd), respectively. Fecal total bile

acid and lipid values were normalized to each dried fecal weight.

2.9 | Measurement of hepatic lipid levels

The frozen liver samples (approximately 1.0 g) were homogenized by

the addition of 3.35% sodium sulfate solution (9 mL) and shaken for

10 minutes after the addition of a 3:2 solution of hexane-isopropa-

nol (3:2) solution. Subsequently, 100 lL of the solution was evapo-

rated to dryness and solidified at 50°C in a nitrogen atmosphere to

form a dried residue. The residue was dissolved in a 100 lL of diox-

ane-polyoxyethylene (1:1) solution, and used for the measurement of

total cholesterol, free cholesterol, and TG levels using the enzymatic

colorimetric assay kits Cholesterol-E Test Wako, Free Cholesterol-E

Test Wako, and Triglyceride-E Test Wako (Wako Pure Chemical

Industries, Ltd.) respectively. Hepatic cholesteryl ester levels were

calculated from differences between the total cholesterol and free

cholesterol values. The obtained hepatic lipid values were normalized

to the weight of each liver.

2.10 | Quantitative real-time polymerase chain
reaction (PCR)

The frozen liver samples (approximately 100 mg) were homogenized

in ISOGEN solution (Nippon Gene Co., Ltd, Tokyo, Japan) and total

RNA was extracted and purified using the RNeasy Mini Kit (QIAGEN

K.K., Tokyo, Japan). mRNA expression levels were measured using a

one-step quantitative PCR with TaqMan EZ RT-PCR Core Reagents

(N808-0236; Applied BiosystemsTM, Thermo Fisher Scientific K.K.).

The primers for hamster CYP7A1 gene (Assay ID: HAMCYP7A1-

EX5) were designed and synthesized based on cDNA sequence using

the Assay-by-design service (Applied BiosystemsTM, Thermo Fisher

Scientific K.K.). The primers for hamster GAPDH gene (hamster

G3PDH-683F and hamster G3PDH-748R) were purchased from

Sigma-Aldrich Japan and used as the reference gene. PCR reactions

were performed using OPTICON2 (Bio-Rad Laboratories, Inc., Tokyo,

Japan) and gene expression was normalized to GAPDH expression.

2.11 | Measurement of apolipoprotein A-I secretion
levels in the human hepatoma Huh-7 cell line

Huh-7 cells (RCB1366; Riken, Saitama, Japan) were seeded in 24-

well plates in DMEM (Gibco, Thermo Fisher Scientific K.K.) supple-

mented with 10% FBS (Thermo Fisher Scientific K.K.) and peni-

cillin-streptomycin solution (Gibco, Thermo Fisher Scientific K.K.)

and maintained at 37°C in an atmosphere of 5% CO2. Huh-7 cells

under subconfluent conditions were incubated with DMEM supple-

mented without or with CDCA (final concentration: 30 lmol�L�1)

and compound-T1 (final concentration: 0.01-10 nmol�L�1), for

24 hour. Cells that were not treated with CDCA or compound-T1

were regarded as the control cells. Each well was washed and fur-

ther incubated for 24 hour under the same conditions. Then, the

supernatants were collected and stored at �30°C prior to measure-

ment of apolipoprotein A-I levels; and cells were dissolved into

0.5 N NaOH and stored at 4°C for prior to the measurement of

cellular protein content using the DC protein assay kit (Bio-Rad

Laboratories, K.K., Tokyo, Japan). Apolipoprotein A-I levels were

measured using a sandwich ELISA method. Briefly, the supernatant

sample or apolipoprotein A-I standard solution was added to a 96-

well plate precoated with goat anti-human apolipoprotein A-I poly-

clonal antibodies (Rockland Immunochemicals Inc.; PA, USA) and

incubated for 2 hour at room temperature. After washing, rabbit

anti-human apolipoprotein A-I polyclonal antibodies (Calbiochem,

EMD Millipore, Merck KGaA, Darmstadt, Germany) were added

and incubated for 2 hour at room temperature. After washing, rab-

bit IgG specific horseradish peroxidase (HRP)-conjugated antibodies

were added and incubated for 2 hour at room temperature; then,

HRP-derived chemiluminescence was detected using an HRP color

development kit (Sumitomo Bakelite Co., Ltd, Tokyo, Japan). The

obtained concentrations of apolipoprotein A-I were normalized to

the cellular protein content, and expressed as a percentage relative

to the level of control cells.

2.12 | Statistical analysis

Data are presented as mean � SEM and were used to perform sta-

tistical analyses by the Student’s t-test, the Welch’s t-test, the one-

tailed Williams’ test, or the one-tailed Shirley-Williams test. P values
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of ≤.05 were considered significant for the Student’s t-test and the

Welch’s t-test, and ones of ≤.025 were considered significant for the

other two tests, The 25% and 50% effective doses and 50% inhibi-

tory concentration were calculated using a nonlinear logistic model.

