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Abstract It is widely believed that high density lipoprotein-
cholesterol (HDL-C) functions to transport cholesterol from
peripheral cells to the liver by reverse cholesterol transport
(RCT), a pathway that may protect against atherosclerosis
by clearing excess cholesterol from arterial cells. A cellular
ATP binding cassette transporter called ABCAl mediates
the first step of RCT. NO-1886 has been proven to be highly
effective at increasing HDL-C and reducing atherosclerosis.
However, the mechanism of atherosclerosis inhibition for
NO-1886 is not fully understood. In this study, the effects
of NO-1886 on ABCAI were investigated in high-fat/high-
sucrose/high-cholesterol-fed Chinese Bama minipigs. Ad-
ministration of NO-1886 (0.1 g/kg body weight/day) in the
diet for 5 months significantly reduced atherosclerosis le-
sions and significantly increased plasma HDL-C and apolipo-
protein A-I levels. The mRNA and protein levels of ABCA1l
in the liver, retroperitoneal adipose tissue, and aorta were
increased by NO-1886 as well. Multivariate linear regression
analysis showed that the levels of LPL in plasma and the
levels of ABCAL in aorta were independently associated with
the atherosclerotic lesion area. In addition, NO-1886 upreg-
ulated liver X receptor o and affected the expression of
scavenger receptor class B type Iin the liver.lil These results
demonstrate that the mechanism of atherosclerosis inhibi-
tion for NO-1886 is associated with its effect on ABCAl.—
Zhang, C., W.Yin, D. Liao, L. Huang, C. Tang, K. Tsutsumi,
Z.Wang, Y. Liu, Q. Li, H. Hou, M. Cai, and J. Xiao. NO-1886
upregulates ATP binding cassette transporter Al and in-
hibits diet-induced atherosclerosis in Chinese Bama mini-
pigs. J. Lipid Res. 2006. 47: 2055-2063.

Manuscript received 29 December 2005 and in revised form 22 May 2006
and in re-revised form 28 June 2006.

Published, JLR Papers in Press, June 28, 2006.
DOI 10.1194/jir. M600226-JLR200
Copyright ©2006 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

Supplementary key words liver X receptor «  scavenger receptor class
B type I « [4-(4-bromo-2-cyano-phenylcarbamoyl)-benzyl]phosphonic
acid diethyl ester

Tsutsumi et al. (1) reported that a novel compound,
NO-1886, possesses a potent LPL-enhancing activity. Ad-
ministration of NO-1886 increased LPL activity in the post-
heparin plasma, adipose tissue, and myocardium in rats,
with a concomitant reduction in plasma triglyceride (TG)
level and increase of high density lipoprotein-cholesterol
(HDL-C) level (2). LPL hydrolyzes chylomicron and VLDL
to remnants and LDL, whereas cholesterol, apolipo-
proteins, and surface phospholipids released from TG-
rich lipoproteins fuse with smaller HDL particles, forming
mature cholesterol-rich HDL particles. A negative rela-
tionship has been observed between the HDL-C concen-
tration and the extent of atherosclerosis in many studies
(3-5). One explanation for this protective effect of HDL
against atherosclerosis is reverse cholesterol transport
(RCT), the process by which cholesterol is removed from
extrahepatic tissues and returned to the liver for conver-
sion into bile acids and excretion into bile.

The first crucial step in the RCT pathway is the move-
ment of excess cellular cholesterol and phospholipid from
cell membranes to nascent HDL particles (6, 7). ABCAl
plays a key role in this step. Subsequently, HDL particles
act in conjunction with the cholesterol-esterifying enzyme,
lecithin:cholesterol acyltransferase. Cholesteryl ester accu-
mulating in HDL then is involved in a number of different
fates: uptake in the liver in HDL containing apolipo-
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protein by LDL receptors, selective uptake of HDL-
cholesteryl ester in the liver or other tissues involving scav-
enger receptor class B type I (SR-BI), and transfer to TG-rich
lipoproteins as a result of the activity of cholesteryl ester
transfer protein, with subsequent uptake of TGrich lipo-
protein remnants in the liver (8).

NO-1886 has a role in reducing atherosclerosis. Be-
cause this compound increases HDL-C level and HDL-C is
atheroprotective as a result of its role in RCT, we suppose
that the mechanism of atherosclerosis inhibition for NO-
1886 is related to the gatekeeper of the RCT pathway,
ABCAL. In this study, we investigated the effects of NO-
1886 on ABCAL in high-fat/high-sucrose/high-cholesterol-
fed Chinese Bama minipigs.

MATERIALS AND METHODS

Materials

NO-1886 ([4-(4-bromo-2-cyano-phenylcarbamoyl)-benzyl]-
phosphonic acid diethyl ester; Chemical Abstracts Service (CAS)
133208-93-2; lot No. C00C99) was synthesized in the New Drug
Research Laboratory of Otsuka Pharmaceutical Factory, Inc.
(Tokushima, Japan). Sucrose was obtained from Liuzhou Sugar
Co. (Guangxi, China), and lard was obtained from Hengyang
Meat Products Co. (Hunan, China). Cholesterol was obtained
from Sigma-Aldrich (>99% pure; St. Louis, MO).

Animals and diets

Male Chinese Bama minipigs, 2 months of age, were obtained
from the barrier unit at the Laboratory Animal Center of Chong-
ging Medical University (Chongqing, China). Animals were ran-
domized into four groups with similar body weight (n = 7 in the
normal dietfed group; n = 7 in the normal diet plus NO-1886
group; n = 8 in the high-fat/high-sucrose/high-cholesterol-fed
group; n = 8 in the high-fat/high-sucrose/high-cholesterol-fed
plus supplemented NO-1886 group). The high-fat/high-sucrose/
high-cholesterol diet used in this study was normal pig diet sup-
plemented with 10% lard, 37% sucrose, and 2% cholesterol,
which was similar to a “diabetogenic” and “atherogenic” diet
(1,9). (The compositions of the diets are described in Table 1.)
Animals were housed in single pens under controlled condi-
tions (temperature between 18°C and 22°C, relative air humidity

TABLE 1. Components of the diets

High-Fat/High-Sucrose/

Component Control Diet High-Cholesterol Diet
%
Rice 64.11 31.98
Wheat bran 10.51 5.57
Soybean meal 11.98 6.35
Cottonseed meal 4 2.12
Colza meal 4 2.12
Fish powder 2 1
Bone powder 1.1 0.5
Calcium bicarbonate 0.8 0.8
Salt 0.5 0.5
Trace elements 0.5 0.5
Vitamins 0.5 0.5
Pork lard 10
Sucrose 37
Cholesterol 2
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30-70%, with four air changes per hour) and fed three times daily
on arestricted schedule with normal control diet (CD), normal diet
plus NO-1886 (CD1886), high-fat/high-sucrose/high-cholesterol
diet (HFSCD), or high-fat/high-sucrose /high-cholesterol supple-
mented NO-1886 diet (HFSCD1886). All pigs received the same
amount of food (4.0% body weight). The dose of NO-1886
administered for the CD1886 and HFSCDI1886 groups was
0.1 g/kg body weight/day. The total study period was 5 months.
Blood samples for plasma lipids and glucose inspection were
obtained without sedation by pricking an ear vein with a lancet
and collecting drops in a hematocrit tube at the end of each
month after fasting overnight. The animals were euthanized at
the end of month 5. The liver, retroperitoneal adipose tissue, and
aorta were dissected free from adjacent tissues and frozen in
liquid nitrogen. Institutional guidelines for animal care and use
were followed.

Plasma measurement

Glucose, total cholesterol (TC), HDL-C, and TG were deter-
mined by commercial enzymatic methods (test kits from Shang-
hai Rongsheng Biotech, Inc., Shanghai, China). Plasma FFAs
was measured by a colorimetric method (kits supplied by Nan-
jing Jianchen Biotech, Inc., Nanjing, China). Apolipoprotein A-I
(apoA-I) was measured by immunoturbidimetry (test kits from
Shanghai Rongsheng Biotech). LPL activity in postheparin plasma
was measured by an immunochemical method described previ-
ously (10). Then, heparin (150 U/kg) was injected into the femo-
ral vein, and 10 min later blood was collected, the plasma was
separated by centrifugation at 1,000 g for 15 min, and the glycerol
tﬁ[l—14C]oleate was used as a substrate for selective blocking of
hepatic lipase activity with antiserum to rat hepatic lipase.

Morphological examination of atherosclerotic lesions

At the end of the experimental period, the animals were eu-
thanized by phlebotomy under light anesthesia with sodium
pentobarbital (30 mg/kg iv; Jilin Northern Medicine, Inc.). Athero-
sclerotic lesions were analyzed by a method described previously
(11). The aorta was dissected from the aortic valve to the iliac bi-
furcation, and as much adventitia as possible was removed to pre-
vent errors during Sudan IV staining of the vessel. The aorta was
opened longitudinally and pinned flat on a Styrofoam surface.
After overnight fixation in 10% formalin, the aorta was rinsed
in 70% ethanol for 10 min and then stained with 0.5% Sudan IV
in 35% ethanol and 50% acetone for 20 min. Destaining was
carried out for 20 min in 80% ethanol. Lipid deposition in the
aorta was determined by morphological assessment of the per-
centage of lesion-covered aorta as visualized by Sudan IV staining
of the region between the aortic root and the bifurcation. Fatty
streak lesions on enlarged photographs were traced on a digital
tablet, and atherosclerotic lesions were analyzed using image-
analysis software (NIH Image). The aortic lesion area was calcu-
lated as a percentage as follows: atherosclerotic lesion area + area
of the aorta X 100.