3 | RESULTS

3.1 | FXR antagonistic activity of compound-T1

Compound-T1 inhibited CDCA-induced FXR activation with an IC50

value of 2.1 nmol�L�1 (Table 1). It did not show agonistic and antag-

onistic activities against other nuclear receptors related to hepatic

lipid metabolism (Table 1), which suggested that compound-T1 was

a potent and selective FXR antagonist.

3.2 | CYP7A1 activation by compound-T1 in a
dyslipidemic hamster model

FXR directly activated the expression of short heterodimer partner 1

(SHP-1), which binds to, and subsequently inactivates, liver receptor

homolog 1, and results in the inhibition of CYP7A1 expression. In accor-

dance with this pathway, significant elevation of plasma levels of C4,

which is a plasma marker of hepatic CYP7A1 activation, were observed

in hamsters receiving an oral dose of compound-T1; namely, com-

pound-T1 showed a dose-dependent increase in plasma C4 levels and

sustained the effect for over 24 hours at doses of 1 and 3 mg�kg�1 (Fig-

ure 2). Based on the result, we considered that an appropriate dose

range of compound-T1 would be greater than 1 mg�kg�1�day�1 in com-

parative evaluation of compound-T1 and the other agents.

3.3 | Comparative studies on plasma lipid profiles in
a dyslipidemic hamster model

Firstly, we conducted a comparative study of compound-T1 with

two cholesterol-lowering agents, ezetimibe and cholestyramine, in

the hamster model. The changes in plasma parameters are summa-

rized in Figure 3 (see also Table S1). Expectedly, these three agents

reduced non-HDL-cholesterol to the almost same level. Compound-

T1 significantly lowered non-HDL-cholesterol, and significantly ele-

vated HDL-cholesterol. A significant reduction in TG was also

observed in the 6 mg�kg�1�day�1 compound-T1-treatment group.

Ezetimibe significantly lowered non-HDL-cholesterol, but did not

change either of HDL-cholesterol and TG levels. The administration

dose of cholestyramine was calculated from the content in the feed

and the average food consumption during the first 7 days of drug

administration, and was shown to be 770 mg�kg�1�day�1, which was

approximately equal to 6.3 g�day�1 (data not shown). The dosing of

cholestyramine lowered both non-HDL-cholesterol and TG levels but

did not affect the HDL-cholesterol level. No treatments affected

food intake and body weight throughout the experimental period

(data not shown).

The next study compared compound-T1 and torcetrapib in the

hamster model. Compound-T1 was dosed at slightly higher levels

and was expected to cause HDL-cholesterol elevation equivalent to

torcetrapib. The changes in plasma parameters are summarized in

Figure 4 (see also Table S2). Torcetrapib significantly elevated HDL-

cholesterol level but did not lower non-HDL-cholesterol and TG

levels, which was in contrast to compound-T1. Although no changes

in body weight were observed in all groups, a significant reduction

in food intake was observed in the 10 mg�kg�1�day�1 of compound-

T1-treated group (�22.5%, data not shown).

To perform a detailed comparison between the HDL-cholesterol-

elevating effects of compound-T1 and torcetrapib, we conducted

lipoprotein profiling by HPLC gel filtration system (Figure 5). Com-

pound-T1 dose-dependently reduced the levels of both very low-

density lipoprotein (VLDL) and low-density lipoprotein (LDL) with no

TABLE 1 Selectivity of compound-T1 for human nuclear
receptors

Antagonistic
activities

IC50 values
(nmol�L�1)

Agonistic
activities

ED50 values
(nmol�L�1)

FXR 2.1 FXR >10 000

LXRa >10 000 LXRa >10 000

LXRb >10 000 LXRb >10 000

RXRa >10 000 RXRa >10 000

RXRb >10 000 PPARa >10 000

PPARd >10 000

PPARc >10 000

The selectivity of compound-T1 for human nuclear receptors was mea-

sured as described in the Methods section.