Biochemical analysis of the artery wall

Because all aortas were fixed and stained for fatty streak le-
sion determination, they were not suitable for chemical analy-
sis; therefore, common carotid arteries were used for cholesterol
and cholesteryl ester analyses to determine the effect of NO-
1886 on arterial lipid deposition. It has been shown that fatty
streak lesions in the common carotid artery develop similarly to
those in the aorta. Therefore, 30 common carotid arteries were
washed in ice-cold saline, blotted dry between sheets of filter
paper, and weighed. Cholesterol and cholesteryl ester contents
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in the arteries were measured after they were homogenized in
phosphate buffer, and the lipid was extracted from the homo-
genates as described by Folch, Lees, and Sloane Stanley (12);
quantitative gas-liquid chromatography was performed as de-
scribed by Rapp et al. (13). The samples were analyzed for free
cholesterol before and after saponification, and the calculated
difference represents the cholesteryl ester concentration. Cho-
lesterol (Sigma-Aldrich) was used as a standard for free choles-
terol determinations.

RNA preparation and real-time quantitative RT-PCR

Real-time quantitative RT-PCR was performed to determine
the relative expression levels of ABCAI in minipig tissues. Total
RNA was extracted from liver, retroperitoneal adipose tissue,
and aorta using RNA extraction Trizol reagent (Invitrogen). After
contaminated genomic DNA was digested with DNase I (Roche
Diagnostics), first standard cDNA was synthesized using a Super-
Script™ preamplification system (Invitrogen) from 2 ug of total
RNA. PCR was performed using primers (sense and antisense)
for cDNA 5'-GGG GTG GTG TTC TTC CTC ATT-3" and 5’-CAG
GCT TCC GCT TCC TTC TAT-3’ (for ABCAI) and 5-CCT GTA
CGC CAA CACAGT GC-3' and 5"-ATA CTC CTG CTT GCT GAT
CGC-3' (for B-actin) (synthesized by Sangon Technology Co., Ltd.).
Primers were validated by analysis of template titration and dis-
sociation curves. Each reaction (50 pl) contained 0.3 pmol/1
primers, 25 pl of 2X SYBR Green PCR master mix reagent, and
2 pl of template and was amplified by 40 cycles of denaturation
(94°C, 30 s), annealing (60°C, 30 s), and extension (72°C, 30 s).
The quantification of ABCA1 and B-actin mRNA was achieved
in an ABI PRISM 7700 sequence detection system (Applied Bio-
systems) and analyzed using ABI PRISM sequence detector soft-
ware (version 1.6.3; Applied Biosystems). Transcript levels were
normalized to the amount of B-actin transcript. Standard curves
were generated for target genes and compared with B-actin using
serial dilutions of mRNA, and they were found to be linear from
0.08 to 50 ng of RNA in the reaction mixture. This range included
the effective concentrations used in the experiments. Melting
curve analysis was performed to confirm the production of a
single product in these reactions. All analyses were performed
in triplicate.

Protein isolation and Western blotting

Protein was isolated from flash-frozen minipig liver, retroper-
itoneal adipose tissue, and aorta samples as described previously
(14). Total protein (10-50 ng/lane) was electrophoresed and
separated on a 6-10% SDS-polyacrylamide gel and transferred to
a nitrocellulose membrane (Hybond-C; Amersham), which was
soaked in 5% nonfat dry milk in Tris-Buffered Saline Tween
(TBST) (pH 7.6). Membranes were incubated overnight with a
rabbit polyclonal antibody to human ABCAl (Novus Biologi-
cals) at a dilution of 1:500 on a rotating platform at 4°C, a rabbit
polyclonal antibody to human liver X receptor a (LXRa; Novus
Biologicals) at a dilution of 1:400 on a rotating platform at 4°C,
or a rabbit polyclonal antibody to human SR-BI (Novus Bio-
logicals) at a dilution of 1:1,000 on a rotating platform at 4°C.
Subsequently, membranes were rinsed in TBST (pH 7.6) and
incubated with horseradish peroxidase-conjugated anti-rabbit
IgG antibodies (Zymed Laboratories) diluted in TBST (1:2,000)
for 1 h on a rotating platform at 4°C. Bands were visualized using
a HRP developer, and background-subtracted signals were quan-
tified on a laser densitometer (Bio-Rad). Blots were probed with
mouse anti-B-actin monoclonal antibody (Sigma-Aldrich) to en-
sure equal protein loading. All protein levels were assessed by
densitometry with B-actin used as a control.

Statistical analysis

Results are expressed as means = SD. Statistical analysis was
performed using the MANOVA. Statistical significance was ob-
tained at P < 0.05. Multivariate linear regression analysis was used
to evaluate the relationship among levels of ABCA1, SR-BI, LPL,
and lesion areas of the aorta in HFSCD-fed minipigs. For non-
quantitative data, results are representative of at least three in-
dependent experiments.

RESULTS

Postheparin plasma LPL activity

NO-1886 supplementation caused a marked increase
in postprandial postheparin plasma LPL activity [47.6 =
5.4 nmol/ml/min in the HFSCD1886 group vs. 31.9
* 8.1 nmol/ml/min in the HFSCD group (P < 0.01); 16.4
* 4.2 nmol/ml/min in the CD1886 group vs. 7.3 * 1.7
nmol/ml/min in the CD group (P < 0.05)]. NO-1886
supplementation also increased fasting plasma LPL
activity in pigs from both the HFSCD1886 and CD1886
groups, even though there is no statistical deference
between HFSCD1886 and HFSCD, and between the
CD1886 and CD groups (Table 2).