F IGURE 2 Effects of compound-T1 on plasma C4 levels. Time-
dependent changes in hepatic gene expression of plasma C4 were
measured in samples collected after a single administration of
compound-T1 to high-fat diet-fed hamsters. Each value represents
the mean � SEM (n = 6). The measurement procedures are
described in the Methods section. Statistical analysis was carried out
using one-tailed Williams’ test (†P ≤ .025 vs control)
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F IGURE 3 Effects of compound-T1, ezetimibe, and cholestyramine on plasma lipid parameters in high-fat diet-fed hamsters. The changes in
lipid parameters were measured in plasma collected after repeated administrations of the treatment drugs. For the control group treated with
vehicle, plasma values of non-HDL-cholesterol, HDL-cholesterol, total cholesterol, and triglyceride were 184.0 � 5.5, 56.0 � 2.3, 240.0 �6.9,
and 467.5 � 7.9 mg�dL�1 respectively. Each value represents the mean � SEM (n = 6). The measurement procedures are described in the
Methods section. Statistical analysis was carried out using Student’s t-test (**P ≤ .01 vs control, or §P ≤ .01 or ns, nonsignificant vs
6 mg�kg�1�day�1 of compound-T1), one-tailed Williams’ test (†P ≤ .025 vs control), or one-tailed Shirley-Williams test (‡P ≤ .025 vs control)

F IGURE 4 Effects of compound-T1 and
torcetrapib on plasma lipid parameters in
high-fat diet-fed hamsters. The changes in
lipid parameters were measured in plasma
collected after repeated administrations of
the treatment drugs. For the control group
treated with the 10.3% butter diet and no
drug, plasma values of non-HDL-
cholesterol, HDL-cholesterol, total
cholesterol, and triglyceride were
191.1 � 14.1, 65.3 � 2.5, 256.4 � 12.5,
and 572.6 � 46.7 mg�dL�1 respectively.
Each value represents the mean � SEM
(n = 6). The measurement procedures are
described in the Methods section.
Statistical analysis was carried out using
Welch’s t-test (§P ≤ .05 vs
10 mg�kg�1�day�1 of compound-T1), one-
tailed Williams’ test (†P ≤ .025 vs control)
or one-tailed Shirley-Williams test
(*P ≤ .025 vs control)
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change in the peak value of particle size. At doses of

3 mg�kg�1�day�1 and 10 mg�kg�1�day�1, compound-T1 also

increased HDL levels with no change in the peak value of particle

size, but an increase larger HDL particles (fraction number 16) was

observed, especially at the higher treatment concentration. In con-

trast, torcetrapib produced a more marked increase in HDLs with a

larger particle diameter; in particular, a dose of 100 mg�kg�1�day�1

of torcetrapib resulted in an increase in much larger particles (frac-

tion number 13-15), which were hardly observed in the control and

compound-T1-treated groups. Torcetrapib did not produce any

changes in the VLDL and LDL fractions.

3.4 | Comparative studies on fecal and hepatic lipid
profiles in a dyslipidemic hamster model

The changes in fecal lipid content after treatment with compound-

T1, ezetimibe, and cholestyramine are summarized in Figure 6A.

Both compound-T1 and cholestyramine significantly increased fecal

total bile acid content, while ezetimibe increased both fecal total

cholesterol and TG content. No other significant changes were

observed in all groups.

Next, the changes in fecal lipid content were compared between

compound-T1 and torcetrapib, and are summarized in Figure 6B.

Compound-T1 dose-dependently increased fecal total bile acid con-

tent, while torcetrapib resulted in a significant decrease. A significant

reduction in fecal total cholesterol was observed in both groups

receiving the highest dosage of compound-T1 (10 mg�kg�1�day�1)

and torcetrapib (100 mg�kg�1�day�1). There was no significant

change in fecal TG in all groups.

The effects of compound-T1, ezetimibe, and cholestyramine on

hepatic lipid content are summarized in Figure 7. Compound-T1

dose-dependently lowered hepatic total cholesterol and cholesteryl

ester. Compound-T1 also decreased hepatic free cholesterol at a

dose of 10 mg�kg�1�day�1. Torcetrapib did not show any significant

change in hepatic total cholesterol, cholesteryl ester, and free

cholesterol content. In addition, hepatic TG content was decreased

in compound-T1-treated group, but increased in the

100 mg�kg�1�day�1 torcetrapib-treatment group.

To confirm the FXR antagonistic activities of compound-T1 after

multiple doses, we measured the hepatic expression levels of

CYP7A1. Hepatic CYP7A1 mRNA levels were dose-dependently

increased in the compound-T1-treated groups and in the cholestyra-

mine-treated group. There were no significant changes in the eze-

timibe-treated groups (Figure 8).

3.5 | Effects of compound-T1 on apolipoprotein A-I
production in Huh-7 cells

To elucidate the mechanism of the HDL-cholesterol-elevating effects

of compound-T1, we investigated its effect on apolipoprotein A-I

production using the human hepatoma Huh-7 cell line under physio-

logical CDCA conditions. Apolipoprotein A-I secretion was signifi-

cantly reduced by the addition of 30 lmol�L�1 CDCA, and this

reduction was dose-dependently rescued by compound-T1 with an

ED50 value of 1.8 nmol�L�1 (Figure 9).

4 | DISCUSSION

We have previously confirmed that a synthesized FXR antagonist,

compound-T3, reduced plasma non-HDL-cholesterol levels and also

elevated HDL-cholesterol levels in a primate model.21,22 However,

the development of a rodent model with similar disease conditions

to human hyperlipidemia would be still useful for the further com-

prehension of this new type of agent. However, the rodent ani-

mals such as mice, rats, and guinea pigs have different plasma

lipid and lipoprotein profiles from humans.23,25 Actually, we found

that another FXR antagonist, compound-T0, exacerbated dyslipi-

demia in mice due to enhancement of intestinal lipid absorption

via acceleration of bile acid excretion.26 We think that the differ-

ence of the effects of FXR antagonist between primate and

mouse models would be due to the difference in regulation of

key players relating to lipid and bile acids metabolisms, in particu-

lar, the hepatic LDL receptor.27 In addition, CETP is also a key

protein involved in plasma cholesterol transport that transfers cho-

lesteryl ester from HDL to LDL and VLDL.28 Golden Syrian ham-

sters are known to develop human-like hyperlipidemia following

the feeding of a high-fat diet,29-31 and also show both plasma

CETP activity28 and regulation of hepatic LDL receptor.32 There-

fore, we considered that a hyperlipidemic hamster model would

be suitable for the purpose described above. To determine the

appropriate diet for hamsters, we referenced diet information in

nonclinical and clinical studies of orlistat, an antiobesity drug.33,34

After the hamsters were fed this butter-rich diet for a week, both

plasma levels of cholesterol and triglyceride increased to approxi-

mately two and three times the normal level respectively

F IGURE 5 Effects of compound-T1 and torcetrapib on plasma
lipoprotein distribution in high-fat diet-fed hamsters. Pooled plasma
(n = 6 per group) was collected after repeated drug administrations
and then was fractionated by gel filtration HPLC. The measurement
procedures are described in the Methods section
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(Table S3). Using this hamster model, herein, we sought to clarify

the favorable pharmacological profile of a novel FXR antagonist

compound-T1, a potential antidyslipidemic agent, through compara-

tive studies with other nonstatin agents ezetimibe, cholestyramine,

and torcetrapib.

The first question in our study was to determine whether the

clinical results of other nonstatin agents were consistent in our ham-

ster model. Firstly, ezetimibe, a cholesterol absorption inhibitor,

exhibited clinically relevant changes with regard to the plasma non-

HDL-cholesterol reduction and fecal cholesterol excretion.35,36

Although a significant increase in fecal TG was also found in ezetim-

ibe-treated hamsters, as reported in a previous study using an obese

rodent model,37 the dramatic effect of ezetimibe on TG excretion

has not been reported in a clinical setting. However, an inhibitory

effect on the intestinal production of chylomicrons, which consist

largely of TG, was reported in patients with hyperlipidemia.38 There-

fore, we assumed that the increased fecal TG in ezetimibe-treated

hamsters might result from its intervention in chylomicron TG

F IGURE 6 Effects of compound-T1,
ezetimibe, cholestyramine, and torcetrapib
on fecal lipid contents in high fat diet-fed
hamsters. Fecal lipid contents were
measured in feces collected after repeated
drug administration. Comparisons between
compound-T1, ezetimibe, and
cholestyramine (A) and between
compound-T1 and torcetrapib (B) were
conducted. Each value represents the
mean � SEM (n = 6). The measurement
procedures are described in the Methods
section. Statistical analysis vs the control
was carried out using Student’s t-test
(**P ≤ .01 vs control) or one-tailed
Williams’ test (†P ≤ .025 vs control)

F IGURE 7 Effects of compound-T1 and
torcetrapib on hepatic lipid content in
high-fat diet-fed hamsters. Hepatic lipid
contents were measured in livers collected
after repeated drug administrations. A
comparison between compound-T1- and
torcetrapib-treated hamsters was
conducted. Each value represents the
mean � SEM (n = 6). The measurement
procedures are described in the Methods
section. Statistical analysis vs the control
was carried out using one-tailed Williams’
test (*P ≤ .025 vs control)
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metabolism. In the next, cholestyramine, a bile acid sequestrant,

reduced plasma non-HDL-cholesterol at a dose of

770 mg�kg�1�day�1 (approximately equivalent to 6.3 g�day�1). This is

a clinically sufficient dose; specifically, a dose of 8-24 g�day�1 of

cholestyramine is usually set for hyperlipidemia patients.39,40

Cholestyramine also elevated hepatic CYP7A1 expression and fecal

total bile acid content, which suggested the mechanism of action

occurred through the activation of the cholesterol catabolism path-

way. In addition, the CETP inhibitor torcetrapib resulted in a remark-

able increase in HDL-cholesterol, similar to those observed in clinical

trials. In the present study, torcetrapib did not induce changes in

either of fecal cholesterol and bile acid contents, which suggested

that torcetrapib did not increase the overall amount of lipid excreted

out of the body. The analysis of plasma lipoprotein subclass revealed

that torcetrapib increased the fraction of HDL with a larger particle

diameter. Although these findings were consistent with clinical

observations,41,42 the significance of large HDL particles has not

been determined. However, it was reported that subjects with a

genetic CETP deficiency, who are expected to have high levels of

larger HDLs,43 had an increase in coronary heart disease in some

analysis.44,45 The large HDL particles warrant further investigation

both subfractionally and functionally.