Plasma TC

Plasma TClevel was significantly increased in the HFSCD
and HFSCD1886 groups over the control groups by the 1st
month of feeding and remained that way for the duration
of the study. NO-1886 also slightly increased plasma TC
when normal diet was added to the drug in the process of
the experiment. No overall difference in plasma TC was
detected between the HFSCD and HFSCD1886 groups. In
the 1st and 2nd months, administration of NO-1886 in the
HFSCD group caused an increase of plasma TC, even
higher than in the HFSCD1886 group. We believe that this
was because of an increase of plasma HDL-C level, which
was increased significantly by NO-1886 (Table 3).

Plasma HDL-C and apoA-I

HDL-C levels in HFSCD groups fed with and without
NO-1886 were increased linearly with time. A significant
increase in HDL-C was observed as early as at the end of
the 1st month compared with the control group (HFSCD
group, 1.07 = 0.16 mmol/l; HFSCD1886 group, 1.23 =
0.24 mmol/1vs. 0.80 = 0.16 mmol/1in the control group).

TABLE 2. Postheparin plasma LPL activity

Conditions HFSCD1886 HFSCD CD1886 CD
Postprandial ~ 47.6 = 9.6%° 31.9 = 8.1 164 * 4.2 73 =17
Fasting 9.3 = 2.7¢ 8618 56*11 41*08

CD, control diet; CD1886, control diet plus NO-1886; HFSCD,
high-fat/high-sucrose/high-cholesterol diet; HFSCD1886, HFSCD diet
plus NO-1886. Values shown are nmol/ml/min. n = 7 for the CD and
CD1886 groups, and n = 8 for the HFSCD and HFSCD1886 groups.

“P < 0.05 versus the CD group.

? P < 0.05 versus the HFSCD group.
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TABLE 3. Fasting plasma lipid and glucose concentrations

Parameter Time 0 1 Month 2 Months 3 Months 4 Months 5 Months
TC (mmol/1)
CD 2.1 04 2.0 £0.3 1.9 0.3 1.7 £ 0.3 1.8 0.5 2.1 0.5
CD1886 2.1+ 0.5 2.0 *04 22+ 04 2.0 =05 2.0 £ 0.5 2.6 £ 0.6
HFSCD 22 * 0.5 6.3 + 1.4 9.1 £ 1.2¢ 11.2 + 2.3 149 = 1.7¢ 20.5 *+ 3.3¢
HFSCD1886 2.3 £ 0.5 7.9 +1.9° 11.2 = 2.2¢ 12.8 = 3.0 16.2 = 3.4 21.4 £ 4.0
High density lipoprotein (mmol/1)
CD 0.77 = 0.12 0.80 £ 0.16 0.87 = 0.15 0.99 = 0.12 0.87 = 0.15 0.94 = 0.23
CD1886 0.82 £ 0.12 0.85 £ 0.18 1.12 £ 0.37 1.40 * 0.33¢ 1.34 + 0.30¢ 1.86 + 0.28¢
HFSCD 0.78 = 0.12 1.07 * 0.16% 1.41 = 0.31¢ 1.81 + 0.44¢ 1.96 = 0.45" 1.94 + 0.45°
HFSCD1886 0.79 = 0.15 1.23 = 0.24 2.41 = 0.38° 2.87 + 0.47¢ 3.01 = 0.46° 2.86 *+ 0.46°
Apolipoprotein A-I (g/1)
CD 0.098 = 0.020 0.102 = 0.021 0.094 = 0.023 0.094 = 0.044 0.089 = 0.036 0.105 + 0.027
CD1886 0.103 = 0.017 0.107 = 0.018 0.114 = 0.024 0.126 = 0.041 0.198 * 0.047¢ 0.188 = 0.044
HFSCD 0.100 = 0.020 0.360 * 0.105“ 0.415 = 0.116“ 0.557 * 0.132“ 0.504 * 0.085“ 0.519 = 0.084“
HFSCD1886 0.094 = 0.015 0.471 + 0.092° 0.528 * 0.106° 0.719 + 0.164° 0.705 + 0.127¢ 0.756 + 0.125°
TC/HDL ratio
CD 2.8 £ 0.8 2.6 = 0.6 2.3 £ 0.5 1.8 £0.3 2.3 09 2.3 +0.7
CD1886 2.6 £ 0.6 24+ 0.6 21+ 05 1.5 +0.3 1.5 0.3 2.0 +0.7
HFSCD 2.6 0.7 6.0 = 1.7¢ 6.7 + 1.6 6.4 = 1.5¢ 7.3 + 1.4 10.4 = 2.9
HFSCD1886 3.0x1.1 6.5 = 1.3 4.8 +14° 4.5 = 0.8° 5.3 + 0.5° 7.3 +1.2°
Triglyceride (mmol/1)
CD 0.59 = 0.05 0.60 = 0.05 0.63 = 0.08 0.68 = 0.14 0.69 £ 0.12 0.72 = 0.13
CD1886 0.57 = 0.05 0.41 = 0.08“ 0.42 = 0.09“ 0.44 = 0.08“ 0.44 = 0.09 0.44 *+ 0.06“
HFSCD 0.59 * 0.04 0.97 = 0.11¢ 1.50 = 0.20° 1.87 = 0.18 1.90 = 0.36" 2.10 + 0.25“
HFSCD1886 0.58 + 0.05 0.60 = 0.03° 0.75 + 0.13° 0.89 = 0.17¢ 1.01 = 0.20° 1.09 + 0.25°
Free fatty acids (mmol/1)
CD 0.111 = 0.024 0.222 *+ 0.040 0.240 = 0.035 0.281 * 0.037 0.288 *= 0.056 0.293 *= 0.045
CD1886 0.112 = 0.014 0.196 = 0.090 0.231 = 0.046 0.285 = 0.059 0.289 = 0.059 0.294 = 0.053
HFSCD 0.110 = 0.021 0.253 = 0.055 0.315 + 0.048¢ 0.759 * 0.166“ 0.998 + 0.176“ 0.982 + 0.247¢
HFSCD1886 0.136 = 0.041 0.193 = 0.042 0.253 + 0.031° 0.366 = 0.092° 0.450 = 0.124° 0.393 = 0.076°
Glucose (mmol/1)
CD 4.7+ 05 45 * 0.8 4.8 0.7 52 %09 4.7 £0.8 49 = 0.5
CD1886 4.8 = 0.6 4.7 = 0.8 4.5 *+ 0.6 4.5 *+ 1.0 5.0 £ 1.0 4.7 = 0.7
HFSCD 4.8 = 0.8 5.9 + 0.9¢ 7.3 +1.8“ 9.1 + 2.0 9.7 = 2.3 10.1 = 2.3
HFSCD1886 49 =09 47 + 1.7 5.0 + 1.2° 6.1 +1.1° 53 + 1.2° 5.5 + 1.2°

TG, total cholesterol. Values shown are means = SD. n = 7 for the CD and CD1886 groups, and n = 8 for the HFSCD and HFSCD1886 groups.

“P < 0.01 versus the CD group.
P < 0.05 versus the HFSCD group.
“P < 0.01 versus the HFSCD group.
4P < 0.05 versus the CD group.

Furthermore, the HFSCD1886 group had a statistically
significantly higher level of HDL-C from month 2 com-
pared with the HFSCD group and remained so for the
duration. NO-1886 administered to normal diet-fed ani-
mals also caused an increase of HDL level in the CD1886
group (1.40 = 0.33 mmol/lin the CD1886 group vs. 0.99 *
0.12 mmol/1 in the CD group at the end of month 3; P <
0.05) (Table 3). The changing patterns of plasma apoA-I
were similar to those of HDL-C. Additionally, apoA-I
levels increased gradually and significantly in NO-1886-
supplemented groups (Table 3).

Plasma TC/HDL-C ratio

The TC/HDL-C ratio predicts coronary heart disease
risk regardless of the absolute TC and HDL-C. We de-
tected that plasma TC/HDL-C ratio decreased in NO-1886
supplemental groups. As shown in Table 3, the plasma
TC/HDL-Cratio data suggested that the increase in plasma
TC in NO-1886-supplemental groups was primarily a re-
flection of an increase in HDL-C.
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Plasma TG

Plasma TG concentrations were significantly increased in
miniature pigs fed the HFSCD from the 2nd month of
experimentation, and this persisted for the remainder of
the study period and reached a plateau at month 5. Admin-
istration of NO-1886 markedly decreased plasma TG (1.09 *
0.25 mmol/l in the HFSCD1886 group vs. 2.10 *
0.25 mmol/1 in the HFSCD group; P < 0.01) (Table 3).
Similarly, plasma TG was 0.44 * 0.06 mmol/1in the CD1886
group versus 0.72 * 0.13 mmol/1 in the CD group at the
5th month (P < 0.05; Table 3).

Plasma FFA

There was no difference in plasma free fatty acid among
the four groups before the start of the experiment. How-
ever, FFA levels in the HFSCD group increased rapidly at
the end of month 3, which was 2.4-fold higher than that
in the control group, and increased gradually during the
months left. Supplementation with NO-1886 significantly
decreased the level of FFA approximately to that of the
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control group (0.393 = 0.076 mmol/1 in the HFSCD1886
group vs. 0.982 = 0.247 mmol/1 for the HFSCD group; P <
0.01), but there was no statistical difference between the
CD1886 group and the CD group (Table 3).

Plasma glucose

Plasma glucose concentration in HFSCD-fed animals
was increased linearly with time and reached a plateau of
10.1 £ 2.3 mmol/1 at month 5, which was 1.0-fold higher
than that in the CD group. Administration of NO-1886
markedly decreased the level of plasma glucose (5.5 =
1.2 mmol/1in the HFSCD1886 group vs. 10.1 = 2.3 mmol/1
in the HFSCD group; P < 0.01) (Table 3).