As discussed above, our hamster model reflected the most of

clinical responses of nonstatin agents; therefore, the next question

was to determine how the FXR antagonist exhibited its antidyslipi-

demic effects. In this model, compound-T1 significantly lowered

plasma non-HDL-cholesterol and elevated plasma HDL-cholesterol.

FXR is reported to regulate the expression genes involved in SHP-1

and apolipoprotein A-I in the liver; in particular, the upregulation of

SHP-1 by FXR decreases the expression of CYP7A1.19,20 This was

consistent with the compound-T1-induced changes observed in this

study: elevated hepatic expression of CYP7A1 decreased hepatic

cholesterol and increased fecal bile acids. It was suggested that com-

pound-T1 accelerated both the catabolism of cholesterol to bile

acids and their excretion into feces. Plasma TG levels were signifi-

cantly decreased in hamsters that received 6 mg�kg�1�day�1 com-

pound-T1 or greater, but it was assumed that the higher doses

constitute an excessive dose, because a reduction in food intake (-

22.5%) was observed in the group receiving a dose of

10 mg�kg�1�day�1. In addition, in human hepatoma Huh-7 cells,

compound-T1 concentration-dependently rescued the CDCA-

induced reduction in apolipoprotein A-I production, and the ED50

value was 1.8 nmol�L�1, which was a similar concentration to the

IC50 value in the human FXR antagonism reporter gene assay

(Table 1). Additionally, when an oral dose of 1.0 mg�kg�1 compound-

T1 was administered to hamsters fed a standard diet, the maximum

plasma concentration was 12.4 nmol�L�1 and the AUC0-24 h liver:-

plasma ratio was approximately 400:1 (data not shown). Despite the

consideration of interspecies differences, it was expected that the

required amount of compound-T1 to enhance apolipoprotein A-I

production would be available in the livers of the compound-T1-

treated hamsters in the present study. To the best of our knowledge,

this is the first pharmacological evaluation of an FXR antagonist in a

dyslipidemic hamster model.

The final question addressed in this study was whether the FXR

antagonist possessed advantages over other nonstatin agents. Based

on our findings described above, it has been suggested that the FXR

antagonist could uniquely modulate both non-HDL-cholesterol and

HDL-cholesterol metabolism. Specifically, ezetimibe exhibited a large

reduction in plasma non-HDL-cholesterol, but as discussed above, its

mechanism was unrelated to the one of compount-T1. In contrast,

cholestyramine and compound-T1 acted through similar mechanisms;

both agents activated the cholesterol catabolism pathway. However,

cholestyramine required a relatively high dose to confer a sufficient

cholesterol-lowering effect; this was also consistent with clinical

F IGURE 8 Effects of compound-T1, ezetimibe, and
cholestyramine on hepatic CYP7A1 expression in high-fat diet-fed
hamsters. Hepatic CYP7A1 expression levels were measured in livers
collected after repeated administration of compound-T1, ezetimibe,
and cholestyramine. Each value represents the mean � SEM (n = 6).
The measurement procedures are described in the Methods section.
Statistical analysis vs the control was carried out using Student’s t-
test (**P ≤ .01 vs control) or one-tailed Shirley-Williams test
(†P ≤ .025 vs control)

F IGURE 9 Effect of compound-T1 on apolipoprotein A-I
secretion in CDCA-treated Huh-7 cells. Apolipoprotein A-I
concentration in cell supernatant was measured with a sandwich
ELISA method, as described in the Methods section. Each value
represents the mean � SEM (n = 3). Statistical analysis was carried
out using Student’s t-test (**P ≤ .01 vs control) or one-tailed
Williams’ test (†P ≤ .025 vs CDCA(+))
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observations as described above. A high dosage requirement can

sometimes affect patient drug compliance.46 In this respect, com-

pound-T1 would be therefore superior to cholestyramine. Addition-

ally, in the present study, compound-T1 did not result in a large

change in HDL particle size, but torcetrapib did. Future studies are

needed to clarify this, but it would be important to investigate

whether increased HDL particles can promote the reverse choles-

terol transport system to cause cholesterol efflux from atheroscle-

rotic lesions to the liver and feces; in particular, we recommend a

focus on apolipoprotein A-I, which has been reported to be a key

factor in the effective promotion of beneficial HDL metabolism.47

Indeed, intravenous infusion of a variant of apolipoprotein A-I-phos-

pholipid complexes resulted in the regression of atherosclerosis in

patients with acute coronary syndromes.48 In this regard, increased

antiatherosclerotic effects may be expected from compound-T1,

which directly upregulated apolipoprotein A-I. The functional differ-

ences in the increased HDL particles might create distinct clinical

outcomes between both agents.

Generally, the high-fat diet-fed hamster model was a good

reflection of the clinical results of nonstatin agents including ezetim-

ibe, cholestyramine, and torcetrapib, which emphasized the benefits

of utilizing hamsters as a rodent model of human-like dyslipidemia.

More importantly, our study demonstrated that compound-T1, a

novel selective FXR antagonist, induced remarkable beneficial

changes in both plasma non-HDL-cholesterol and HDL-cholesterol

levels in the hamster model, and that these effects were thought to

involve the enhancement of cholesterol catabolism and apolipopro-

tein A-I production. Our results suggested that FXR antagonists

have the potential to become a novel class of antidyslipidemic

agents that offer the unique regulation of both lipid and bile acid

metabolism.

ACKNOWLEDGMENTS

This research was supported by Takeda Pharmaceutical Company

Limited. We would like to express our gratitude to Eiichiro Ishikawa

and Kozue Yoshidome, (Takeda Pharmaceutical Company, Ltd.,

Osaka, Japan), and Ryutaro Adachi (Takeda Pharmaceutical Com-

pany, Ltd., Fujisawa, Japan) for their helpful contributions.

AUTHOR CONTRIBUTIONS

E. Shinozawa and Y. Amano designed and performed the experi-

ments, analyzed and interpreted data, and wrote the manuscript. H.

Yamakawa and M. Haba designed and performed the experiments,

and analyzed and interpreted data. M. Shimada prepared the com-

pound and supervised the study. R. Tozawa supervised the study

and wrote the manuscript.

DISCLOSURE

The authors are employees of Takeda Pharmaceutical Co., Ltd

(Osaka, Japan) at which Compound-T1 was synthesized.

ORCID

Emiko Shinozawa http://orcid.org/0000-0002-5059-1895

REFERENCES

1. Chen Z, Peto R, Collins R, MacMahon S, Lu J, Li W. Serum choles-

terol concentration and coronary heart disease in a population with

low cholesterol concentrations. BMJ. 1991;303:276-282.

2. Prospective Studies Collaboration, Lewington S, Whitlock G, Clarke

R, et al. Blood cholesterol and vascular mortality by age, sex, and

blood pressure: a meta-analysis of individual data from 61 prospec-

tive studies with 55,000 vascular deaths. Lancet. 2007;370:1829-

1839.

3. Baigent C, Keech A, Kearney PM, et al. Efficacy and safety of

cholesterol-lowering treatment: prospective meta-analysis of data

from 90,056 participants in 14 randomised trials of statins. Lancet.

2005;366:1267-1278.

4. Bonetti PO, Lerman LO, Napoli C, Lerman A. Statin effects beyond

lipid lowering – are they clinically relevant? Eur Heart J.

2003;24:225-248.

5. Endo A. The discovery and development of HMG-CoA reductase

inhibitors. J Lipid Res. 1992;33:1569-1582.

6. Zhang H, Plutzky J, Skentzos S, et al. Discontinuation of statins in rou-

tine care settings: a cohort study. Ann Intern Med. 2013;158:526-534.

7. Brensike JF, Levy RI, Kelsey SF, et al. Effects of therapy with

cholestyramine on progression of coronary arteriosclerosis: results of

the NHLBI Type II Coronary Intervention Study. Circulation.

1984;69:313-324.

8. The Lipid Research Clinics Program. The lipid research clinics coro-

nary primary prevention trial results: II. The relationship of reduction

in incidence of coronary heart disease to cholesterol lowering. JAMA.

1984;254:365-374.

9. Ross S, D’Mello M, Anand SS, et al.; CARDIoGRAMplusC4D Consor-

tium. Effect of bile acid sequestrants on the risk of cardiovascular

events: a Mendelian randomization analysis. Circ Cardiovasc Genet.

2015;8:618-627.

10. Cannon CP, Blazing MA, Giugliano RP, et al. Ezetimibe added to sta-

tin therapy after acute coronary syndromes. N Engl J Med.

2015;372:2387-2397.

11. Expert Panel on Detection, Evaluation, and Treatment of High Blood

Cholesterol in Adults. Executive summary of the third report of The

National Cholesterol Education Program (NCEP) expert panel on

detection, evaluation, and treatment of high blood cholesterol in

adults (Adult Treatment Panel III). JAMA. 2001;285:2486-2497.