Effect of NO-1886 on fatty streak formation

As shown in Fig. 1, the aortas were prone to develop fatty
streak lesions in HFSCD-fed pigs. Relative aortic fatty
streak lesion area was 43.6 = 12.8% for the HFSCD group
and 16.4 = 8.2% for the HFSCD1886 group (P < 0.01).
Thus, supplementing NO-1886 into the high-fat/high-
sucrose/high-cholesterol diet resulted in a remarkable
amelioration in aortic fatty streak lesions. No fatty streak
was observed in aortas of the pigs from the CD1886 and
CD groups.

Chemical analysis of common carotid arteries

To further evaluate the extent of atherosclerosis, com-
mon carotid arteries from four dietary groups were an-
alyzed for TC and cholesteryl ester deposition (Fig. 2). TC
contents of the arteries were 76.7% higher in the HFSCD
group than in pigs from the HFSCD1886 group (P <
0.01), and cholesteryl ester levels were also increased by
97.8% (P < 0.01) in the HFSCD group. Free cholesterol
content in the common carotid artery was increased mod-
estly by 52.7% in the HFSCD group (P < 0.05).

70
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CD CD1886 HFSCD HFSCD1886
group

Fig. 1. Scatterplot showing lesion areas on the abdominal portion
of the aorta of Chinese Bama miniature pigs fed the control diet
(CD; diamonds), the control diet plus NO-1886 (CD1886 ; circles),
the high-fat/high-sucrose/high-cholesterol diet (HFSCD; trian-
gles), or the HFSCD diet plus NO-1886 (HFSCD1886; inverted
triangles). n = 7 for the CD and CD1886 groups, and n = 8 for the
HFSCD and HFSCD1886 groups.

BCD 0OCD1886 EHFSCD mMHFSCD1886

“r i [ ™
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artery lipid
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Fig. 2. Bar graphs showing cholesterol and cholesteryl ester de-
position in the common carotid arteries of pigs fed CD, CD1886,
HFSCD, or HFSCD1886 for 5 months. Data are expressed as
means = SD in wmol cholesterol/g arterial tissue (wet weight).
* P<0.05, ¥* P<0.01.n = 7 for the CD and CD1886 groups, and
n = 8 for the HFSCD and HFSCD1886 groups.

Upregulation of ABCAL in tissues of
NO-1886-treated minipigs

To cast light on the effect of NO-1886 on ABCAI, we
investigated expression levels of mRNA and protein for
ABCAL in tissue samples from the liver, retroperitoneal
adipose tissue, and aorta of the pigs. ABCA1 mRNA levels
were highest in tissues of the HFSCD1886 group com-
pared with pigs in the HFSCD, CD1886, and CD groups.
ABCALI levels in tissues of CD group animals represented
the basal expression of ABCAI in pigs. High-fat/high-
sucrose/high-cholesterol feeding increased ABCAI
mRNA levels in tissue samples from the HFSCD group.
Moreover, administration of NO-1886 stimulated further
higher protein expression of ABCAI in the HFSCD1886
group; the levels of ABCAI protein in the liver, retroperi-
toneal adipose tissue, and aorta of the HFSCD1886 group
were 236.9, 18.6, and 108.6% higher, respectively, than in
the HFSCD group (Fig. 3). All protein levels were assessed
by densitometry with B-actin as a control.

Upregulation of LXRa protein levels in tissues of
NO-1886-treated minipigs

ABCALI expression is dependent on the nuclear recep-
tor LXRa (12), so we next examined whether LXRa was
affected by NO-1886. Figure 4 shows that LXRa protein
levels were markedly increased in the liver, retroperitoneal
adipose tissue, and aorta of pigs from the HFSCD1886
group compared with pigs from the HFSCD, CD1886, and
CD groups. High-fat/high-sucrose/high-cholesterol feed-
ing induced increased LXRa protein levels in tissues of
HFSCD group animals. Moreover, administration of NO-
1886 stimulated more expression of LXRa protein in the
HFSCD1886 group than in the HFSCD group. The levels
of LXRa protein in the liver of HFSCD1886 group animals
were 63.5% higher than in the HFSCD group (Figure 4).
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Fig. 3. ABCAI mRNA levels in liver, retroperitoneal adipose tissue, and aorta as determined by quantitative real-time PCR. Ratios of the
ABCAL to B-actin transcripts are expressed as percentages of the B-actin control. Data are expressed as means * SD from three independent
experiments, each performed in triplicate. * P < 0.05, ** P < 0.01.

Moreover, the protein levels of LXRa were highest in the the retroperitoneal adipose tissue of the HFSCD1886
retroperitoneal adipose tissue and aorta of HFSCD1886 group were 44.9% higher than in the HFSCD group (Fig. 4).
group animals compared with pigs from the HFSCD,  Furthermore, in the aorta, LXRa protein was 39.0% higher
CD1886, and CD groups. The levels of LXRa protein in than in the HFSCD group (Fig. 4). In addition, normal diet
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Fig. 4. Western blot analysis of ABCA1, liver X receptor a (LXRa), and scavenger receptor class B type I (SR-BI) protein levels in the liver,
retroperitoneal adipose tissue, and aorta. Details of the experiments are described in Materials and Methods. All protein levels were assessed
by densitometry with B-actin as a control. A: ABCA1, LXRa, and SR-BI proteins were analyzed from various tissues. B: Statistical graphs of
ABCALI, LXRa, and SR-BI protein levels. Data are expressed as means = SD from three independent experiments, each performed in
triplicate. * P < 0.05, ** P < 0.01.
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plus NO-1886 slightly increased LXRa protein level in the
CD1886 group compared with the CD group (Fig. 4). All
protein levels were assessed by densitometry with B-actin as
a control.

Change of SR-BI protein levels in liver

SR-BI was the first molecularly well-defined cell surface
HDL receptor to be described. The liver expresses the
highest levels of total tissue SR-BI protein, a finding con-
sistent with the major role of the liver in selective HDL-C
uptake. The level of SR-BI protein was increased by NO-
1886 in the liver of pigs from the HFSCD1886 group,
which was 57.4% higher than in liver of pigs from the
HFSCD group. But the levels of SR-BI protein in normal
diet groups were lower regardless of supplementation with
NO-1886 or not. All protein levels were assessed by densi-
tometry with B-actin as a control.

Plasma LPL and ABCALI of aorta were independently
associated with lesion area

We next performed multivariate linear regression anal-
ysis to evaluate the relationship among levels of ABCAI,
SR-BI, LPL, and lesion areas of the aorta in HFSCD-fed
minipigs (Table 4). The levels of LPL in plasma [standard
correlation coefficient (B) = —0.445, P = 0.028] and the
levels of ABCALI in artery (B = —0.390, P = 0.036) were
independently associated with lesion area.

DISCUSSION

High cholesterol, high TG, and low HDL-C are impor-
tant risk factors for coronary artery disease. The TC/HDL
ratio can be calculated and used to determine the risk of
developing atherosclerosis and consequent coronary artery
disease. In this study, we fed minipigs a high-fat/high-
sucrose/high-cholesterol diet (HFSCD) to establish dyslipi-
demia and atherosclerosis and investigated the effects of
NO-1886 treatment. Our results showed that feeding HFSCD
caused obvious atherosclerotic lesions and increased plasma
TC, TG, and FFA levels. Administration of NO-1886 de-
creased plasma TG, FFA, glucose, and TC/HDL-C ratio and
increased plasma HDL-C and apoA-I levels.

HFSCD induced an atherogenic lipoprotein profile,
such as hypertriglyceridemia, low HDL, and serious hyper-
cholesterolemia. This characteristic plasma lipid profile

TABLE 4. Multivariate linear regression analysis of relationships
between the levels of ABCA1, SR-BI, and LPL and the lesion area
of the aorta

Independent Variables Standardized Coefficients P

Constant 0 <0.001
LPL —0.445 0.028
ABCAL1 (liver) —-0.076 0.572
ABCALI (adipose) —0.094 0.425
ABCAL (artery) —0.390 0.036
SR-BI (liver) —0.051 0.725

SR-BI, scavenger receptor class B type I. The dependent variable
was lesion area. RZ = 0.969, F= 61.607, P < 0.001.

may be attributed to increased production of VLDL-TG
and apoB in the liver (15, 16). The availability of sub-
strates, in particular FFA, is thought to be an important
factor in increased hepatic VLDL production (17). The
complexion downregulating the expression of ABCAI and
LXRa would worsen the hypercholesterolemia and serious
atherosclerosis observed in the HFSCD group in this study.

It was reported previously that NO-1886 increased LPL
mRNA levels, LPL protein mass, and LPL activity in post-
heparin plasma and reduced plasma TG levels with con-
comitant increases of HDL-C levels in animals with lipid
disorder. Recently, we found that NO-1886 also had plasma
glucose-reducing action in high-fat/high-sucrose dietin-
duced diabetic rabbits and improved glucose metabolism in
high-fat/high-sucrose dietinduced diabetic minipigs by
decreasing fat deposits and suppressing plasma tumor ne-
crosis factor-a (1, 18, 19). Here, we found that NO-1886 also
increased ABCAI1, the gatekeeper for eliminating excess
tissue cholesterol (20), in minipigs. Administration of NO-
1886 also increased LXRa levels. Multivariate linear
regression analysis showed that the level of ABCAI in ar-
tery (B = —0.390, P= 0.036) independently associated with
lesion area on the abdominal portion of the aorta. There-
fore, we speculate that NO-1886 may play an important
role in the “first step” of RCT in vivo and suppress ath-
erosclerosis related to the upregulation of ABCAI.