12. Barter PJ, Caulfield M, Eriksson M, et al. Effects of torcetrapib in

patients at high risk for coronary events. N Engl J Med.

2007;357:2109-2122.

13. Bots ML, Visseren FL, Evans GW, et al. Torcetrapib and carotid

intima-media thickness in mixed dyslipidaemia (RADIANCE 2 study):

a randomised, double-blind trial. Lancet. 2007;370:153-160.

14. Kastelein JJ, van Leuven SI, Burgess L, et al. Effect of torcetrapib on

carotid atherosclerosis in familial hypercholesterolemia. N Engl J

Med. 2007;356:1620-1630.

15. Nissen SE, Tardif JC, Nicholls SJ, et al. Effect of torcetrapib on the

progression of coronary atherosclerosis. N Engl J Med.

2007;356:1304-1316.

16. Kastelein JJ, Besseling J, Shah S, et al. Anacetrapib as lipid-modifying

therapy in patients with heterozygous familial hypercholesterolaemia

(REALIZE): a randomised, double-blind, placebo-controlled, phase 3

study. Lancet. 2015;385:2153-2161.

17. Edwards PA, Kast HR, Anisfeld AM. BAREing it all: the adoption of

LXR and FXR and their roles in lipid homeostasis. J Lipid Res.

2002;43:2-12.

10 of 11 | SHINOZAWA ET AL.

http://orcid.org/0000-0002-5059-1895
http://orcid.org/0000-0002-5059-1895
http://orcid.org/0000-0002-5059-1895


18. Huber RM, Murphy K, Miao B, et al. Generation of multiple farne-

soid-X-receptor isoforms through the use of alternative promoters.

Gene. 2002;290:35-43.

19. Goodwin B, Jones SA, Price RR, et al. A regulatory cascade of the

nuclear receptors FXR, SHP-1, and LRH-1 represses bile acid biosyn-

thesis. Mol Cell. 2000;6:517-526.

20. Claudel T, Sturm E, Duez H, et al. Bile acid-activated nuclear recep-

tor FXR suppresses apolipoprotein A-I transcription via a negative

FXR response element. J Clin Invest. 2014;109:961-971.

21. Amano Y, Shimada M, Miura S, Adachi R, Tozawa R. Effects of a far-

nesoid X receptor antagonist on hepatic lipid metabolism in pri-

mates. Eur J Pharmacol. 2014;723:108–115.
22. Amano Y, Shimada M, Adachi R, Miura S, Tozawa R. Antidyslipi-

demic effects of a farnesoid X receptor antagonist in primates. Life

Sci. 2014;106: 25–31.
23. Amano Y, Ishikawa E, Shinozawa E, et al. Combinational effects of

farnesoid X receptor antagonist and statin on plasma lipid levels

and low-density lipoprotein clearance in guinea pigs. Life Sci.

2014;108:7-12.

24. Sakamoto J, Kimura H, Moriyama S, et al. A novel oxyiminoalkanoic

acid derivative, TAK-559, activates human peroxisome proliferator-

activated receptor subtypes. Eur J Pharmacol. 2004;495:17-26.

25. Greeve J, Altkemper I, Dieterich JH, Greten H, Windler E.

Apolipoprotein B mRNA editing in 12 different mammalian species:

hepatic expression is reflected in low concentrations of apoB-con-

taining plasma lipoproteins. J Lipid Res. 1993;34:1367-1383.

26. Amano Y, Yamakawa H, Yonemori K, Shimada M, Tozawa R.

Antidyslipidemic effects of a farnesoid X receptor antagonist in pri-

mates. Pharmacol Rep. 2018;70:172-177.

27. Brown MS, Goldstein JL. A receptor-mediated pathway for choles-

terol homeostasis. Science. 1986;232:34-47.

28. Dorfman SE, Wang S, Vega-L�opez S, Jauhiainen M, Lichtenstein AH.

Dietary fatty acids and cholesterol differentially modulate HDL-cho-

lesterol metabolism in Golden-Syrian hamsters. J Nutr.

2005;135:492-498.

29. Dalbøge LS, Pedersen PJ, Hansen G, et al. A hamster model of diet-

induced obesity for preclinical evaluation of anti-obesity, anti-dia-

betic and lipid modulating agents. PLoS ONE. 2015;10:e0135634.

https://doi.org/10.1371/journal.pone.0135634.

30. Nistor A, Bulla A, Filip DA, Radu A. The hyperlipidemic hamster as a

model of experimental atherosclerosis. Atherosclerosis. 1987;68:159-173.

31. Yin W, Carballo-Jane E, McLaren DG, et al. Plasma lipid profiling

across species for the identification of optimal animal models of

human dyslipidemia. J Lipid Res. 2012;53:51-65.