In this study, we confirmed that hyperlipemia was ame-
liorated by NO-1886 administration, as found in our pre-
vious studies. Furthermore, this time, we observed that
NO-1886 increased plasma apoA-I levels. ApoA-l is a proto-
typical cholesterol acceptor. It is thought that free choles-
terol effluxed from macrophage foam cells is transferred
to the surface of HDL, where it can be esterified by lec-
ithin:cholesterol acyltransferase and incorporated into the
HDL core. Castro et al. (21) suggested that HDL-contain-
ing human apoA-I in human apoA-I transgenic mice is an
effective participant in the postulated early steps of RCT.
Burger and Dayer (22) demonstrated that HDL-associated
apoA-l is a specific inhibitor of cytokine production in
monocytes-macrophages upon contact with stimulated T-
cells. HDL-associated apoA-I might play the role of a con-
stitutive anti-inflammatory factor. The decrease in plasma
levels of HDL-associated apoA-I in acute inflammation
may be a sign of the possible development of chronic in-
flammation. Clay et al. (23) suggested that HDL-contain-
ing apoA-I mediated the inhibition of vascular cell adhesion
molecule-I and E-selectin expression in the development of
atherosclerosis. Deckert et al. (24) demonstrated that ath-
erogenic lipoproteins can impair endothelium-dependent
arterial relaxation, and circumstantial evidence suggests
abeneficial role of plasma HDL and apoA-I in counteracting
the endothelium dysfunction. Therefore, the effect of NO-
1886 on plasma apoA-I level is considered to be significantly
important in protecting against the development of ath-
erosclerosis in the animals studied.

RCT is the process by which peripheral cells release cho-
lesterol to an extracellular acceptor such as HDL, which
then mediates cholesterol delivery to the liver for excre-
tion. RCT represents a physiological mechanism by which
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peripheral tissues are protected against the excessive accu-
mulation of cholesterol. The first step in RCT is the inter-
action of the cells with lipoprotein particles, a process that
results in both the cellular uptake and release of cho-
lesterol. ABCA1 mediates the cellular efflux of phospho-
lipids and cholesterol to lipid-poor apoA-I and plays a
significant role in HDL metabolism and the process of
RCT (20). ABCAI’s role in the causation of Tangier dis-
ease, which is characterized by absent HDL and premature
atherosclerosis, has implicated this transporter and its
regulators, LXRs, as new candidates potentially influenc-
ing the progression of atherosclerosis (12). LXRa and
LXRp are members of the nuclear receptor superfamily
and intermediates in the cholesterol synthetic pathway.
The pivotal role of LXRs in the metabolic conversion of
cholesterol to bile acids is well established. It has been
confirmed that LXRs regulate a number of target genes
involved in both cholesterol and fatty acid metabolism in
liver, macrophages, and intestine, such as ABCA1, ABCG5,
and ABCGS8 (25-27). The observation that LXRa is re-
sponsive to fatty acids and is expressed in metabolic tissues
suggests that it also plays a general role in lipid metab-
olism. The results in this study show that long-term feeding
of HFSCD increases ABCA1 and LXRa slightly compared
with the control diet group. This may be a kind of com-
pensation to resist the toxic effect of excess cholesterol.
NO-1886 increased ABCAl and LXRa markedly in the
HFSCD1886 group compared with the HFSCD group.
Upregulation of ABCAI and LXRa by NO-1886 would
induce more cholesterol efflux from vessel smooth muscle
cells and macrophages, inhibiting the formation of foam
cells and reducing aortic fatty streak lesion area. Moreover,
adipose cells that specialize in energy storage and contain
large intracellular TG-rich lipid droplets are enriched with
free cholesterol and express sterol-regulated transcription
factors such as LXR. The high cholesterol content in adi-
pose tissue may affect the RCT mediated by HDL. Impair-
ments in this system may be one possible factor favoring
the development of atherosclerosis in obesity. The alter-
ations in the first step of RCT are tightly associated with
the abdominal distribution of fat mass (28). Upregulation
of ABCAI and LXRa by NO-1886 would induce more cho-
lesterol efflux from retroperitoneal adipose tissue and post-
pone the development of atherosclerosis.

SR-BI was the first molecularly well-defined cell surface
HDL receptor to be described. SR-BI mediates selective
HDL-C uptake by the formation of a productive lipo-
protein/receptor complex, which requires specific struc-
tural domains and conformation states of apoA-I present
in HDL particles. The importance of SR-BI in overall HDL-
C metabolism and its antiatherogenic activity in vivo has
been definitively established by SR-BI gene manipulation
in mice (29). Studies of the overexpression of SR-BI clearly
demonstrate that hepatic overexpression of SR-BI can be
antiatherogenic. This may be attributable to changes in
the structures and quantities of circulating lipoproteins or
to increases in HDL-C flux to the liver (i.e., increased
RCT) (30). In our study, high-fat/high-sucrose/high-
cholesterol feeding induced an increase of plasma levels
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of HDL and upregulation of hepatic SR-BI expression. SR-
BI expression was further enhanced by NO-1886 admin-
istration, suggesting that HDL cholesteryl ester clearance,
biliary cholesterol content, and transport of cholesterol
from the liver into the bile could be increased.

In summary, HFSCD-fed minipigs developed a hyper-
lipidemic condition with induced distinct fatty streak le-
sions in the aorta. The administration of the LPL activator
NO-1886 significantly increased the levels of plasma HDL-
C and apoA-], and the expression of ABCAI, which con-
tributes to alleviating cholesterol toxicity and ameliorating
lipid disorders, results in protection against the develop-
ment of atherosclerosis. i}
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