32. Ma PT, Gil G, S€udhof TC, Bilheimer DW, Goldstein JL, Brown MS.

Mevinolin, an inhibitor of cholesterol synthesis, induces mRNA for

low density lipoprotein receptor in livers of hamsters and rabbits.

Proc Natl Acad Sci USA. 1986;83:8370-8374.

33. Levin BE, Hogan S, Sullivan AC. Initiation and perpetuation of obe-

sity and obesity resistance in rats. Am J Physiol. 1989;256:R766-

R771.

34. Sj€ostr€om L, Rissanen A, Andersen T, et al. Randomised placebo-con-

trolled trial of orlistat for weight loss and prevention of weight

regain in obese patients. Lancet. 1998;352:167-172.

35. Dujovne CA, Ettinger MP, McNeer JF, et al.; Ezetimibe Study Group.

Efficacy and safety of a potent new selective cholesterol absorption

inhibitor, ezetimibe, in patients with primary hypercholesterolemia.

Am J Cardiol. 2002;90:1092-1097.

36. Sudhop T, Lutjohann D, Kodal A, et al. Inhibition of intestinal choles-

terol absorption by ezetimibe in humans. Circulation.

2002;106:1943-1948.

37. Umemoto T, Subramanian S, Ding Y, et al. Inhibition of intestinal

cholesterol absorption decreases atherosclerosis but not adipose tis-

sue inflammation. J Lipid Res. 2012;53:2380-2389.

38. Masuda D, Nakagawa-Toyama Y, Nakatani K, et al. Ezetimibe

improves postprandial hyperlipidaemia in patients with type IIb

hyperlipidaemia. Eur J Clin Invest. 2009;39:689-698.

39. Knopp RH, Brown WV, Corder CN, et al. Comparative efficacy and

safety of pravastatin and cholestyramine alone and combined in

patients with hypercholesterolemia. pravastatin multicenter study

group II. Arch Intern Med. 1993;153:1321-1329.

40. Sprecher DL, Abrams J, Allen JW, et al. Low-dose combined therapy

with fluvastatin and cholestyramine in hyperlipidemic patients. Ann

Intern Med. 1994;120:537-543.

41. Brousseau ME, Diffenderfer MR, Millar JS, et al. Effects of choles-

teryl ester transfer protein inhibition on high-density lipoprotein sub-

species, apolipoprotein A-I metabolism, and fecal sterol excretion.

Arterioscler Thromb Vasc Biol. 2005;25:1057-1064.

42. Clark RW, Sutfin TA, Ruggeri RB, et al. Raising high-density lipopro-

tein in humans through inhibition of cholesteryl ester transfer pro-

tein: an initial multidose study of torcetrapib. Arterioscler Thromb

Vasc Biol. 2004;24:490-497.

43. Arai T, Tsukada T, Murase T, Matsumoto K. Particle size analysis of

high density lipoproteins in patients with genetic cholesteryl ester

transfer protein deficiency. Clin Chim Acta. 2000;301:103-117.

44. Curb JD, Abbott RD, Rodriguez BL, et al. A prospective study of

HDL-cholesterol and cholesteryl ester transfer protein gene muta-

tions and the risk of coronary heart disease in the elderly. J Lipid

Res. 2004;45:948-953.

45. Zhong S, Sharp DS, Grove JS, et al. Increased coronary heart disease

in Japanese-American men with mutation in the cholesteryl ester

transfer protein gene despite increased HDL levels. J Clin Invest.

1996;97:2917-2923.

46. Sweeney ME, Fletcher BJ, Rice CR, et al. Efficacy and compliance

with cholestyramine bar versus powder in the treatment of hyper-

lipidemia. Am J Med. 1991;90:469-473.

47. Zhang Y, Zanotti I, Reilly MP, Glick JM, Rothblat GH, Rader DJ.

Overexpression of apolipoprotein A-I promotes reverse transport of

cholesterol from macrophages to feces in vivo. Circulation.

2003;108:661-663.

48. Nissen SE, Tsunoda T, Tuzcu EM, et al. Effect of recombinant ApoA-

I Milano on coronary atherosclerosis in patients with acute coronary

syndromes: a randomized controlled trial. JAMA. 2003;290:2292-

2300.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-

porting information tab for this article.

How to cite this article: Shinozawa E, Amano Y, Yamakawa

H, Haba M, Shimada M, Tozawa R. Antidyslipidemic potential

of a novel farnesoid X receptor antagonist in a hamster

model of dyslipidemia: Comparative studies of other

nonstatin agents. Pharmacol Res Perspect. 2018;e00390.

https://doi.org/10.1002/prp2.390

SHINOZAWA ET AL. | 11 of 11

https://doi.org/10.1371/journal.pone.0135634
https://doi.org/10.1002/prp2.390

